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Kurzdarstellung

Die molekulare Spinschaltung ist fiir eine Vielzahl von Anwendungen interessant, wie
beispielsweise fir die Realisierung eines intelligenten schaltbaren Kontrastmittels fr
die Magnetresonanztomographie (MRT). Diesbeziglich ist der Light-Driven
Coordination-Induced Spin State Switch (LD-CISSS) einer der erfolgreichsten
Ansatze fir die reversible Spinschaltung in homogener Lésung bei Raumtemperatur.
Basierend auf diesem Konzept wird in

dieser Dissertation die erste - #35nm
lichtgesteuerte molekulare Spinschaltung O\Mmé\( Ve e
auf Fe(lll)-Basis vorgestellt. Hierbei wird @ ’ o
der Spin-Switching-Prozess durch einen

photoschaltbaren Azopyridinliganden
induziert, welcher zu einer reversiblen [,:j;ﬂl; o T
Schaltung zwischen High-Spin (S = 5/2) " s=va -

und Low-Spin (S = 1/2) fihrt. Um weitere

Untersuchungen an diesem System vorzunehmen und es zu optimieren, erfolgten
zahlreiche Synthesen zur Herstellung von (berbriickten Porphyrinen und
Azopyridinen.

Zusatzlich stand die Funktionalisierung von Porphyrinen im Fokus, um das Schalten
im bio-optischen Fenster zu ermdglichen. Hierbei wurden die Porphyrine mittels einer
Diels-Alder-Reaktion in ihre reduzierten Derivate, Chlorine, Isobakteriochlorine und
Bakteriochlorine Uberflihrt.

Durch die neu entwickelte, sehr milde sowie effiziente Methode, Nickel unter
Verwendung von Bis(cycloocta-1,5-dien)nickel in Porphyrine einzulagern, konnte
erstmals die gesamte Reihe von Hydroporphyrinen mit Ni(ll) im Tetrapyrrolkern
hergestellt und charakterisiert werden.

Desweiteren wurde das metallfreie Bakteriochlorin auf die Anwendbarkeit als
Photosensibilisator  untersucht und aufgrund der guten Eigenschaften
weiterentwickelt. Das neu synthetisierte wasserldsliche Bakteriochlorin zeigt eine
starke  Absorption im Nahinfrarot-Bereich bei 733nm und eine gute
Quantenausbeute. Damit ist die Verbindung hervorragend fir die Anwendung in der

Photodynamischen Therapie geeignet.
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Abstract

Molecular spin switching is of interest for a number of different applications, such as
switchable contrast agents for magnetic resonance imaging (MRI). The Light-Driven
Coordination-Induced Spin State Switch (LD-CISSS) concept is the most successful
approach for reversible spin switching in homogeneous solution at room temperature.
Based on this concept, this thesis

presents the first light-controlled

molecular spin switch based on - Lo
Fe(lll). This spin-switching process NN Ve

is induced by a photoswitchable
azopyridine ligand. In this process

the spin state can be reversibly

switched between low-spin (S = 1/2) Gty 2 L ded L L

and high-spin (S = 5/2). " s " s

In order to investigate and optimize

this system, a large number of bridged porphyrins and azopyridines were
synthesized.

In addition, the functionalization of porphyrins has been studied to shift the switching
frequencies into the bio-optical window. The porphyrins react as dienophiles with the
highly reactive diene isobenzofuran in very high yields under mild conditions to the
reduced derivatives, namely chlorins, isobacteriochlorins and bacteriochlorins.

The new, very mild and efficient method to insert nickel into porphyrins at room
temperature using Ni(COD)2 can be used to prepare the first whole series of
hydroporphyrins with Ni(ll) in the tetrapyrrolic core.

Furthermore, the metal-free bacteriochlorins were investigated as potential
photosensitizers. Synthetic modification improved the properties of those
compounds. The novel water-soluble bacteriochlorin shows strong near-infrared
absorption at 733 nm and good quantum efficiency. This chromophore is a promising
candidate for photodynamic therapy.
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1 Einleitung

1 Einleitung

In den letzten 150 Jahren ist es Wissenschaftlern gelungen, komplexe
Molekulstrukturen eines nattrlichen Ursprungs aufzuklaren und mittels Totalsynthese
herzustellen. AnschlieBende Untersuchungen konnten Einblicke in Biogenese und
Metabolismus gegeben.['l Durch die so gewonnen Informationen wurden in der
Medizin groBe Fortschritte hinsichtlich der Heilung sowie Behandlung von
zahlreichen Krankheiten gemacht.”! Eines der bekanntesten Beispiele aus
medizinischer Sicht ist das im Jahr 1928 von FLEMING entdeckte Penicillin.l®! Dieses
konnte jedoch erst 29 Jahre spéater durch SHEEHAN in einer Totalsynthese hergestellt
werden.*! Hierdurch wurden das Verstandnis von bakteriellen Krankheitserregern
gepragt und der medizinische Nutzen als Antibiotika erkannt, was die Behandlung
bakterieller Infektionen revolutionierte.’l Aus diesem Grund ist das Teilgebiet der
medizinischen Chemie, welche sich mit Design und Synthese neuer, therapeutisch
verwendbarer Wirkstoffe beschéaftigt, unerlasslich fur die aktuelle Forschung.

In der Medizin spielt neben der Therapierbarkeit die Diagnostik von Krankheiten eine
entscheidende Rolle. In den letzten Jahren rlckte deshalb die Theranostik in den
Vordergrund, welche beide Teilgebiete vereint. Generell kann hierbei zwischen zwei
verschieden Herangehensweisen unterschieden werden.5! Erstere stellt die
therapiebegleitende Diagnostik dar. Hierbei werden die Auswirkungen der
Behandlung schon wahrend der Therapie selbst diagnostiziert, wodurch die
Heilmethode anhand von gemessenen Werten immer weiter optimiert werden kann.
In der in situ Diagnostik hingegen werden Therapie und Diagnostik in einem
molekularen Target kombiniert. Dies sind zum Beispiel Nanopartikel, die einerseits
mit verschiedenen Bildgebungsmethoden im Ko&rper sichtbar gemacht werden
kénnen und andererseits ebenfalls in der Lage sind, einen Wirkstoff zu
transportieren.l®l Eines der bekanntesten Beispiele stellt die Radiojodtherapie dar, die
zur Diagnostik und Behandlung des differenzierten Schilddrisenkarzinoms

verwendet wird.[”]
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1.1 Bildgebende Nachweismethoden von Erkrankungen

In der Medizin sind die bildgebenden Verfahren von enormer Bedeutung. Hierbei
muss zwischen der anatomischen und funktionellen Bildgebung unterschieden
werden. Mit letzterer Methode kdnnen Krankheiten, wie zum Beispiel
Stoffwechselstérungen und Krebs, diagnostiziert werden, bevor sie soweit
fortgeschritten sind, dass sie durch anatomische Veranderungen in der
konventionellen  Bildgebung sichtbar werden. Um auf dieser Basis
Vorsorgeuntersuchungen zu erméglichen, werden funktionelle Bildgebungsverfahren
bendtigt. Die hierzu gehdrende Magnetresonanztomographie (MRT) ist neben der
Computertomographie (CT) eines der aussagekréftigsten bildgebenden Verfahren in
der modernen medizinischen Diagnostik.®

Die MRT kommt im Gegensatz zur CT ohne gesundheitsgefahrdende ionisierende
Roéntgenstrahlung aus. In der klinischen MRT werden Frequenzen verwendet, welche
im Radiowellenbereich zwischen 42 und 128 MHz liegen. Diese erweisen sich nach
heutigem Wissensstand als unbedenklich fir die Gesundheit. Zum Einsatz kommt
eine solche Form der Therapie bei akuten Erkrankungen wie beispielsweise einem
Schlaganfall. Des Weiteren bietet sie den besten Weichteilkontrast aller derzeit
verfligbaren Bildgebungsmethoden, weshalb sie sich hervorragend fir die
Lokalisierung von Tumoren, Stoffwechselstérungen und Entziindungsherden
eignet.l!

1.1.1 Magnetresonanztomographie

Die Entwicklung der Magnetresonanztomographie begann im Jahre 1973 durch
LAUTERBUR. In der dazugehdrigen Verdffentlichung konnte der Unterschied zwischen
zwei Korpern dargestellt werden, von denen einer mit Wasser und der andere mit
Deuteriumoxid gefillt war.Bl Anfang der 80er Jahre wurde diese Methode
weiterentwickelt, sodass es durch die nukleare Magnetresonanztomographie méglich
war, Einblicke in den menschlichen Kérper zu erlangen.

Diese Schnittbilder ahneln denen einer CT, beruhen jedoch auf komplett anderen
physikalischen Phanomenen. Die MRT basiert auf dem Prinzip der
kernmagnetischen Resonanz (NMR) und ist somit eng mit der NMR-Spektroskopie
verwandt.['% Der Unterschied besteht jedoch in der raumlichen Zuordnung des MR-
Signals, welches in der MRT mithilfe von Magnetfeldgradienten erreicht wird. Diese
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Grundlagen wurden von LAUTERBUR und MANSFIELD entwickelt,®'" wofiir die
Forscher im Jahr 2003 mit dem Nobelpreis flr Physiologie ausgezeichnet wurden.['?
Die Bedeutung der MRT hat in den letzen Jahrzenten stetig zugenommen und ist zu
einem wichtigen nicht-invasiven Bildgebungsverfahren geworden. Zusatzlich werden
stetig Systeme fiir hdhere raumliche Aufldsungen der Offentlichkeit préasentiert, so
z.B. die FDA-Freigabe der ersten Ultrahochfeld-MRT-Systeme (7 Tesla, 300 MHz) far
die klinische Diagnostik. Verfahren wie z.B. die molekulare Bildgebung,!'3! die
Durchfiihrung interventioneller Eingriffe,l'4! die bildgebungsgesteuerte Tumorablation
mittels fokussiertem Ultraschall,l'® die sogenannten X-Kern-Bildgebung!'®! oder die
funktionelle MRTU'”! tragen dazu bei, dass dieses interdisziplinare Forschungsfeld
noch sehr viel verborgenes Potenzial in sich tragt.

Die vermehrte Nutzung der MRT verdeutlicht zudem eine Statistik von Siemens aus
dem Jahre 2012. Diese zeigt die Nutzung der MRTs pro 1 Million Einwohner in
verschiedenen Landern (Abbildung 1).[1]

Japan
USA/Kanada |
Schweiz |
Deutschland |
Osterreich
Schweden
Italien
Spanien
Belgien
Niederlande
England 1
Frankreich

0 5 10 15 20 25 30 35 40 45
Abbildung 1: Anzahl der MRT-Scanner pro 1 Million Einwohner in verschiedenen Landern im Jahr 2012.018]

In der MRT werden die magnetischen Eigenschaften der Protonen genutzt. Die
Relaxation des Kernspins ist stark von der Umgebung abhangig, in der sich ein
Atomkern befindet, wodurch zwischen verschiedenen Gewebearten und
Korperstrukturen unterschieden werden kann.[14]

Hierbei wird in der Regel das Augenmerk auf den 'H-Kern gelegt, da dieser gute
Eigenschaften fir die Magnetresonanz mit sich bringt und zusatzlich in allen
biologischen Systemen (Wasser, Aminosauren, Kohlenhydraten und Fetten)

ausreichend zu finden ist.
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Die oben erwahnte Relaxationszeit des 'H-Kerns ist von vielen Faktoren abhangig.!'?
So spielen unter anderem die Viskositat wie auch das strukturelle Umfeld des
Mediums, in dem sich die zu messenden Kernspins befinden, eine entscheidende
Rolle. Ein elementares Beispiel hierflr ist das Tumorgewebe. Dieses weist aufgrund
der unkontrollierten Teilung der betroffenen Zellen eine andere strukturelle Ordnung
auf. Hierbei kénnen sowohl tumorabhangige Bereiche verkirzter Relaxationszeit
auftreten als auch Bereiche entstehen, in welchen Relaxationszeiten verlangert sind
(z.B. in Nekrosen bei Glioblastomen).?% In vielen Fallen lassen jedoch selbst die
vielfaltigen diagnostischen Méglichkeiten mittels MRT keine klare ldentifikation des
eigentlichen Tumors zu. Aus diesem Grund werden heutzutage bei etwa einem
Drittel aller Untersuchungen Kontrastmittel eingesetzt (Abbildung 2, links), um auch

solche Unterschiede darstellen zu kénnen.[21.22]

1.1.2 Kontrastmittel

Der Kontrast in MR-Bildern kommt durch Signaldifferenzen, d.h. durch
unterschiedliche T1- und T2-Relaxationszeiten der jeweiligen Gewebe, zustande.
Relaxation ist ein dynamischer Prozess. Ein System kehrt aus einem
Nichtgleichgewichtszustand in sein Gleichgewicht zurtick. Bei der MRT spielen zwei
Relaxationsprozesse eine Rolle: die so genannte Spin-Gitter-Relaxation (T1) und die
Spin-Spin-Relaxation (T2). Oftmals ist der Unterschied zwischen den Gewebearten
jedoch so gering, dass es in solchen Féllen inzwischen géngige Praxis ist,
Kontrastmittel zur Steigerung des Informationsgehalts einer MRT-Aufnahme
einzusetzen.l?®l Aktuellen Schatzungen nach wurden bereits weltweit Uber 200
Millionen Kontrastmittel bei medizinischen Untersuchungen verabreicht, was auch die
enorme Bedeutung in der Medizin widerspiegelt.?4!

MRT-Kontrastmittel sind paramagnetisch und haben somit ungepaarte Elektronen.
Hierbei werden oft besonders hydrophile Gadolinium(lIl)-Komplexe verwendet. Diese
sorgen daflir, dass zwischen den Elektronenspins der Kontrastmittel und den
Kernspins der Wassermolekile Dipol-Dipol-Wechselwirkungen auftreten, die zur

Reduzierung der T1- und T2-Relaxationszeit fiihren.[21:2526]
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ohne Kontrastmittel mit Kontrastmittel
Abbildung 2: Links: Die Kontrastmittel Gadotersdure (1) und Gadobutrol (2). Rechts: Die MRT-Aufnahme eines
Kopfes nach einem Hirninfarkt mit und ohne Kontrastmittel.®! Das Eindringen des Kontrastmittels in das

Hirngewebe ist auf eine Stérung der Blut-Hirn-Schranke zuriickzufihren.

Die Gadolinium(lll)-Komplexe besitzen sieben ungepaarte Elektronen (S = 7/2) und
haben damit ein groBes magnetisches Moment. Dadurch wird eine sehr hohe
Relaxivitat erreicht. Letztere ist ein MaB fiir die Effektivitat eines Kontrastmittels.l2]
Durch diesen Aspekt sind die Gadolinium(lll)-Komplexe anderen paramagnetischen
Spezies Uberlegen und haben schon bei geringen Konzentrationen einen enormen
Einfluss auf den Kontrast in MRT-Experimenten.[?® Aufgrund der Toxizitat des freien
Gadolinium(lll)-lons erfolgt die Anwendung als Kontrastmittel in stabilen
Komplexverbindungen. Dies wird in der Praxis meistens durch koordinierende
Chelatliganden bewerkstelligt.[?228] Ein Beispiel hierflr ist die Gadotersaure (1)
(Abbildung 2), bei welcher der Chelat-Ligand 1,4,7,10-Tetraazacyclododecan-
1,4,7,10-tetraessigsaure (DOTA) verwendet wird. Dieser stellt die Basis der meisten
Gd(ll)-Kontrastmittel dar. Das &hnlich stabile Derivat Gadobutrol (2) weist verglichen
mit 1 eine bessere Wasserl@slichkeit auf, wodurch es noch konzentrierter
(1.00 mol/L) verabreicht und der Kontrast weiter verstéarkt werden kann.
Kontrastmittel kdnnen mit Relaxivitatsdnderung auf bestimmte Wechselwirkungen
reagieren. Von solchen sogenannten intelligenten Kontrastmitteln erhofft man sich
physiologische Parameter direkt im MRT messen zu kénnen.

1.1.3 Intelligente Kontrastmittel

Die genannten Gd(lll)-Kontrastmittel sind paramagnetisch und somit in MRT-Scans
permanent sichtbar. Mit diesen Kontrastmitteln kann einerseits die Darstellung
anatomischer Strukturen verbessert werden, andererseits kann die Injektion eines
Kontrastmittel-Bolus fiir die Perfusionsbildgebung genutzt werden.?®) Um weitere
neue Anwendungsfelder zu ermdglichen, wird an sogenannten intelligenten
Kontrastmitteln geforscht, die durch ihre speziellen Eigenschaften auf metabolische

Aktivitaten oder physiologische Parameter reagieren konnen.[30
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In den vergangen Jahren konnten einige Ansatze an intelligenten Kontrastmitteln
verdffentlicht werden. So konnten Gd(lll)-Chelate entwickelt werden, die auf
bestimmte enzymatische Aktivitaten oder den pH-Wert reagieren.l®!l Weitere neue
Kontrastmittel zeigten eine Abhangigkeit von der Temperatur,i®? der Konzentration
von Thiolen,3 Kohlenhydraten®* und bestimmten lonen.°!

Es gibt zwei unterschiedliche Mechanismen, die zu einer Relaxivitadtsdnderung flihren
kénnen.8! In der Abbildung 3 werden diese beiden Mechanismen schematisch
dargestellt. Im ersten Fall (A) wird gezeigt, wie die Relaxivitat durch eine Anderung
des Abstandes zwischen dem paramagnetischen Zentrum und dem Kernspin
("H-Kernspin der Wassermolekiile) verandert wird. Dies gelingt durch eine komplette
Sattigung der Koordinationssphare, wodurch ein direkter Kontakt zwischen
Wassermolekilen und Metall unterbunden wird und somit keine bzw. nur eine geringere
Relaxivitat vorliegt. Durch die Unterbrechung der Abschirmung wird dem Wasser ein
direkter Zugang zum paramagnetischen Zentrum ermaglicht. Hierdurch kommt es zu einer
Aktivierung der inner sphere-Relaxation, welche verglichen mit der second sphere- und
outer sphere-Relaxation den gréBten Parameter des Relaxationsprozesses
ausmacht. Solch ein Modell wurde erstmals von MOATS vorgestellt.[?]

Hinsichtlich des Mechanismus (A) wir schnell deutlich, dass im vorliegendem Fall die
Kontrastmittel durchgéngig aktiviert sind, da der Einfluss der second sphere und
outer sphere auf die Relaxation nicht verhindert werden kann. Somit ist die Starke
des Kontrastes anderbar, jedoch nicht komplett abschaltbar. Im zweiten Modell (B)
hat dieser Nachteil keinen Bestand.

Mittels eines Spiniibergangs kommt es zu einer Anderung des magnetischen
Moments des Metallzentrums (Abbildung 3). Dies lasst sich dadurch erklaren, dass
bestimmte Metallionen sowohl im Low-Spin (LS)- als auch im High-Spin (HS)-
Zustand vorliegen kénnen. Die Metallionen im Zentrum des Kontrastmittels besitzen,
verglichen mit dem HS im LS, keine oder weniger ungepaarte Elekironen, was das
magnetische Moment verringert oder bei gerader Anzahl an Elektronen aufhebt. Dies
kommt einem inaktiven Zustand des Kontrastmittels gleich. Aus diesem Grund ist die
Anderung des Spins ein duBerst interessanter Prozess fiir Kontrastmittel, dessen
Potential bisher véllig auBer Acht gelassen wurde.
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(A)
E Aktivierung
Q ! —_—> |
2 — : @ ; @ : paramagnetisch
g Deaktivierung
° z.B. Gd(lIl), Mn(lI/11),
Fe(ll/1) etc.
MRT-aktiv, MRT-aktiv,
geringe Relaxivitat hohe Relaxivitat
(B)

Aktivierung @) : Low-Spin
Deaktivierung @ N’
~ @:High-Spin
z.B. Fe(lI/ll), Mn (I
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1),

Abbildung 3: Darstellung zweier unterschiedlicher Mechanismen, welche die Relaxivitdt der MRT-Kontrastmittel
beeinflussen. (A) Die Relaxivitdt des Kontrastmittels wird durch eine direkte Wechselwirkung zwischen
paramagnetischem Zentrum und Kernspin verandert. (B) Eine Spin-Anderung des Metallions zwischen High-Spin
und Low-Spin andert das magnetische Moment des Komplexes und dadurch seine Relaxivitat.[%

1.1.4 Spin Crossover

Ubergangsmetalle, welche in einer 3d*-3d” Elektronenkonfiguration vorliegen,
kénnen in verschiedenen elektronischen Zustanden vorliegen und in speziellen
Fallen sogar ihren Zustand &ndern. Hierbei ist das wohl bekannteste Beispiel der
Spin Crossover (SCO), welcher erstmals im Jahr 1931 durch CAMBI ef al. an einem
Fe(lll)-Komplex beschrieben wurde.?>38] In den folgenden Jahren folgten weitere
Veroffentlichungen.[39:40.41]

Als Spin Crossover selbst wird ein Ubergang zwischen zwei metastabilen Zustanden
beschrieben. Hierbei handelt es sich um einen energetisch niedrigen Zustand, dem
Low-Spin (LS), und einen energetisch héheren Zustand, dem High-Spin (HS). Fir
oktaedrische Metallkomplexe der Elektronenkonfiguration 3d*-3d” gibt es flr die
Verteilung der Elektronen auf die Orbitale verschiedene Mdglichkeiten: Bei der ersten
Maoglichkeit werden entsprechend der Hundschen Regel die d-Orbitale zunéachst mit
je einem Elektron desselben Spins aufgeflillt. AnschlieBend werden die restlichen
Elektronen mit einem entgegengesetzten Spin auf die energetisch niedrigsten

Orbitale gesetzt.[*?l Hierbei wird von einem HS gesprochen. Der LS stellt die zweite
7
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Méglichkeit der Verteilung dar. Bei dieser werden zuerst die energetisch niedrigeren
d-Orbitale mit gepaarten Elektronen aufgefillt, woraufhin die verbleibenden
Elektronen auf die energetisch héheren d-Orbitale verteilt werden. Die meisten SCO
sind flr Fe(Il)-Komplexe bekannt (Abbildung 4).[4]

starkes Ligandenfeld schwaches Ligandenfeld
S N
Erel €g Q O G G T + _1_ Erel
A>P O@lo P— O@LO A<P
. 7 a° M
FHHw O o T
LS, S=0 HS, S=2

Abbildung 4: Darstellung des Spin Crossovers in oktaedrischen Fe(ll)-Komplexen. Links: Ein starkes
Ligandenfeld fiihrt dazu, dass die Ligandfeldaufspaltung (A) gréBer ist als die Spinpaarungsenergie (P), wodurch
ein Low-Spin vorliegt. Rechts: Ein schwaches Ligandenfeld fihrt dazu, dass die Ligandenfeldaufspaltung (A)
kleiner als die Spinpaarungsenergie (P) ist, wodurch ein High-Spin vorliegt.[

Die reversible Anderung eines Spin-Zustandes kann durch das Zufilhren von Energie
erreicht werden, wie zum Beispiel durch Warme oder Druck. Dabei kommt es zu
einer Veranderung der Ligandenfeldaufspaltung (A), was zu einem Spin-Ubergang
fllhren kann (Abbildung 4). Die Anderung der elektronischen Struktur bringt meist
eine Farbanderung des Materials mit sich.

Ein Spin-Ubergang lauft auf unterschiedliche Arten ab. Dies hangt von dem Grad der
kooperativen Wechselwirkungen ab, was als Betrag der durch den SCO
verursachten Abstandsdnderung durch das Gitter verstanden werden kann. In
geldsten Komplexen lauft der Spin-Ubergang immer graduell ab (Abbildung 5,
Fall a)). Im Festkdrper treten hingehen aufgrund der kooperativen Wechselwirkungen
unterschiedliche Ubergangsarten auf.
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Abbildung 5: Darstellung der Spiniibergangstypen a-e.l*4

Wenn zum Beispiel ein SCO innerhalb weniger Kelvin von der einen zur anderen
Phase Ubergeht, wird dies als ein abrupter SCO bezeichnet. Hierbei wird zwischen
Ubergangen ohne Hysterese (Abbildung 5, Fall b)) und mit Hysterese (Abbildung 5,
Fall c)) unterschieden. Des Weiteren kann der SCO ebenfalls tber zwei Schritte
graduell sowie abrupt verlaufen (Abbildung 5, Fall d)) oder ein Plateau enthalten
(Abbildung 5, Fall e)).1*4

Neben dem Druck und der Temperatur spielt das Licht eine wichtige Rolle bei
bestimmten Modellen der Spin-Anderung. So konnte in Jahr 1984 die Spin-Schaltung
von oktaedrischen Fe(ll)-Komplexen durch elektronische Anregung des
Metallzentrums mittels Licht durchgeflhrt werden. Dieser Effekt ist sehr effizient
sowie reversibel und wird als Light-Induced Excited Spin State Trapping (LIESST)
bezeichnet. Zu erwdhnen st allerdings, dass sich der LIESST-Effekt auf
Festkdrperverbindungen bzw. sehr niedrige Temperaturen beschrankt.41-45]

Eine Weiterentwicklung des LIESST ist der Ligand-Driven Light-Induced Spin
Change Effekt (LD-LISC), welcher ebenfalls auf dem SCO beruht.[*0-46.47] Hierbei wird
der Spiniibergang durch eine photoinduzierte Anderung der Ligandenfeldstarke
bewerkstelligt und nicht wie bei LIESST mittels direkter elektronischer Anregung des
Metallzentrums.

Basierend auf dem LD-LISC wurde flur Nickel(ll) der Light-Driven Coordination-
Induced Spin State Switch (LD-CISSS) entwickelt.[*84% Bei diesem Effekt wird durch

9
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Licht keine Anderung der Ligandenfeldstarke hervorgerufen. Stattdessen kommt es
zu einer lichtgetriebenen Assoziation bzw. Dissoziation der Liganden, wodurch die
Koordinationszahl und demzufolge die Komplexgeometrie geandert werden.
Angelehnt an den LD-CISSS wurden in der Arbeitsgruppe HERGES photoschaltbare
MRT-Kontrastmittel entwickelt und als sogenannte Plattenspielermolekile

verdffentlicht.[49]

1.1.5 Prinzip des Plattenspielermolekiils und dessen Weiterentwicklung

Der Aufbau des Molekuls 3 kann mit einem Plattenspieler verglichen werden. Hierbei
bildet ein Nickel(ll)porphyrin die Schallplatte, wahrend der Tonarm aus einer
Azobiphenyleinheit besteht, die Uber eine der vier meso-Positionen mit dem
Porphyrin verbunden ist. Als Nadel kbénnen verschiedene koordinierende
Stickstoffbasen eingesetzt werden. In der Abbildung 6 ist der Prototyp mit Pyridin

dargestellt.

Azobiphenyleinheit (der Tonarm)
N=N - .
O ],\/j / Pyridin (die Nadel)
N

S

CeFs 3 AN
Nickel(ll)porphyrin (die Schallplatte)

Abbildung 6: Strukturformel eines Plattenspielermolekuls 3.

Bei dem Plattenspielerkonzept wird der LD-CISSS genutzt. Hierbei muss, um eine Anwendung
als photoschaltbares MRT-Kontrastmittel zu ermdglichen, eine Unabhéangigkeit der
Spinschaltung von der Ligandenkonzentration gewahrleistet sein. Dies lasst sich nur
mittels eines intramolekularen Mechanismus realisieren. In dem gewahlten Design ist
nur die metastabile cis-Konfiguration zur intramolekularen Koordination in der Lage.
Die trans-Konfiguration kann keine Konformation einnehmen, in der eine
Koordination moglich ist.[5%

So konnte im Jahre 2011 durch VENKATARAMANI et al. der erste Plattenspieler
publiziert werden, welcher in der Lage ist, durch einen intramolekularen LD-CISSS
das Nickel(ll)-Metallion zwischen LS und HS zu schalten. Folglich kommt es erst
durch die Belichtung und das Schalten der Azoeinheit dazu, dass das Kontrastmittel
eingeschaltet (paramagnetisch) wird und dieses somit einen Einfluss auf die

Relaxationszeit nehmen kann.[4°!
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Um die Schalteffizienz des Plattenspielers zu verbessern, wurden die elektronischen
Eigenschaften des Porphyrins sowie des photoschaltbaren Liganden genauer
untersucht, da solch eine Anderung einen groBen Einfluss auf die Koordination des
Pyridins hat.

frans R

A, =500 nm trans
A, =420 nm Kontrast aus

. . R =CgF;
Low-Spin High-Spin R =H
S=0 S=1 Me cis™
diamagnetisch paramagnetisch Cl Kontrast an
OMe

Abbildung 7: LD-CISSS durch intramolekulare Koordination.

Durch elektronenziehende meso-Substituenten am Porphyrin kann die Starke der
Assoziation des Pyridins erhoht werden (Abbildung 7).[5".52 AuBerdem wird durch die
Einflhrung elektronenschiebender Gruppen in para-Position, des koordinierenden
Pyridin-Stickstoffes, die Donorstarke des Pyridins erhdht, was auch eine Erhdéhung
der Koordination zufolge hat.[®3l Mit diesem Wissen konnten DOMMASCHK et al. die
Schalteffizienz durch das Einflihren verschiedener Substituenten in para-Pyridin-
Position deutlich verbessern.[51.53

Mit einer Methoxy-Gruppe in para-Position kann derzeit die héchste Schalteffizienz
von Uber 80 % erreicht werden. Dariiber hinaus weist dieser Plattenspieler eine hohe
Photostabilitdt und die sehr lange thermische Halbwertszeit des metastabilen cis-
Isomers auf.l>3

Wie im Kapitel Gber intelligente Kontrastmittel beschrieben, ist nicht nur die
Schalteffizienz von groBer Bedeutung, sondern auch die Temperatur- sowie die pH-
Abhangigkeit. So gelang es HEITMANN et. al., durch die Anderung des Tonarms
zusétzlich auf diese Parameter einzugehen. 4

Durch solche intelligenten Kontrastmittel ist nun der Grundstein fir die funktionelle
Tumordiagnostik gelegt, welche zusatzlich zur Lokalisierung auch physiologische
Eigenschaften der Tumore darstellen kann. Dadurch wird eine Optimierung von
Krankheitsbekampfungen realisiert.

11
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1.2. Konventionelle Krebstherapien

Jede Art von Krebs erfordert eine individuelle Behandlung, wofiir eine Reihe von
Therapien zur Verflgung stehen. Jedoch fiihren diese in fast allen Fallen zu starken
Nebenwirkungen.®¥ Am haufigsten richtet sich hierbei die Therapiewahl nach dem

aktuellen Krankheitsstadium. Haufig angewandte Therapiearten sind:

1.2.1 Chirurgische Entfernung

Die alteste Behandlungsmethode ist die chirurgische Entfernung von Tumoren.
Hierbei wird das betroffene Gewebe operativ entfernt, jedoch muss ebenfalls ein
relativ groBer Bereich vom umliegenden gesunden Gewebe entfernt werden, um
sicherzustellen, dass keine Tumorzellen im Koérper verbleiben. Da jedoch die
Lokalisierung von Metastasen sehr schwer ist, werden diese oftmals nicht vollstandig
entfernt, wodurch das Risiko neuer Metastasen besteht.[°6l

1.2.2 Strahlentherapie

Bei dieser Therapie wird der Tumor mit ionisierender Strahlung, z.B.
hochenergetischer Rdntgenbremsstrahlung, behandelt. Hierbei wird ausgenutzt,
dass das Tumorgewebe strahlenempfindlicher ist als das gesunde Gewebe.
Problematisch bei dieser Methode ist dennoch, dass die hohe Belastung durch
Rontgenstrahlung schadlich fiir den Korper des Patienten ist.[%6]

1.2.3 Chemotherapie

Eine weitere haufig verwendete Therapieform ist die Chemotherapie. Hierbei werden
meistens Zytostatika verwendet, die aus natirlichen oder synthetischen Substanzen
bestehen und Einfluss auf das Zellwachstum und die Zellteilung haben.
Problematisch bei diesem Vorgehen ist jedoch, dass die Chemotherapie mehrfach
durchgefihrt werden muss, da immer nur ein gewisser Prozentsatz der malignen
Zellen abgetdtet wird und so einige der Tumorzellen Resistenzen gegen das
Zytostatikum entwickeln kdnnen. Zusatzlich werden alle anderen gesunden Zellen im
Kdérper gehemmt oder gar geschadigt. Dies fUhrt beispielsweise zu dem bekannten
Phanomen des Haarausfalls, da hier die Teilung der Haarwurzelzellen verhindert

wird. 56!

1.2.4 Photodynamische Therapie
Unter dem Aspekt der Risiken und starken Nebenwirkungen der oben vorgestellten

Krebstherapien ist es von groBem Interesse, alternative Methoden zu entwickeln,
12
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welche eine bessere Vertraglichkeit und Selektivitat haben, jedoch in der Effektivitat
vergleichbar sind. Solch eine Alternative stellt eine relativ neue Behandlungsform, die
Photodynamische Therapie (PDT), dar.57:58 Sje findet bereits Anwendung in vielen
Bereichen, wie beispielsweise der Urologie, Dermatologie, Pulmonologie,
Gastroenterologie und Ophthalmologie.

1.2.4.1 Geschichtlicher Hintergrund

Geschichtlich blickt die Phototherapie auf eine lange Entwicklung zurick. Vor
tausend Jahren war die therapeutische Wirkung von Licht schon bekannt und wurde
in Landern wie China, Indien und dem alten Agypten zur Behandlung verschiedener
Krankheiten eingesetzt.[6061 Bei dieser Methode wurde Nutzen aus dem Licht und
unterschiedlichen Bestandteilen von Pflanzenarten gezogen.!6'.62 In der heutigen Zeit
wird diese Art von Therapie als Photochemotherapie bezeichnet, welche auch der
Grundstein der Entwicklung der PDT war.

Die eigentliche PDT weist hingegen eine deutlich jingere Gesichte auf und wurde
Anfang des letzten Jahrhunderts von dem damaligen Studenten RAAB eingeflihrt.[3]
Dieser konnte den Zelltod von Wimperntierchen (Paramecium caudatum) durch eine
Interaktion zwischen Licht und chemischen Substanzen nachweisen, was unmittelbar
zur Entdeckung des photodynamischen Effekts fiihrte.[646% Kurz darauf wurden die
ersten Versuche am Menschen in Kooperation mit dem Hautarzt JODLBAUER
durchgefiihrt, wobei unter anderem Hauttumore mit lokal aufgetragenem Eosin
behandelt wurden.[66671 Aufbauend auf diesen Ergebnissen konnte die PDT durch
TAPPEINER, JESIONEK, JODLBAUER und HAUSMANN immer weiterentwickelt
werden.[6567.68]

Im Jahre 1975 wurde der nachste wichtige Meilenstein in der Entwicklung der PDT
von DOUGHERTY gesetzt.l%% Hierbei konnte bei 48 % brustkrebserkrankter Mause ein
Rickgang des Tumors beobachtet werden. 1984 wurde dann sogar der erste
Photosensibilisator (Dihdmatoporphyrin-ether) von der American Food and Drug
Administration zugelassen.

Mittlerweile wird die PDT auf zahlreichen leicht zuganglichen Oberflachen wie bei
Haut-, Blasen-, Lungen- und Speiserdhrenkrebs verwendet. Auch andere Krebsarten
wie Hirntumore kénnen durch die verbesserte Glasfasertechnik therapiert werden.[70

13
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1.2.4.2 Prinzip der Photodynamischen Therapie

Die Grundlagen der PDT lassen sich vereinfacht in zwei Schritte unterteilen, welche
meist mehrere Stunden auseinander liegen. Schritt eins ist die Verabreichung des
Photosensibilisators (PS). Daraufhin erfolgt in Schritt zwei die eigentliche
Behandlung, die Bestrahlung des Tumorgewebes. Dies wird in Abbildung 8
verdeutlicht.

Tumorgewebe

Verabreichung des
Photostabilisators
(meistintravenés)

p Bestrahlung mit einer
\/% angemessenen Dosis
. Licht der passenden
; l' Wellenlénge
Anreicherung des T
Photostabilisators im .
Tumorgewebe

|

Abbildung 8: Schematische Darstellung des Prinzips der Photodynamischen Therapie.

Die meisten Photosensibilisatoren werden intravends verabreicht. Im Falle von
Oberflachentumoren kénnen die PS auch als Creme auf die Haut aufgetragen
werden. Ein besonders wichtiger Aspekt beim Verabreichen des PS ist, dass sich
dieser nur im Tumorgewebe anreichert, damit keine gesunden Zellen bei der
Behandlung beschadigt werden. Dies funktioniert in der Anwendung ausgezeichnet.
Vermutet wird, dass es an dem viel héheren Stoffwechsel und anderen
Eigenschaften der malignen Tumore liegt. Jedoch gibt es derzeit noch keine Beweise
zu dieser These.["1]
Bei der darauffolgenden Behandlung wird der mit PS angereicherte Tumor mit einer
Lichtquelle  bestrahlt, wobei diese in dem Wellenldngenbereich des
Absorptionsmaximums des PS liegt. Es kommt zur Anregung des PSs. Nun gibt es
zwei mogliche Mechanismen: (1) Der aktivierte PS Ubertragt die Energie an weitere
Moleklle, welche Sauerstoffgruppen beinhalten, wodurch dann wiederum
Sauerstoffradikale generiert werden (Typ I-Reaktion). (2) Es findet ein direkter
14
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Energietransfer auf molekularen Sauerstoff (302) statt, bei dem Singulett-Sauerstoff
('0O2) gebildet wird (Typ II-Reaktion). Bei beiden Mechanismen sind die entstandenen
Produkte in der Lage, zellulare Strukturen zu schadigen. Vermutet wird jedoch, dass
lediglich der Typ lI-Mechanismus flr die zytotoxische Wirkung der PS verantwortlich
ist.[”2l

PS sind allerdings nicht nur wegen ihrer toxischen Wirkung auf das Gewebe von
hohem Stellenwert flr die Medizin, sondern auch wegen zusétzlicher Eigenschaften.
So sind die meisten PS in der Lage zu fluoreszieren und kénnen folglich fir die
Diagnostik verwendet werden. Die PS werden hierbei nach Verabreichung durch
Licht bestimmter Wellenldngen zur Fluoreszenz angeregt. So kann die genaue Lage
des Tumors ermittelt werden, da der PS zum GrofBteil nur im malignen Gewebe

angereichert wird und die Fluoreszenz dort am starksten ist (Abbildung 9).

1 Licht einer bestimmten
+
Photosensibilisator Wellenlznge

Fluoreszenz ’ Photooxidation

AN

Zelldestruktion

N

Diagnostik ’ Therapie

Abbildung 9: Einsatzmdglichkeiten von PS in der Medizin.

1.2.4.3 Die unterschiedlichen Photosensibilisatoren

Als Photosensibilisatoren werden Substanzen bezeichnet, welche in der Lage sind,
absorbierte Lichtenergie durch Energie- bzw. Elektronentransfer auf andere Molekule
zu Ubertragen.[”¥l Zum Einsatz kommen beispielsweise Thiazin-Farbstoffe, welche
ein dreifaches Ringsystem aufweisen und in der Zahnheilkunde verwendet werden.
Dardber hinaus finden die wasserléslichen Farbstoffe Methylen-Blau und Toluidin-
Blau ihre Anwendung, da diese aufgrund ihrer chemischen Eigenschaften
biologische Membranen schlecht passieren kénnen.[”3]
Die meisten derzeit verfigbaren PS gehdéren jedoch der Stoffklasse der Porphyrine
und deren Derivaten an. Hierbei werden die Hamatoporphyrinderivate als
Photosensibilisatoren der ersten Generation bezeichnet.’8l Als PS der zweiten
Generation werden Porphyrine mit einer chemischen Struktur, welche eine
15
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verbesserte Effektivitdt und Selektivitat aufweisen, bezeichnet.l’¥ In Tabelle 1 wird

eine Ubersicht der derzeit klinisch am haufigsten verwendeten Photosensibilisatoren

aufgezeigt.[”]

Tabelle 1: Ubersicht haufig verwendeter Photosensibilisatoren.

Anregungs-

Kurzname Substanz Handelsname Wellenléinge
HPD Hamatoporphyrinderivat Photofrin 630 nm

i Benzoporphyrinderivat :
BPD-MA Monoacid Ring A Verteporfin 690 nm
Meso-

HAEE tetrahydroxyphenylchlorin pecel S [0
ALA 5-Aminolavulinsdure Levulan 630 nm
Lu-Tex Lutetiumtexaphyrin Lutrin 732 nm

Zusétzlich sollten die Photosensibilisatoren fur aktuelle klinische Anwendungen

maoglichst viele der folgenden Forderungen erfiillen:[7]

groBBtechnische und kostenglinstige realisierbare Synthesen,

hohe Stabilitdt gegeniber chemischen/enzymatischen Reaktionen im
Organismus,

geringe Toxizitdt des Photosensibilisators und aller durch Bestrahlung
entstehenden Produkte,

gute Wasserléslichkeit,

gute Dosierbarkeit,

einfaches Verabreichen (z. B. Injektion, Salbe, Spray),

selektive Anreicherung im umliegenden Tumorgewebe,

hohe Absorption im NIR-Bereich,

hohe Triplett-Quantenausbeute und lange Triplett-Lebenszeit,

vollstdndige Ausscheidung aus dem Organismus,

geringe Ausbleichung wahrend der Belichtung.

Bei der Entwicklung neuer PS wird ein groBes Augenmerk auf eine bathochrome

Verschiebung gelegt. Hierdurch wird erreicht, dass der Farbstoff eine starke

Absorptionsbande innerhalb der Grenzen des therapeutischen Fensters aufweist,

welches als bio-optisches Fenster bezeichnet wird.
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1.2.4.4 Das bio-optische Fenster

Das bio-optische Fenster liegt im Wellenlangenbereich von 600 - 900 nm und somit
im nahinfraroten Spektralbereich (NIR).””1 Im NIR-Wellenldngenbereich weist Licht
im Gewebe eine gute Transmission auf und ist in der Lage, mehrere Zentimeter tief
in den menschlichen Korper einzudringen.[”®l Hierbei nimmt die Eindringtiefe von
Licht zwischen 600 nm und 900 nm kontinuierlich zu.["®!

Das bio-optische Fenster wird im kurzwelligen Wellenldngenbereich vom Hamoglobin
und Cytochromoxidase abgegrenzt,[’®l die im Bereich unterhalb der 600 nm die
wichtigsten Absorber des Gewebes sind. Im hdherliegenden Wellenldngenbereich
wird das bio-optische Fenster durch die starke Absorption des Wassers oberhalb von
900 nm geschlossen und lasst somit keine starke Transmission mehr zu.[78.80]

Aus diesem Grund ist es besonders wichtig, PS sowie auch Kontrastmittel zu
entwickeln, welche eine starke Absorption im bio-optischen Fenster aufweisen. Diese

Thematik ist ein Hauptbestandteil der vorliegenden Arbeit.
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2 Aufgabenstellung

Diese Arbeit ist dem Design und der Weiterentwicklung von neuen intelligenten
Kontrastmitteln sowie der Synthese von effizienten wasserléslichen NIR-
Photosensibilisatoren gewidmet.

Basierend auf dem Konzept des Plattenspielers, welches von HERGES publiziert
wurde, wird der Light-Driven Coordination-Induced Spin State Switch (LD-CISSS)
von Fe(lll) erforscht.

Fe(lll)-Porphyrine  existieren  wie  Ni(ll)-Porphyrine  in  unterschiedlichen
Spinzustanden, sodass sie ideal als schaltbare Kontrastmittel verwendet werden
kénnen. Hierbei liegen die funffach koordinierten Komplexe Uberwiegend im High-
Spin von S = 5/2 vor, wohingegen sechsfach koordinierte Komplexe zu einem Low-
Spin von S = 1/2 tendieren.

Aufgrund des hdéheren Spinunterschieds zwischen dem High-Spin- und dem Low-
Spin-Zustand in Eisen(lll)-Porphyrinen ist, verglichen mit Ni(ll)-Porphyrinen, ein
besserer Kontrast im MRT-Experiment zu erwarten. Da das Eisen(lll)-Zentralatom im
Vergleich zu Nickel(ll) einen zusatzlichen anionischen Liganden in der
Koordinationssphare bevorzugt, muss das Porphyrindesign angepasst werden. Um
die Koordinationsumgebung abzuschirmen, soll die Koordinationsstelle durch eine
Bricke Uber das Porphyrin, die zusatzlich Gber eine koordinierende Triazoleinheit
verflgt, belegt werden. Das Design von LD-CISSS Fe(lll)-Porphyrinen ist in der
Abbildung 10 schematisch dargestellt.

@

O
hvq / @ ‘Q\

hvz O\-—-O/

High-Spin Low-Spin
Fe': S=5/2 Fe": S=1/2

Abbildung 10: Schematische Darstellung eines verbriickten Eisen(lll)-Plattenspielers.
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FUr die Weiterentwicklung intelligenter MRT-Kontrastmittel ist jedoch nicht nur der
Paramagnetismus (Spindifferenz AS) von groBer Bedeutung, sondern auch die
Anwendbarkeit im menschlichen Koérper. Aus diesem Grund wurde sich in einem
Teilbereich dieser Arbeit mit der Funktionalisierung von Porphyrinen beschéftigt.
Hierbei sollen die Porphyrine mittels einer Diels-Alder-Reaktion in ihre reduzierten
Derivate, Chlorine, Isobakteriochlorine und Bakteriochlorine Uberfiihrt werden
(Abbildung 11).

Abbildung 11: Darstellung einer méglichen Funktionalisierung von Porphyrinen.

Der Zugang zu diesen neuen Molekilen wirde ein weiteres Spektrum an
Anwendungen ermdglichen. Bezogen auf die Nickel- und Eisen-Plattenspieler
kénnten so MRT-Kontrastmittel synthetisiert werden, welche eine Absorption im NIR-
Bereich besitzen. Dies wirde erstmals ein LD-CISSS im bio-optischen Fenster
ermdglichen, wodurch eine reversible Schaltung im menschlichen Kérper durch
Belichtung mit externen Lichtquellen anstelle von Sonden gelingen kdnnte.

Darlber hinaus spielen die reduzierten Porphyrinderivate in der Photodynamischen
Therapie als Photosensibilisatoren eine entscheidende Rolle. Aus diesem Grund
sollte zudem auch die Erzeugung von Singulett-Sauerstoff und somit ihr Nutzen fir
die photodynamische Therapie untersucht werden.
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3 Publikationen und deren Zusammenfassungen

3.1 Lichtinduzierte Anderung des Spinzustandes von Eisen(lll)

Das kontrollierte Schalten des Spinzustandes von Ubergangsmetallionen,
insbesondere von Fe(ll) und Fe(lll), ist eine wichtige Voraussetzung flr selektives,
effizientes und katalysiertes Schalten in einer Vielzahl von Metalloenzymen.[®1.82]

Derzeitigem Stand zufolge kann die Anderung des Spins von oktaedrischen Fe(ll)-
Komplexen mittels elektronischer Anregung durchgefihrt werden. Dieser Effekt ist
seit 1984 unter dem LIESST (Light-Induced Excited Spin State Trapping)-Effekt
bekannt (Abbildung 12).1414%1 Der Spinlibergang von Fe(ll) mittels LIESST ist
reversibel und effizient, jedoch funktioniert dieser Effekt nur bei niedrigen
Temperaturen und ist auf Festkdrper beschrankt. Eine weitere Méglichkeit, den Spin
zu andern, kann Uber den LD-LISC (Ligand-Driven Light-Induced Spin Change)-
Effekt realisiert werden (Abbildung 12), welcher ebenfalls auf dem Spin Crossover
beruht.*0-46471 Hierbei wird jedoch nicht das Metallzentrum elektronisch angeregt,

stattdessen kommt es zu einer photoinduzierten Anderung der Ligandenfeldstarke.

o mm o 03 mm

Qgey.0 —hv . e : Q.0 hy Q. O
O@O “— O@O O@O «— O@O
© o . 9 o
LS, S=0 HS, S=2 : LS, S=0 HS, S=2

Abbildung 12: Schematische Darstellung des LIESST-Effektes (links) und des LD-LISC-Effektes (rechts).

Als Liganden eignen sich MolekUle, die in unterschiedlichen Photoisomeren vorliegen
kdnnen und dabei ihre Koordinationsstarken &ndern, um so eine Anderung des
Spinzustands hervorzurufen.i®l Problematisch ist dennoch die unzureichende
Stabilitdt der Moleklle, die eine Anwendung ausschlieBlich unter inerten
Bedingungen zulasst. Des Weiteren sind die Photostabilitdt und die Schalteffizienz
gering. Aus diesem Grund sind bis jetzt weder der LIESST noch der LD-LISC fir das
breite Spektrum an Anwendungen geeignet, welches der SCO von Eisen ermdglicht.
Hierzu zahlen unter anderem die Entwicklung von neuen Speichermedien sowie die

Erforschung intelligenter photoschaltbarer MRT-Kontrastmittel.
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Eigenanteil: Die Synthesen des Uberbrliickten Porphyrins und die dazugehdrigen
Messungen (EVANS, 'H-NMR, HR-MS, UV) wurden von Morten Peters durchgeftihrt.
Das Manuskript wurde von Dr. Sreejith Shankar und Prof. Dr. Rainer Herges

verfasst.
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Zusammenfassung

In dieser Publikation wird die erste lichtgesteuerte molekulare Spinschaltung auf
Fe(lll)-Basis vorgestellt. Hierbei wird als Ausgangskomplex das leicht zugangliche
Fe(lll)tetraphenylporphyrinperchlorat  verwendet, welches in einer Aceton/
Dimethylsulfoxid-Lésung einen High-Spin-Komplex (S = 5/2) mit zwei axialen DMSO-
Liganden bildet (Abbildung 13).

Der Spin-Switching-Prozess wird durch einen photoschaltbaren Azopyridinliganden
induziert, welcher so entworfen ist, dass er in seiner trans-Konfiguration mit einer
180-fach starkeren Bindungskonstante als Dimethylsulfoxid (DMSO) zum
Eisenporphyrin koordiniert und somit einen Low-Spin-Komplex (S=1/2) mit zwei
axialen trans-Azopyridin-Liganden bildet (Abbildung 13). Wird das trans-Azopyridin
mit Licht der Wellenlange 365 nm bestrahlt, erfolgt die Isomerisierung zum cis-
Isomer. Dieses cis-lsomer ist durch tert-Butylgruppen sterisch gehindert und ist in
diesem System nicht mehr in der Lage, an das Eisenporphyrin zu binden. Dadurch
kordiert das DMSO wieder, wodurch der High-Spin-Zustand regeneriert wird. Dieser
Ligandenaustausch bzw. Spin-Switching-Prozess ist reversibel. Mit einer
Wellenlange von 435 nm kann das cis-Azopyridin wieder in die trans-Form Uberfahrt
werden, welche wiederum die DMSO-Liganden verdrangt. Dieses Experiment zeigt
nach mehr als 1000 Schaltzyklen unter Luft, Feuchtigkeit und Raumtemperatur keine
Veranderungen, Nebenreaktionen oder Zersetzungen.

Abbildung 13: Darstellung der lichtgesteuerten molekularen Spinschaltung auf Fe(lll)-Basis.
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Neben der Spin-Schaltung andern sich in diesem Modell auch noch einige andere
Parameter reversibel. Zum Beispiel verschiebt sich das Redoxpotential analog zu
enzymatischen Hamproteinen um 58 mV, beim Wechsel von S=1/2 zu S = 5/2.[8182
Eine weitere besonders interessante Fahigkeit dieses Systems ist, dass die NMR-
Protonenrelaxationszeit (Relaxivitat) reversibel um den Faktor zehn geschaltet
werden kann. Somit ist der Grundstein gelegt, Eisen(lll)-Porphyrine als intelligente
Kontrastmittel in der MRT zu verwenden und einen Eisen-Plattenspieler auf der Basis

dieser Arbeit zu synthetisieren.[49.53
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Light-controlled switching of the spin state of
iron(lll)

Sreejith Shankar® "2, Morten Peters!, Kim Steinborn!, Bahne Krahwinkel1, Frank D. Sénnichsen1, Dirk Grote3,
Wolfram Sander® 3, Thomas Lohmiller® 43, Olaf Riidiger® # & Rainer Herges'

Controlled switching of the spin state of transition metal ions, particularly of Fe!l and Fe!, is a
prerequisite to achieve selectivity, efficiency, and catalysis in a number of metalloenzymes.
Here we report on an iron(lll) porphyrin with a photochromic axial ligand which, upon
irradiation with two different wavelengths reversibly switches its spin state between low-spin
(§="1/,) and high-spin (§=5/,) in solution (DMSO-acetone, 2:598). The switching effi-
ciency is 76% at room temperature. The system is neither oxygen nor water sensitive, and no
fatigue was observed after more than 1000 switching cycles. Concomitant with the spin-flip
is a change in redox potential by ~60 mV. Besides serving as a simple model for the first step
of the cytochrome P450 catalytic cycle, the spin switch can be used to switch the spin-lattice
relaxation time T; of the water protons by a factor of 15.
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reactions, particularly in C-H activation processes. Con-

trolled spin flips guide reactants and intermediates into
reaction pathways with low barriers, and induce catalytic cycles
leading to products that otherwise would be formed only under
drastic reaction conditions. Cytochrome P450 is a particularly
well-investigated example:?. Substrate binding to cytochrome
P450 triggers a change in the spin state of the heme-bound Fe(III)
from the resting state, low spin (S= 1), to high spin (S= 5/,).
Concomitantly, the reduction potential changes, and a cascade of
reactions follows, leading to the selective oxidation of alkyl and
aromatic C-H bonds. Methane monooxygenases (MMOs) even
convert methane to methanol under ambient conditions®, a
process without precedence in artificial systems. Besides the
importance in spin-catalysis, molecular spin-state switching in
solution and on surfaces is gaining importance in other fields as
well. Molecular spin switches have been proposed as components
in molecular electronics, photonics, and spintronics*. Particularly
interesting, as well, is their potential use as responsive contrast
agents in magnetic resonance imaging (MRI), providing spatial
information of metabolic parameters in vivo’.

Whereas spin-state switching in the solid state (spin-crossover
mainly in Fe(II) complexes) is a well-investigated phenomenon,
the first magnetically bistable compound in solution was pub-
lished only recently (2011)°. Since then, research in the field
considerably gained momentum’~!°. The ori%inal molecular spin
switches were based on Ni(II) porphyrins'!~!°. The square planar
complexes are diamagnetic (S = 0), but turn paramagnetic (S=1)
upon coordination of axial ligands. Coordination/decoordination
from the Ni ion was achieved by the use of photoswitchable
axial ligands that were either covalently bound to the porphyrin
or substituted in such a way that the cis configuration would not
bind because of steric hindrance. A number of further transition
metal ions change their spin state upon changing their coordi-
nation number, such as Fe?*, Fe3*, Co?*, Mn?*, and Mn3*,
providing larger variations (Ay) in their magnetic moments
than Ni%*.

Herein, we report the first photoswitchable, magnetically bis-
table Fe(IIT) porphyrin in solution that is stable at ambient
conditions in solution, including moisture and air. Upon irra-
diation with light of 365 and 435nm, the spin-state switches
reversibly between low spin (S=1/,) and high spin (S="%/,),
accompanied by a change in redox potential. The species involved
and their spin states are characterized using several independent
methods, and the mechanism is elucidated in detail.

S pin-state switching is the key step in a number of enzymatic

Results

Spectroscopic investigations. In terms of redox behavior and
spin states, iron is probably the most complicated and adaptable
element in the periodic table. A number of different spin states
are possible in every oxidation state, many of which are close in
energy. More than 3000 papers have been published solely on
iron porphyrins, particularly in view of their biological relevance.
Several reviews summarize the field'%!>. Iron(IlI) porphyrins
exhibit four different spin states: low spin, S =1/,, (dy.d,.)*(d,,)!,
low spin, S =1/, (dyy)*(dy.d,.)>, intermediate spin, S = 3/,, (dx,)?
(dyordy)X(d;2)!, and high spin, S=73/,, (dxy,dxz,d},z,dZZ,dxz,gZ)
Moreover, if the energy difference of intermediate spin (S = /,)
and high spin (S = °/,) is close to the spin-orbit coupling constant
(which is mostly the case), linear combinations of high-spin and
intermediate-spin states are formed, which have been coined
admixed-spin states, S = a 3/, + (1 — a) 5/, (a = 0-1)'°. The axial
ligands and the nature of the porphyrin are the primary deter-
minants of the spin state. Pure 4-coordinate Fe(III) porphyrins
without axial coordination are intermediate spin (S = 3/,)17. Axial

coordination of two oxygen ligands gives rise to an admixed-spin
state (S = 3/,, %/,) if they are weak, or a high-spin species (S = °/,)
if they are strong. Fe(III) porphyrins with two strong nitrogen
ligands are low spin (S = 1/,). Besides their electronic properties,
the steric bulk of axial ligands is decisive in controlling the spin
state. Bulky substituents neighboring the coordinating nitrogen
atom not only reduce the binding constant, but also favor the
high-spin state!$. If the counter-ion is weakly binding (e.g.,
ClO47) and the axial ligands are weak, more basic porphyrins
(i.e., electron-donating substituents) favor admixed-spin states,
and less basic porphyrins (electron-withdrawing substituents)
favor low-spin states. Strongly binding anions, such as chloride in
the absence of axial ligands, favor the formation of high-spin
complexes. Hydrogen bonding to the chloride weakens coordi-
nation and the spin-state changes to intermediate spin'®. Upon
judicious choice of the electronic and steric properties of the
porphyrin and axial ligands, the complexes can be tuned in such a
way that they are close to the S=1/, = S=75/, spin-crossover
point>*2!, In this region, small changes in ligand field strength or
steric hindrance would switch the spin state of Fe(III). Since spin-
state chemistry and axial ligand exchange processes of Fe(III)
porphyrin complexes are very intricate, we used several inde-
pendent methods to characterize our compounds in solution: (a)
proton nuclear magnetic resonance (\H NMR) pyrrole and
phenyl shifts, (b) ultraviolet-visible (UV-vis) absorption, (c)
magnetic moments, and (d) electron paramagnetic resonance
(EPR) spectroscopy. The largest change in spin state (AS =2) in
Fe(III) porphyrins is achieved upon switching between high spin
(§=5/,) and low spin (S="1/,). In designing our molecular spin
switch, we avoided admixed-spin (S=°/,,%/,) and intermediate-
spin states (S = 3/,), not only because they reduce the change in
magnetic moment (Ay) but also because these species are sensi-
tive to water and oxygen, and they are difficult to characterize
(e.g the 'TH NMR pyrrole shift varies between +80 and —63
ppm)'“. To achieve a reliable, robust, and large spin switch, we
designed a system which would change the axial coordination
between two strong oxygen ligands (high spin, $=5/,) and two
strong nitrogen ligands (low spin, $="/,) upon irradiation with
two different wavelengths.

For our experiments, we chose the readily available Fe(III)
tetraphenylporphyrin perchlorate (FeTPPCIO4) as the base
porphyrin, and photoswitchable azopyridines as axial
ligands (photodissociable ligands, PDLs). FeTPPCIO, is
admixed-spin (S=3/,, °/,) in non-coordinating and weakly
coordinating solvents'>>>4, and very sensitive towards water
and oxygen”. In acetone, a 6-coordinate complex (Fig. 1) is
formed with two weakly binding acetone molecules as axial
ligands. The formation constants K;” =0.82 and K,” =1.08L
mol~! have been determined by following the 'H NMR shifts of
the phenyl protons upon titration of a solution of FeTPPCIO, in
CD,Cl, with acetone-dg (see Supplementary Figures 21, 24, 25,
Supplementary Table 4, and Methods, Calculation of apparent
equilibrium  constants). Pyrrole shift (40.2 ppm), magnetic
moment (4.5 B.M., see Methods, Magnetic susceptibility—Evans
measurements) and EPR signals (medium-intensity, high-spin
signals at g = 5.94 and 2.0, and a very small signal at g = 4.7-4.8'¢
(see Supplementary Figures 36-37 and Methods, EPR spectro-
scopy) are indicative that the species is admixed spin with a
substantial contribution of high spin. To generate a pure high-
spin (S=7°/,) complex, and to increase AS upon switching, we
added dimethyl sulfoxide (DMSO)-d to the solution which is
known to form a 2:1 high-spin (S=°/,) complex with
FeTPPCIO, (Fig. 1 and Supplementary Figure 1)2°. High-spin
iron(Ill) porphyrins exhibit a typical Q band at ~690 nm
(Supplementary Figure 19a). Upon titration with DMSO and
monitoring the increase of the absorption at 686nm, we
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Fig. 1 Determination of formation constants. Formation constants of high-spin FeTPP(DMSO0),CIO,4 determined by following the absorption at 686 nm
upon titration of the FeTPP(acetone)2ClO, complex in acetone with DMSO-dg at 25 °C. These values were confirmed by NMR titration
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Fig. 2 Design of the photodissociable ligand (PDL) based on photoswitchable phenyl azopyridine. Irradiation with UV light (365 nm) switches the trans
isomer to the cis form. Visible light triggers reisomerization back to the trans form. The photostationary states (PSS) of the two processes are trans/cis
75:25 (435 nm), and 6:94 (365 nm). The methoxy group in 4-position of the pyridine was introduced to increase the coordination strength, and to prevent
the formation of the # conformation of the cis isomer. The two t-Bu groups at the phenyl ring increase steric repulsion with the porphyrin in the cis form,

however, have no effect on the coordination of the trans configuration

determined the complex formation constants K," = 5862 L mol~!
and K,' =596 Lmol~! (see Supplementary Figures 19b, 26-28).
These formation constants were confirmed by NMR titration
(Ky'=5372Lmol~! and K,' =580 L mol~!) following the phe-
nyl and pyrrole shifts (see Supplementary Figures 22, 29, 30,
Supplementary Table 7, and Methods, Calculation of Apparent
equilibrium constants)?7-25,

The magnetic moment of 5.8B.M. (Evans, see Methods,
Magnetic susceptibility—Evans measurements) and the EPR data
(large-intensity, high-spin signals at g=5.92 and 2.0, see
Supplementary Figure 36 and Methods, Electron paramagnetic
resonance (EPR) spectroscopy) confirm a high-spin §= %/, state
for a solution of 0.2 mM FeTPP* and 47.12mM DMSO-d; in
acetone-ds. The precise composition of the solution derived from
K," and K,' is 0.01% FeTPP(acetone),, 3.5% FeTPP(acetone)
(DMSO)*, and 96.5% FeTPP(DMSO),*. This stable solution,
mainly consisting of high-spin FeTPP(DMSO),ClO,, was used
for further switching experiments with PDLs based on
azopyridine.

Azopyridine-based PDL. The azopyridine was designed in such a
way that it strongly coordinates to Fe(III) in its trans configura-
tion (Fig. 2), forming a low-spin S = !/, complex. However, upon
switching to the cis isomer under UV light, steric hindrance

between the t-Bu groups and the porphyrin ring prevents binding
(for the synthesis of the azopyridine see Supplementary Figure 41
and Methods, Synthesis)>*0.

Irradiation with visible light (435nm) regenerates the trans
isomer which returns to the coordination site. Conversion of the
thermodynamically more stable trans to the metastable cis isomer
with UV light is very efficient. The photostationary state (PSS) at
365 nm is 94% cis, and 6% trans, and the PSS of the back-reaction
at 435 nm is 75% trans, and 25% cis (see Supplementary Figure 5,
Supplementary Table 1, and Methods, PSS of the phenyl
azopyridine 2 and PSS of azopyridine). This incomplete
conversion to the binding trans isomer does not compromise
the overall switching efficiency, because an excess of the ligand is
used?!. Hence, the azopyridine is ideally suited as a PDL. The PSS
are virtually the same in the presence of the porphyrin
(Supplementary Figure 6, Supplementary Tables 1, 11, 12).
Obviously, no quenching of the excited state of the azopyridine by
the porphyrin occurs. Substitution of the pyridine ring in 4-
position with a methoxy group was necessary to increase the
binding constant, and to prevent the formation of the f
conformation of the cis isomer (see Fig. 2 and Supplementary
Figure 4). Thermal half-life of the metastable cis isomer with
164 days at 27 °C is very long (Supplementary Figure 7). In the
presence of the Fe(IIl) porphyrin the half-life is reduced to
18 days which is still more than sufficient to serve as a
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Fig. 3 A strapped porphyrin as a model compound. A strapped porphyrin was used to model the properties of a 5-coordinate Fe(lll) porphyrin with one
strong axial nitrogen ligand. The TH NMR pyrrole shifts and the effective magnetic moment indicate that the chloride complex is high spin and the 1:1

imidazole complex is low spin

photochemical switch (see Supplementary Figure 8 and Methods,
Half-life (t.,) of cis azopyridine (cis-2)). With a strong Soret band
of the Fe(Ill) porphyrin around 400nm (Supplementary
Figure 17), the photoexcitation may not be restricted to the
PDL ; the event of the Fe(III) porphyrin getting excited, at least
partially, cannot be rigorously excluded while irradiating at 365 or
435 nm. The porphyrin in its excited state does not seem to have
a noticeable impact on the photoisomerization mechanism of the
PDL, since the PSS of the ligand remains largely unaffected by the
presence or absence of the porphyrin. However, a slightly longer
irradiation time is required for the PDL to arrive at its PSS in the
presence of the strongly absorbing porphyrin.

Discussion

The light-driven spin-state switching experiments with our elec-
tronically fine-tuned Fe(III) porphyrin system and the sterically
and electronically designed axial ligand were monitored by sev-
eral methods: NMR, UV-vis, EPR, Evans, and potentiometry, to
unanimously determine the structure and magnetic properties of
the species involved in the spin-state switching process.

In contrast to acetone/DMSO, axial ligand exchange of DMSO/
azoypyridine is slow on the NMR time scale. Upon titration of the
high-spin acetone/DMSO solution of FeTPPCIO, (0.2 mM FeTPP
+,47.12 mM DMSO-d; in acetone-dg) with the PDL, the signal of
the pyrrole protons at 68.6 ppm decreases and a new signal at
—14.7 ppm appears (Supplementary Figure 2). Unfortunately, the
high-spin signal at 68.6 ppm is very broad, and integration of the
NMR signals is not sufficiently accurate to derive a binding
model, and to accurately determine coordination constants. We
therefore monitored the titration by UV-vis spectroscopy (Sup-
plementary Figure 20). High-spin (S=5/,) FeTPP* complexes
exhibit characteristic bands (Q bands) at 690 nm (Supplementary
Figure 19a)3!32, whereas low-spin (S=1/,) FeTPP*+ does not
absorb above 650 nm (Supplementary Figure 20a). The decreas-
ing absorption at 686 nm as a function of added azopyridine
yields a binding isotherm (Supplementary Figure 20b), which was
analyzed by non-linear optimization®* (see Methods, Calculation
of apparent equilibrium constants). A binding model that
includes all conceivable species should consider the starting
complex FeTPP(DMSO),", the mixed complex FeTPP(DMSO)
(azopy) ™, and the 1:2 complex FeTPP(azopy),". The solution of
the initial DMSO complex FeTPP(DMSO), " has been thoroughly
characterized (see above), the properties of the pure low-spin 1:2
complex FeTPP(azopy)," can be determined by dissolving
FeTPPClO, in pure 4-methoxypyridine. However, the properties
of the mixed complex cannot be directly determined, since it is
not a stable species. It is not known whether coordination of a

single strong nitrogen ligand to FeTPP™ is sufficient to induce a
spin switch to the low-spin state. We therefore synthesized a
strapped porphyrin in which one of the two axial binding sites is
sterically shielded (Fig. 3, see Methods, Syntheses). The chloride
complex (similar to FeTPPCI) is high spin as indicated by the
pyrrole proton shifts (81.6, 78.0 ppm), and by the magnetic
moment (5.87B.M., see Methods, Magnetic susceptibility—Evans
measurements). Note that in contrast to FeTPPT, the structure of
the strapped porphyrin does not exhibit a fourfold symmetry axis
and the eight pyrrole protons are not symmetry equivalent. Upon
addition of N-methyl-imidazole, the chloride is replaced by the
strong nitrogen ligand. The coordination of a second ligand is
prevented by the bridge. Magnetic moment (2.49 B.M.) and the
pyrrole proton shifts (—7.92, —10.05, —22.15, and —23.28 ppm)
clearly indicate that the complex is low spin (S = 1/,) with a slow
exchange of the ligand on the NMR time scale (see Supplemen-
tary Figures 42-43 and Methods, Synthesis). Hence, coordination
of one nitrogen ligand is sufficient to induce the spin switch.

Based on the properties of the strapped porphyrin, we assume
that the mixed complex FeTPP(DMSO)(azopy)™ is low spin as
well. Further evidence for the low-spin state of the mixed
complex is provided by the fact that the fitting of the binding
isotherm is considerably superior with the assumption that the
spin change is induced by the coordination of the first azopyr-
idine ligand (see Supplementary Figures 31-33 and Methods,
Calculation of apparent equilibrium constants). Based on this
model, both binding constants K; and K, can be accurately
determined by UV-vis titration of the DMSO complex with the
azopyridine (see above). According to the analysis of the binding
isotherm, the first DMSO ligand is replaced by azopyridine with
K, =314Lmol ! and the second with K, =868 L mol~! (Fig. 4
and Supplementary Table 10). Thus, azopyridine is a much
stronger ligand than DMSO and displacement of the second
DMSO is much more favorable than expulsion of the first DMSO
ligand. Therefore, the concentration of the mixed (DMSO/azo-
pyridine) complex is always small. This is favorable for our spin
switching efficiency, because the isomerization of one azopyridine
ligand should facilitate the replacement of the second by DMSO
leading to an efficient conversion to the high-spin FeTPP
(DMSO), " complex.

Spectroscopic parameters as well as magnetic properties con-
sistently prove that the addition of azopyridine converts the high-
spin (S= 5/,) EeTPP(DMSO),™* to a low-spin (S=1/,) complex.
Upon addition of 75 equivalents of trans azopyridine to a solution
of 0.1 mM FeTPP*, and 25.87 mM DMSO-d, in acetoneg, the
EPR high-spin signals at ¢g=592 and 2.0 are reduced to
approximately 3% of their initial intensity (see Supplementary
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Fig. 4 Titration of high-spin FeTPP(DMSO),* with the photodissociable ligand (PDL) azopyridine. The binding isotherm was derived from the decrease
of the UV-vis absorption band at 686 nm upon addition of the trans azopyridine to a solution of 0.1mM FeTPP*, and 25.87 mM DMSO-d, in acetone-ds at
25 °C (see Methods, Far-vis spectroscopy of the spin-state changes and Calculation of apparent equilibrium constants). The binding constants K; and K3
were determined under the assumption that the mixed complex FeTPP(DMSO)(azopy)™ is low spin

Figure 36 and Methods, EPR spectroscopy), and the UV-vis
absorption at 686 nm almost completely vanished (Supplemen-
tary Figure 20a). According to Evans measurements (see Meth-
ods, Magnetic susceptibility—Evans measurements), the effective
magnetic moment of the solution is 2.1 B.M. The high-spin
pyrrole proton signal at 68.8 ppm disappeared, and a new signal
at —14.7 ppm (typical for low-spin FeTPP* complexes) appeared
(Supplementary Figure 2). Unfortunately, only a very low
intensity large gy signal for the low-spin complex at g = 3.4 was
visible in the EPR spectrum in frozen acetone (Supplementary
Figure 36), most probably because of solubility problems, and
aggregation. In frozen CH,Cl,, however, the low-spin signal
is visible more clearly (Supplementary Figures 37-38). More
detailed information about the exact composition of the solution
can be derived from the binding constants: K,’, K" and K, K.
In a solution of 0.2mM FeTPP*, 47.12mM DMSO-ds, and
15 mM trans azopyridine in acetone-ds, the following species are
in equilibrium: 0.0006% FeTPP(acetone), ™, 0.17% FeTPP(acet-
one)(DMSO)*, 4.7% FeTPP(DMSO),*, 11.9% FeTPP(DMSO)
(azopy) ™, and 83.2% FeTPP(azopy),™. The species with at least
one strong nitrogen ligand (azopyridine), and that with two
strong oxygen ligands (DMSO), add up to 95.1% low-spin and
4.7% high-spin porphyrin, respectively, which is consistent with
the EPR observations.

This solution that is predominantly low spin was subjected to
irradiation with light of 365 nm. The trans azopyridine isomerizes
to the cis conﬁ§uration with a conversion rate of 94.4% cis
(determined by '"H NMR, Supplementary Figure 5) in the PSS.
Isomerization, in turn, leads to increasing steric demand, and
dissociation of the cis azopyridine ligand. The binding constant of
cis azopyridine to FeTPP* was too low to be determined. Addi-
tion of a solution of 94% cis and 6% trans azopyridine to an
acetone-dg or acetone-dg/DMSO-d, solution of FeTPP* does not
change the 'H NMR spectrum beyond what would be expected
from the coordination of the residual trans isomer (6%) (see
Supplementary Figure 3b and Methods, Switching experiments
in NMR,). Hence, cis azopyridine is a much weaker ligand than
DMSO (in contrast to the trans isomer); therefore, DMSO
rebinds to the axial coordination sites replacing the azopyridine.
The situation is rather complicated since both azopyridine ligands
must be replaced by DMSO to switch the spin state. Mixed
complexes, such as FeTPP(DMSO)(azopyridine)™ in the equili-
brium, have to be considered as well. The exact composition of

the solution in the PSS can be calculated from the binding con-
stants of DMSO (K;’, K,'), and trans azopyridine (K;, K;) to
FeTPP* determined by NMR and UV-vis titration (see above),
and the cis/trans ratio of azopyridine at the PSS, determined by
'H NMR (Supplementary Figure 6). At the PSS (365nm) the
solution contains 81.4% high-spin FeTPP(DMSO),*, 11.3% low-
spin  FeTPP(azopy)(DMSO)*, and 4.3% low-spin FeTPP
(azopy),™ (and very small amounts of the acetone complexes, for
a detailed list see Table 1). Upon irradiation with light of 435 nm,
the cis azopyridine returns to its strongly binding trans config-
uration (24.5% cis, 75.5% trans), and replaces the DMSO ligands.
At the PSS (435nm), 77.2% low-spin FeTPP(azopy),", 14.7%
low-spin FeTPP(DMSO)(azopy)*, and 7.8% high-spin FeTPP
(DMSO), ™" are in equilibrium. In essence, upon irradiation with
365 and 435nm, we are able to switch between 92:8 and 16:81
low-spin/high-spin equilibria. This corresponds to a switching
efficiency of 76%, considering the low-spin ratios (Fig. 5, Table 1,
see also Methods, Calculation of apparent equilibrium constants).

To investigate the fatigue resistance of the spin switch, we
irradiated the above solution with 365 and 435nm in an alter-
nating sequence and monitored the 'H NMR spectrum as a
function of the number of switching cycles (Fig. 6a and Supple-
mentary Figure 35b). After 5min irradiation of the NMR tube
with 365 nm (light-emitting diode (LED), 12 x 400 mW), the low-
spin signal at —14.7 ppm disappeared, and the broad high-spin
signal at 66.8 ppm appeared. Upon irradiation of the NMR tube
with 435nm (LED, 12x 380 mW), the high-spin signal dis-
appeared and the low-spin signal reappeared. There was no
observable change in the '"H NMR spectrum after 1000 switching
cycles under ambient conditions (air, moisture, 300 K, Supple-
mentary Figure 3a).

Paramagnetic metal ions such as Mn?* (S=°/,) or Gd**
(S=7/,) are known to reduce the longitudinal (or spin-lattice)
(T)), and the transverse (spin-spin) relaxation times (T5) of the
solvent nuclei**. The relaxation mechanism is mainly due to
magnetic dipole interactions during coordination of the solvent
molecule to the paramagnetic ion (inner sphere relaxation)3>3°,
Upon rapid coordination/decoordination, a single paramagnetic
metal ion can relax more than 10° solvent protons within an
NMR or MRI experiment, which finally leads to a reduction of T
and T, of the bulk solvent. Switching of the spin state of FeTPP*
between S="5/, and S =1/, leads to a switching of the capability

to induce nuclear spin relaxation R, (relaxivity R,=AT, l.c~],
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Table 1 Photostationary states of the PDL and different possible complexes of FeTPP*
PSS 435 nm (%) PSS 365 nm (%)

trans azopy 75.5 5.6

cis azopy 24.5 94.4

FeTPP(azopy)," 77.2 < 4.4 < low-spin

91.9 15.7 .

FeTPP(azopy)(DMSO)* 14.7 11.3 low-spin

FeTPP(DMSO)," 7.8 81.4 high-spin

FeTPP(acetone)(DMSO)* 0.3 2.9 admixed-spin

FeTPP(acetone),” 0.001 0.01 admixed-spin
At the photostationary state generated upon irradiation with light of 435 nm (PSS 435 nm), the combined concentration of low-spin species is 91.9%, and at PSS 365 nm this concentration decreases to
15.7%. Hence, the switching efficiency is 76.2%

[FeTPP),,, 02 mMm
[DMSO-dgl,,y  47.12 mM in acetone-dg
[azopy]ye 15.0 mM

FeTPP (azopy)," FeTPP (DMSO) (azopy)* FeTPP (DMSO),*
Low spin Low spin High spin
S=1/, S=1/, S=5/,

Fig. 5 Light-induced spin switching of iron(lll) porphyrin (FeTPP) using azopy as a PDL. The composition of the solution is calculated from the binding
constants Ky',Ky" and K, K5, and is listed for the photostationary states (PSS) at 435 and 365 nm in Table 1. The calculations are based on the assumption
that cis azopyridine does not coordinate to FeTPP™, and that FeTPP(DMSO)(azopy)™ is a low-spin complex

where AT, is the difference of T, with and without relaxation
agent and ¢ the concentration of the relaxation agent). High-spin
FeTPP* has a larger magnetic moment than low-spin FeTPP+
and therefore exhibits a larger relaxivity. Low-spin FeTPP*
(S=1/,) is not completely diamagnetic; however, both axial
coordination sites are occupied by strong nitrogen ligands which
prevent a fast exchange with the solvent on the NMR time scale
(inner sphere relaxation). The low magnetic moment as well as
the blockage of axial coordination sites lead to a considerably
smaller relaxivity R, of the low-spin complex. The relaxivity
values R,, and relaxation times T, of a 2.0 mM solution of the
high-spin FeTPP* complex in an acetone-ds/DMSO-d; solution
containing 1% acetone and 1% water are given in Table 2. The
relaxivity R, of acetone, and water with FeTPP* in the high-spin
state is 12.9, and 17.7 times higher than in the low-spin state. The
relaxation time T, changes from 5.05 to 1.68s (acetone), and
from 0.56 to 0.04 s (water) upon low-spin to high-spin conversion
(Table 2, Supplementary Figures 9-11, 13-16, and Supplementary

Table 2). Thus, the efficiency in relaxivity switching is con-
siderably higher than in a previous Ni** porphyrin-based
system”.

In nature, upon binding of a substrate to cytochrome P450 in
its low-spin, 6-coordinate resting state, the axial water ligand is
released and a 5-coordinate high-spin Fe(III) porphyrin is
formed”. Concomitant with the spin flip is a change in redox
potential®’. A similar trend has been observed by Walker et al.>
who investigated a number of iron porphyrins (as models of
cytochromes) including FeTPP* in N,N-dimethylformamide in
the presence and absence of pyridine ligands. Switching of the
azopyridine ligand from the trans to the cis configuration should
lead to a shift of the reduction potential. Typical cyclic voltam-
mograms (CVs) obtained for the Fe(III)/Fe(II) redox couple for
the low-spin FeTPP* complex before and after irradiation at 365
nm for 20 min are shown in Fig. 6b. The low-spin complex was
found to exhibit a well-defined le~ oxidation-reduction curve
with a half-wave potential of 82+4 mV (vs. standard hydrogen
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Fig. 6 Switching of the properties of iron porphyrin FeTPP. a Long-term stability (1000 switching cycles) of a solution of 0.2 mM FeTPPCIO,, 47.12 mM
DMSO-d, and 15 mM azopyridine in acetone-de at 300 K upon irradiation with 365 and 435 nm in an alternating sequence (left) sections of 'TH NMR
spectra between 54 and 78 ppm (high-spin region) and (right) between —18 and —3 ppm (low-spin region). b Light-induced switching of the redox
potential of a solution containing 0.2 mM FeTPPCIO,4, 40 mM tetrabutylammonium perchlorate as the supporting electrolyte and 47.2 mM DMSO in
acetone (see Methods, Electrochemical measurements). Blue: cyclic voltammogram before irradiation; red: after irradiating with 365 nm for 20 min; black:
after irradiation of the above with 435 nm light for 30 min. The experiment was performed using a platinum disk working electrode, platinum counter
electrode, and Ag/AgNO3 0.01M reference electrode at a scan rate of 50 V/s (see Methods, Electrochemical measurements)

Table 2 Relaxivities and relaxation times of the solvent
protons

Relaxivity Ry (nM~1s~?  Relaxation time T, (s)

Acetone Water Acetone Water
i High spin = 0.219 10.6 1.68 0.037
ii Low spin  0.017 0.6 5.05 0.564

Relaxivities R, and relaxation times T, of a solution of 2.0 mM FeTPP* and 47.12 mM DMSO-ds
(i) without and (i) with 15mM trans azopyridine in acetone-ds, containing 1% acetone and
1% water

potential (SHE)). After 30 min under 435 nm illumination, the Fe
(IIT)/Fe(II) reduction potential almost returns to its value before
the 365 nm illumination (Fig. 6b). If the electrochemical experi-
ments are performed strictly under nitrogen, the switching is
reversible (see Supplementary Figure 39 and Methods, Electro-
chemical measurements). Under air obviously the reduced Fe(II)
species reacts with oxygen and the reaction becomes irreversible.

This work presents the first light-controlled molecular spin
switch based on Fe(III). Starting complex is the readily accessible,
admixed-spin (S=3/,, 5/,) Fe(Ill) tetraphenylporphyrin per-
chlorate. In an acetone/DMSO solution it forms a well-defined
high-spin (S =%/,) complex with two axial DMSO ligands. The

spin switching process is induced by a photoswitchable azopyr-
idine ligand. This ligand is designed in such a way that it coor-
dinates to the iron porphyrin in its trans configuration with a
binding constant 180 times stronger than DMSO, forming a low-
spin (S=1/,) complex with two axial trans azopyridine ligands.
Upon irradiation with 365 nm, the trans isomer of the azopyr-
idine ligand photoisomerizes to the cis configuration with a
conversion ratio of 94.4%. The cis isomer is sterically hindered
and does not bind to the iron porphyrin, and thus is replaced by
DMSO, regenerating the high-spin state. This ligand exchange/
spin switching process is reversible. Light (435 nm) converts the
cis azopyridine back to the trans form, which again replaces the
DMSO ligands. No fatigue or side reactions have been observed
after more than 1000 switching cycles under air and moisture at
room temperature.

Alongside the spin-state flipping, several properties change
reversibly. The capability of reducing the NMR proton relaxation
time (relaxivity) changes by a factor of more than 10. Properly
designed iron(III) porphyrins could therefore be used as func-
tional contrast agents in MRI>®. Upon switching the spin state
from S=1/, to § = 5/,, the redox potential shifts to more positive
values. The active center of cytochrome P450 contains a low spin
Fe(IlI) porphyrin in its resting state. The iron(III) center
undergoes a spin flip upon substrate binding, leading to a change
in redox potential, which in turn triggers a cascade of reactions,
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which finally leads to selective C-H oxidation?. Spin state
switching is also a crucial step in the conversion of methane to
methanol by methanotrophic bacteria, using Fe3*-containing
enzymes (MMOs)*’. Nature obviously uses spin flipping to
solve difficult catalytic problems that are not susceptible to
simple transition state lowering on a given spin-state energy
hypersurface.

Control of the spin state might as well be used as a key step in a
number of particularly obstinate cases of catalysis in artificial
systems, or even industrial processes. We believe that our results
could provide a contribution towards this end.

Methods

General experimental procedure. All reactions were carried out in hot air-dried
glassware with magnetic stirring under nitrogen atmosphere (when required) using
commercially available reagent-grade solvents (dried when necessary, but without
purification), and all evaporations were carried out under reduced pressure on
Biichi rotary evaporator or Heidolph rotary evaporator below 50 °C, unless
otherwise noted. Yields refer to chromatographically and spectroscopically
homogeneous materials, unless otherwise stated. Most reagents were purchased
from Sigma-Aldrich, ABCR, Alfa Aesar, or Merck and were used as received.
Solvents (reagent grade) were purchased from Sigma -Aldrich, ABCR, and Merck.
Specific experimental conditions are provided under each section below.

The high-resolution (HR) mass spectra were measured with an APEX 3 FT-ICR
with a 7.05 T magnet by co. Bruker Daltonics. Electron impact and matrix-assisted
laser desorption/ionization (MALDI) mass spectra were measured with a Biflex III
by co. Bruker.

For column chromatography purifications silica gel (Merck, particle size
0.040-0.063 mm) was used. R values were determined by thin layer
chromatography on Polygram” Sil G/UV s, (Macherey-Nagel, 0.2 mm particle
size).

Infrared spectra were measured on a Perkin-Elmer 1600 Series FT-IR
spectrometer with an A531-G Golden-Gate-Diamond-ATR-unit. Signals were
abbreviated with w, m, and s for weak, medium, and strong intensities. Broad
signals were additionally labeled with br.

'H and 3C{'H} NMR spectra were recorded on Bruker DRX 500 (‘H NMR:
500 MHz, carbon-13 nuclear magnetic resonance (13C NMR): 125 MHz) and
Bruker AV 600 ('"H NMR: 600 MHz, '3C NMR: 150 MHz) instruments. Chemical
shifts are expressed in ppm (9), using tetramethylsilane (TMS) as internal standard
for 'H and 13C nuclei (§H = 0; §C = 0). Multiplicities of NMR signals are
designated as s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), b
(broad), and m (multiplet, for unresolved lines). '3C NMR spectra were recorded
with complete proton decoupling, on above-mentioned spectrometers.

NMR spectra were measured in deuterated solvents (Deutero). The degree of
deuteration is given within parentheses. 'H NMR spectra in reference to the
following signals:

Chloroform—d, (99.8%) : 8 = 7.26 ppm(s).
Dichloromethane—d, (99.6%) : § = 5.32 ppm(t).

Acetone—d,(>99.5%) : & = 2.05 ppm(quin).

NMR investigations. Long-term 'H NMR switching experiments were performed
on a Bruker 500 MHz NMR spectrometer in acetone-ds (>99.5% d). To a 0.2 mM
solution of FeTPPCIO, (1) in acetone-ds (523 pL) in an NMR tube, DMSO-d,
was added (2 uL), followed by a 120 mM acetone-dj solution of trans azopyridine
(75 L, final concentration of 15 mM). The NMR tube was sealed and shaken well
before measurement. The 'H NMR spectrum showed a characteristic low-spin
signal at —14.72 ppm. The tube was then irradiated for 5 min with light of
wavelength 365 nm using a custom-made LED machine (12 x 400 mW). During
irradiation, constant mixing was ensured via rotating the tube by a mechanical
rotator with air cooling using an electric ventilator (fan). The NMR tube was then
transferred to the spectrometer and the corresponding spectrum showed the
characteristic high-spin signal at +66.8 ppm. The first cycle of irradiation was
completed by irradiating the sealed tube with light of wavelength 435 nm (LED
12 x 380 mW) for another 5min using the exact same set up as described above.
The partial switching experiments were repeated for 1000 cycles. Each cycle con-
sisted of the photoconversion of cis azopyridine to trans azopyridine via alternate
irradiation using lights of two different wavelengths (365, 435 nm) and measure-
ment after regular intervals. The LEDs were connected to an automated timer
device and the on and off times were fixed at a constant values of 5 min each for
each wavelength. The solution was stable even after 1000 continuous cycles of
partial switching.

8

PSS of the phenyl azopyridine 2: A 15mM solution of the azopyridine in
acetone-dg (598 L) containing DMSO-dg (2 uL) in a sealed NMR tube was kept at
60 °C for 24 h. The 'H NMR spectra of this sample confirmed 100% trans
azopyridine. The sample was then irradiated for 2, 7, and 120 min with a light of
wavelength 365 nm using the exact same set up as described above. 'H NMR
spectra of the sample irradiated for 2, 5, and 10 min showed negligible changes in
the concentration of cis azopyridine, suggesting that the photostationary
equilibrium (94.4 + 0.3% cis, 5.6 + 0.3% trans) was reached within 2 min. Similar
irradiation of the sample with light of wavelength 435 nm again resulted in a
photostationary equilibrium (24.6 + 0.3% cis, 75.4 + 0.3% trans) as shown in
Supplementary Table 1. The PSS was not greatly affected by the presence of the
porphyrin in the system.

Half-life (t,;) of cis Azopyridine (cis-2): Cis azopyridines, in general, usually
exhibit a similar half-life as the corresponding azobenzenes. The half-life (t,;) of cis
azopyridine (cis-2) was measured using 'H NMR. Cis-2 at its photostationary
equilibrium (94.4 + 0.3% cis, 5.6 + 0.3% trans) in a sealed NMR tube was measured
for several days in a 500 MHz NMR spectrometer. The half-life (t,;) of cis-2 was
found to be extremely high (>164 days, Supplementary Figure 7) at room
temperature in acetone-dg or acetone-ds/DMSO-dg, whereas the same in presence
of the paramagnetic Fe(III) porphyrin was significantly lower (~18 days,
Supplementary Figure 8).

Magnetic susceptibility—Evans measurements: The paramagnetic susceptibility
of admixed-spin complex FeTPP(acetone), ", high-spin and low-spin complexes
FeTPP(DMSO),* and FeTPP(azopy),* were determined via the standard Evans
measurements using 'H NMR spectroscopy. An NMR tube with a coaxial insert,
both sealable, was used. For the admixed-spin complex FeTPP(acetone), ™, the
outer tube was filled with a 0.2 mM solution of porphyrin FeTPPCIO, (1) in
acetone-ds (530 pL) and the inner tube was filled with a 0.2 mM solution of
diamagnetic ZnTPP (zinc tetraphenylporphyrin) in acetone-dg (60 uL). ZnTPP that
is completely diamagnetic compensates the diamagnetic contribution of the
porphyrin macrocycle to the observed magnetic susceptibility. For the high-spin
complex FeTPP(DMSO),*, the outer tube was filled with a 0.2 mM solution of
porphyrin FeTPPCIO, in acetone-ds-DMSO-dj (530 pL, 598:2 vv—!) and the inner
tube was filled with a 0.2 mM solution of diamagnetic ZnTPP in acetone-
ds~DMSO-dj (60 pL, 598:2 vv~1). For the low-spin complex FeTPP(azopy), ", the
outer tube was filled with a 0.2 mM solution of porphyrin FeTPPCIO, containing
15 mM azopyridine in acetone-ds-DMSO-d, (530 pL, 598:2 vv~!) and the inner
tube was filled with a 0.2 mM solution of diamagnetic ZnTPP containing 15 mM
azopyridine in acetone-dg-DMSO-dg (60 pL, 598:2 vv~!). For the strapped high-
spin complex 17, the outer tube was filled with a 0.721 mM solution of strapped
porhyrin 17 in dichloromethane-d, (530 uL) and the inner tube was filled with a
0.721 mM solution of diamagnetic ZnTPP in dichloromethane-d, (60 pL). For the
strapped low-spin complex 18, the outer tube was filled with a 1.63 mM solution of
strapped porphyrin 18 containing 66.8 mM 1-methylimidazole in
dichloromethane-d, (530 pL) and the inner tube was filled with a 1.63 mM solution
of diamagnetic ZnTPP containing 1-methylimidazole (66.8 mM) in
dichloromethane-d, (60 pL). The concentration of the internal standard, TMS, was
maintained constant in the inner and outer tubes. '"H NMR spectra were recorded
in a 500 MHz spectrometer at a constant temperature of 300 K. The sample (inner
and outer tubes) was allowed to equilibrate at this temperature for at least 15 min
before measurement. The following Eq. (1) was used to calculate the paramagnetic
susceptibility from the experimentally measured shift in TMS signals between the
inner and outer tubes:

30 0 (dy — d,
_ oM XM(OT)XZ?:" 1)

where xy is the molar paramagnetic susceptibility in (cm? mol~!), 8f is the
frequency difference between the TMS peaks of the inner and outer tube (Hz), M
the molecular weight of the substance (g mol~!), f the frequency of the NMR
instrument (Hz), m the mass of the substance in 1 mL of solution (g), y°y; the mass
susceptibility of the solvent (cm® mol 1), d, the density of the solvent (g cm~3), d,
the density of the solution (gm~3), and yM,the diamagnetic correction to the
magnetic susceptibility (cm® mol~!).

Since all the solutions used in this experiment are dilute, the density of the
solvent and the solutions may be considered equal, thereby nullifying the factor
(do - d,). The diamagnetic correction (yMy;,) has been taken care of by using
equivalent diamagnetic components in the inner tube. Since the same solvents are
used in the inner and outer tubes, the solvent correction factor XO could also be
neglected. Thus, the equation for calculating the molar paramagnetic susceptibility
effectively reduces to Eq. (2):

)
XM :%‘ (2)

From the known values of molar paramagnetic susceptibility, the corresponding
magnetic moment (i) may be obtained via Eq. (3):

peff = 2.828/yy T, (3)

where T is the temperature (K).
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For a 0.2 mM solution of the high-spin complex FeTPP(DMSO),*, §f=5.78
Hz, y = 0.0138 cm® mol~!, and pq= 5.76 B.M.

For a 0.2 mM solution of low-spin complex FeTPP(azopy),*, §f=0.78 Hz, yu
=0.00186 cm® mol !, yrr=2.11 B.M.

For a 0.2 mM solution of admixed-spin complex FeTPP(acetone),™, §f = 3.53
Hz, yu = 0.00843 cm? mol !, and g = 4.50 B.M.

For a 0.721 mM solution of 5,15-strapped iron(I1I) porphyrin chloride 17, §f =
24.8 Hz, y = 0.01434 cm® mol !, and per=5.87 BM.

For a 1.63 mM solution of 5, 15-strapped iron(III) porphyrin methylimidazole
18, 8f = 8.79 Hz, yu = 0.00258 cm? mol !, and ptr=2.49 B.M.

Relaxivity measurements: The relaxation time of acetone and water were
determined via NMR spectroscopy (Bruker AC 200) in acetone-ds + DMSO-ds +
1% acetone. The longitudinal (or spin-lattice) relaxation time (7)) of acetone and
water were obtained by an inversion recovery pulse sequence. The integral of the
acetone and water signals were observed as a function of the delay time
(Supplementary Figure 8). See Supplementary Table 3 for the calculated values of
T).

The transverse (or spin-spin) relaxation time T, was determined by a spin echo
pulse sequence. The integral of the DMSO signal was observed as a function of the
spin echo (1) with an echo time (7) of 10 ms (Supplementary Figure 12). The
efficiency of paramagnetic ions in shortening the relaxation time of solvent protons
may be determined based on relaxivity (R, and R). The plot of the relaxation rate
(1/T, or 1/T5) vs. the concentration of the paramagnetic species shows a linear
relation and the slope is defined as relaxivity, R, and R,.

UV-vis and far-vis spectroscopy investigations. UV-vis and far-vis absorption
spectra were recorded on a Perkin-Elmer Lambda-14 spectrophotometer using
quartz cells of 1 cm path length. Spectrophotometric grade solvents (2.0 mL) were
employed in optical spectroscopic measurements. Irradiation experiments were
performed in acetone containing small amounts of DMSO-dj (25.87 mM). The
temperature during every measurement was fixed at 25 °C using a water-flow
system connected to a thermostat.

PSS of azopyridine 2: Fifty micromolar and 1.0 mM solution of the azopyridine
in acetone/DMSO (2 mL, 25.87 mM) in sealed quartz cells were irradiated for 2
min with a light of wavelength 365 nm, with stirring. The UV-vis spectrum was
recorded. Extended irradiation (up to 10 min) showed negligible changes in the
spectrum of cis azopyridine (predominant species), suggesting that the
photostationary equilibrium was reached within 2 min. Similar irradiation of the
sample with a light of wavelength 435 nm again resulted in a photostationary
equilibrium as shown in Supplementary Figure 18. See Supplementary Table 1 for
the cis/trans ratio in the PSS determined by 'H NMR.

Far-vis spectroscopy of the spin-state changes: To a solution of FeTPP
(acetone),™ at room temperature, increasing amounts of DMSO-ds was added and
shaken well. The final concentration of the porphyrin was fixed at 0.1 mM and the
final volume at 2.0 mL. The optical spectra were recorded for each addition of
DMSO-dg, 3 min after placing the quartz cells in the measurement chamber for
temperature equilibration. Near isosbestic point was observed around 626 nm,
suggesting transformation from FeTPP(acetone),™ to FeTPP(DMSO),*, with
intermediates having the similar optical characteristics as either of the species in
solution. The process was followed by plotting the corresponding change in
absorption at 686 nm at each concentration of DMSO added—the intensity
increased with successive addition of DMSO at least until a final DMSO
concentration of 10 mM and levelled off thereafter.

To a solution of porphyrin FeTPP(acetone),™ at room temperature containing
DMSO-dj (25.87 mM), increasing amounts of trans azopyridine were added and
shaken well. The final concentration of the porphyrin was fixed at 0.1 mM and the
final volume at 2.0 mL. The optical spectra were recorded for each addition of trans
azopyridine, 3 min after placing the quartz cells in the measurement chamber for
temperature equilibration. An isosbestic point was observed around 621 nm,
suggesting a transformation from FeTPP(DMSO),ClO, to FeTPP(azopy),ClO,,
without any intermediates or with intermediates having the same optical
characteristics as either of the species in solution. The process was followed by
plotting the corresponding change in absorption at 686 nm at each concentration
of trans azopyridine added—the intensity was found to decrease with successive
addition of azopyridine at least until a final concentration of 7 mM and levelled off
thereafter.

Switching experiments in optical spectroscopy: To a 0.1 mM solution of
FeTPPCIO, in acetone, containing DMSO-d; (25.87 mM) in a sealed quartz cell,
trans azopyridine (trans-2) (75 eq., 7.5 mM) was added. The quartz cell was sealed
and shaken well before acquiring the optical spectrum in the visible region
(500-800 nm). The cell was then irradiated for 2 min with a light of wavelength
365 nm, under magnetic stirring and the optical spectrum was obtained. The first
cycle of irradiation was completed by irradiating the sealed cell with a light of
wavelength 435 nm for another 3 min. The partial switching experiments were
repeated for 10 cycles. Each cycle consisted of the photoconversion of cis
azopyridine to trans azopyridine via alternate irradiation using lights of two
different wavelengths (365, 435 nm) and measurement after regular intervals.
Supplementary Figure 35 right shows reversible changes in absorption at 686 nm as
a function of number of irradiation cycles.

Calculation of apparent equilibrium constants. The optical changes accom-
panying the spin-state changes were used to derive the corresponding apparent
equilibrium constants. The model reactions as shown in Supplementary Figure 23
were assumed and validated using the excel tool for equilibrium speciation
(Equilibrium Speciation Tool)* based on Newton-Raphson method and the
reported hybrid generic algorithm, in combination with Excel’s Solver.

To determine the relevant species in acetone, the change in the phenyl shifts of
the porphyrin, upon addition of increasing amounts of acetone-ds to a solution of
0.2mM FeTPPCIO, in CD,Cl,, was analyzed, using binding models for both 1:1
and 2:1 complexation. The pyrrole protons were not visible over the complete
range of the titration, and thus could not be used for analysis (see Supplementary
Figure 21 and Supplementary Table 4).

Formation of FeTPP(acetone), ™ via FeTPP(acetone)ClO, with K,” = 0.865 L
mol~! and K," = 1.077 Lmol ! is the most likely model. The observed and
calculated shifts are given in Supplementary Table 4 and are depicted in
Supplementary Figure 24. The composition of the corresponding solutions is given
in Supplementary Table 5 and shown in Supplementary Figure 25. Based on these
results the main component in pure acetone-ds (13600 mM) is complex FeTPP
(acetone),™ (~93%, see supplementary Table 5)31,

Absorption changes for the titration of a 0.1 mM solution of FeTPPCIO, in
acetone with DMSO-dj (see Supplementary Figure 19) were analyzed using both
1:1 and 2:1 binding models as well as different assumptions for the absorption of
the intermediate species FeTPP(acetone)(DMSO)* in the 2:1 binding model.

Several binding models have been tested and their fitting has been compared:
(a) No intermediate (mixed) complex is formed during ligand exchange (very
strong cooperativity of ligand exchange). (b) Formation of only the mixed complex
(no double ligand exchange, which is very unlikely because DMSO is known to
form 2:1 complexes with FeTPPCIO,), (c) absorption of the mixed complex FeTPP
(acetone)(DMSO)* is identical to the absorption of FeTPP(acetone),™, (d)
absorption of the mixed complex FeTPP(acetone)(DMSO)™ is identical to the
absorption of FeTPP(DMSO),™, (e) the absorption of the mixed complex is in
between FeTPP(acetone), and FeTPP(DMSO),*. The SSR (sum of squared
residuals) values are (a) and (b) 1.5x 1073, (c) 6.2 x 1074, (d) 8.1 x 105, and (e)
2.9 x 1075, This suggests formation of an intermediate species FeTPP(acetone)
(DMSO)* according to model (d) or (e). Model (e) is in accordance with the
course of the absorption shown in Supplementary Figure 19, which shows a nearly
isosbestic point at 621 nm but a different behavior above 750 nm.

In Supplementary Table 6, the composition of the species in solution, and the
observed and calculated absorption at 686 nm are given. The speciation is shown in
Supplementary Figure 27. Supplementary Figure 26 shows the comparison of
observed and calculated absorption. Apparent binding constants are given in
Supplementary Table 10.

With the binding constants obtained from the UV-vis experiments (K';=5862
L mol~!, K',=596 L mol~!), we were able to fit the shifts of the phenyl and pyrrole
protons of FeTPPCIO,. These shifts were followed upon subsequent addition of
DMSO-ds to a solution of FeTPPCIO, in acetone-dg with a fixed concentration of
0.2 mM porphyrin and a fixed total volume of 600 uL (see Supplementary Tables 7-
8 and Supplementary Figure 22). Fitting the NMR data with different initial
assumptions for the association constants gave similar results. The best fit was
obtained for K',=5372 L mol~! and K’,=580 L mol~! (Agsg=4 x 1075 (sum of
squared residuals)), which results in a difference of 8.4% and 2.8%, respectively.
This close agreement can be interpreted as an additional confirmation of the
validity of our model.

For the titration of a solution of FeTPPCIO, (0.1 mM) in acetone containing
DMSO-d, (25.87 mM) with trans azopyridine, the binding isotherm was analyzed
considering both single or double coordination of azopyridine (see Supplementary
Table 9. Occurrence of an isosbestic point at 621 nm suggested either clean
transformation to a single product or formation of an intermediate FeTPP(DMSO)
(azopy)™ with the same optical characteristics as either species in solution (see
Supplementary Figure 20). The most likely model was stepwise coordination of two
azopyridines, assuming that FeTPP(DMSO)(azopy)™ has the same absorption as
the final complex (FeTPP(azopy),). This implicates that the first coordination of
azopyridine induces spin change from high spin to low spin.

Titration with trans azopyridine was also followed by 'H NMR spectroscopy,
but neither the pyrrole shift (slow exchange, broad signals) nor the phenyl shifts
(not observable because of excess of azopyridine) could be analyzed.

A refined binding model could be obtained by fitting the data of the titration
with trans azopyridine by taking into account the apparent binding constants for
DMSO-dj (see Supplementary Table 10). This provided the basis to calculate the
concentration of all relevant species in solution for the single titration points and
for the switching experiments (see above).

Using the combined model, we were able to determine the composition of the
species in the solution of the NMR switching experiments. Assuming that the
binding constants of cis azopyridine are much lower than those of DMSO-dj and,
consequently, that cis azopyridine does not bind, we determined the composition of
the solutions in the PSSs after irradiation with 365 and 435 nm, respectively (see
Supplementary Tables 11 and 12). Further evidence that cis azopyridine is a very
weak ligand, or does not bind at all, is provided in Supplementary Figure 3b. With
these values, the switching efficiency could be calculated as 76.3% (see
Supplementary Figure 34).
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EPR spectroscopy. Sample solutions of Fe(III) porphyrin complexes were
vacuum-sealed in EPR quartz-glass tubes. X-band (=9.5 GHz) continuous wave
(CW) EPR experiments on samples in acetone at 8 K were performed with a Bruker
ESP 380E spectrometer equipped with an Oxford Instruments Ltd. ITC liquid He
flow system and temperature controller. X-band CW EPR spectra on samples in
CH,Cl, were recorded at 4.8 K using a Bruker ELEXSYS E500 spectrometer
equipped with an Oxford Instruments Ltd. ESR 900 liquid He flow cryostat and an
ITC503 temperature controller. All spectra presented were baseline corrected by
subtraction of a background spectrum of the resonator with an empty sample tube.

X-band EPR experiments at liquid He temperatures were performed on the
various Fe(III) porphyrin complexes dissolved in acetone or CH,Cl, to verify their
spin states. Supplementary Figure 36 contains spectra of the following complexes of
FeTPP™ at a concentration of 0.2 mM with acetone as the solvent: FeTPP
(acetone),™ (1a), FeTPP(DMSO),* (2), FeTPP(azopy),™ (3), FeTPP(MeOPy),*
(4). 1a, 2, and 3 each exhibit a peak around g =6 of different intensity together
with a smaller, sharper peak at g = 2, indicative of either high-spin § = 5/2 states
(g1 = 6, g = 2) or admixed-spin S = 3/2, 5/2 states’’. As expected, 2 shows the most
intense high-spin signal, while in 3, its intensity is much smaller (~3% of 2). 1a
exhibits a g= 6 signal broader than the one from 2, of intermediate intensity, and
there possibly is another, small feature around g = 4.7-4.8. This appearance
indicates a contribution from an intermediate S = 3/2 spin state and thus an
admixed $=3/2, 5/2 state for 1a. 4 does not contain any S =5/2 component, as
expected, but also no other strong signals. In the spectra of 3 and 4, there could
however be weak signals around g = 3.3 and g = 3.1, respectively, of very small
intensity. These g values are characteristic for the so-called “large gmax” signals*!*2,
originating from low-spin S = 1/2 states, as expected for these complexes, of (d,,y)2
(dxz,dy,‘)3 electronic ground state configuration.

In pulse mode, in contrast, no signals from the FeTPPClO, complexes in
acetone could be observed. The reason for this is thought to be the bad glassing
properties of acetone, possibly promoting agglomeration of the complexes.
Magnetic interactions between the iron centers and concomitant enhanced
relaxation rates prevent that electron spin echoes can be detected, while their CW
signals can still be measured.

Hence, dichloromethane (CH,Cl,), which possesses more favorable glassing
properties, was chosen as solvent for further experiments. Supplementary Figure 37
shows X-band CW EPR spectra of complexes 3 and 4 (0.2 mM in CH,Cl,). As in
the samples containing acetone, 3 exhibits a high-spin signal at g =5.99, while 4
does not. Both samples show large g, signals of a low-spin § = 1/2 state around
g£=3.4. In Supplementary Figure 38, the EPR spectra of 3 and 4 in samples with
acetone or CH,Cl, as the solvent are compared. Samples with CH,Cl, as the
solvent did show also EPR signals in pulse mode (not shown).

Illumination of 3 with UV light of 365 nm wavelength at room temperature
results in a ~20-fold increase of the component at g=5.99 (Supplementary
Figure 38), consistent with an increase of the fraction of § = 5/2 complexes by low-
spin to high-spin conversion. However, there is no concomitant decrease of the
large gimax low-spin signal, which would be expected as a result of such a process.
Hence, there is a significant overall increase of EPR signal intensity. Further
illumination at room temperature with blue light of 435 nm wavelength of this
sample exposed to UV light before did not lead to a decrease of the g = 5.99 signal;
thus, not indicating a back-conversion process from high spin to low spin that has
been observed before for this type of sample. These results from the photoswitching
experiments are not quite consistent with the light-induced behavior observed in
the corresponding NMR, Evans, and UV-vis experiments at room temperature.
Especially, the increase of overall signal intensity upon UV irradiation suggests that
not all the Fe(III) ions present in the sample contribute to the measured EPR
spectra. The reason is thought to be non-ideal complex solvation in the frozen
samples, possibly resulting in cluster formation, even when using CH,Cl, as the
solvent.

Electrochemical measurements. The electrochemical measurements were per-
formed on an Autolab PGSTAT204 potentiostat equipped with a 3-electrode setup.
A platinum disk (5 mm diameter) was used as the working electrode, a platinum
wire was used as the counter electrode and a Ag/AgNO; 0.01 M in acetonitrile was
used as the reference electrode. The reference electrode was separated from the
main cell chamber with a frit on a side-arm filled with supporting electrolyte in
acetone. The CVs were obtained in acetone at a porphyrin concentration of 0.2
mM. Tetrabutylammonium perchlorate (TBAP, 40 mM) was used as the sup-
porting electrolyte. The experiments were conducted inside a glovebox at room
temperature at a scan rate of 50 mV s~ 1. All measurements were repeated at least
three times to obtain reliable potential values. All the potentials are referred to the
SHE. The potentials were corrected using hydroxymethyl ferrocene (Fc-MeOH) as
an internal reference. At the end of each measurement, 0.2 mg of Fc-MeOH was
added to the solution and the midpotential was determined. The reported value of
420 mV vs. SHE was used for the conversion. Upon irradiation of the solution of Fe
(I)porphyrin, DMSO, trans azopyridine, and TBAP (concentrations see Supple-
mentary Figure 39a), the reduction peak shifts towards a more positive potential,
whereas a shift to a more negative potential would be expected if the cis azopyridine
would not interfere with the electrochemical process. We attribute this behavior to
complexation of the reduced Fe(II) species with cis azopyridine. Further implica-
tions arise from the presence of high concentrations of the supporting electrolyte

(TBAP), which is required for the electrochemical experiment. The electrolyte may
perturb the equilibrium between the different spin states since it has been shown to
favor the admixed state of porphyrins®. Independent experiments towards the
elucidation of the chemistry of the Fe(II) species applying NMR, magnetic mea-
surements, EPR and UV are currently underway and shall be reported in due
course.

Syntheses. Synthesis of porphyrin 1: Tetraphenylporphyrin and FeTPPCl were
synthesized as reported*>#4, FeTPPCIO, (1) was prepared via a modified literature
method*®. The toluene complex obtained after crystallization from toluene was
dissolved in dichoromethane (purified over basic alumina) and the solvent was
removed in vacuo. This procedure was repeated several times until no toluene
signals were visible in 'H NMR.

HR masses of FeTPPCIO, (1) with different ligands (see Supplementary
Figure 40):

(a) acetone: 784.24952 (calc.), 784.24891 (found) for CsoH,oN,4O,Fe,
(b)  4-methoxypyridine: 886.27132 (calc.), 886.27059 (found) for CssH42NO,Fe,
(c) DMSO: 822.17801 (calc.), 822.17609 (found) for C,sH34N,O,FeS,.

Synthesis of azopyridine 2, general strategy: The azopyridine 2 was synthesized
in three steps from commercially available 3,5-di-fert-butylaniline 5 and 3-amino-
4-chloropyridine 8 as shown in Supplementary Figure 41. Oxidation of the aniline
5 to the corresponding nitrosobenzene 6 was achieved using oxone” in a mixture of
water and CH,Cl,. Base-mediated coupling of the nitrosobenzene 6 with the
aminopyridine 8 afforded the azo-product 9, which on
dechlorination-methoxylation resulted in the azopyridine 2.

Synthesis of nitrosobenzene 6% To a solution of Oxone” (12.0 g 39.0 mmol) in
water (100 mL) was added a solution of 3,5-di-tert-butylaniline 5 (2.00 g,

9.74 mmol) in CH,Cl, (40 mL) and the resulting mixture was stirred at room
temperature for 5h. The formation of the nitroso compound was evident by a
change in color of the solution to light green. After 5 h, the phases were separated
and the aqueous phase was extracted with CH,Cl, (2 x 25 mL). The organic phases
were combined, dried over anhydrous MgSO,, and evaporated under reduced
pressure. The temperature during evaporation was maintained at 30 °C. The crude
solid thus obtained was purified by column chromatography (silica gel, 2:5 CH,Cl,/
pentane as eluent) to afford the nitroso compound 6 as a light green solid. Fourteen
percent of the corresponding nitro compound 7 was also isolated as a yellow
powder (1.84 g, 8.34 mmol, 84%). 'H NMR (600 MHz, 300 K, CDCl;, TMS) § =
7.82 (t, 4J,, = 1.8 Hz, 1H, H-4), 7.78 (d, ¥, 4, = 1.8 Hz, 2H, H-2), 1.40 (s, 18H, C
(CHs)3) ppm; 13C NMR (150 MHz, 300 K, CDCl;, TMS): 8 = 167.2 (C-1), 1524
(C-3), 129.7 (C-4), 115.9 (C-2), 35.1 (C(CH3)3), 31.3 (C(CH3;)3) ppm; HRMS (ESI)
219.16231 (calc.), 219.16191 (found) for C,4H,N,0,.

Synthesis of azo-compound 9: To a solution of the aminopyridine 8 (1.00 g,
7.78 mmol) in pyridine (25 mL), 60% KOH in water (75 mL) was added and the
resulting mixture was heated to 80 °C. A solution of the nitrosobenzene 6 (1.80 g,
8.19 mmol) in pyridine (50 mL) was added dropwise over 15 min. The reaction
mixture was then heated and kept at 80 °C for 8 h with vigorous stirring. After
cooling to room temperature, the phases were separated. The aqueous phase was
washed with ethyl acetate (2 x 50 mL). The organic phases were combined, dried
over anhydrous MgSO,, and evaporated in vacuo. The crude product was purified
by column chromatography (1:4 ethyl acetate/cyclohexane as eluent) to obtain the
azo-compound 9 as an orange solid (1.38 g, 4.18 mmol, 54%); m.p.: 93 °C; 'TH NMR
(500 MHz, 300 K, CDCls, TMS): trans isomer: 8 = 8.77 (s, 1H, H-2), 8.54 (d, 3]6,5
=53 Hgz, 1H, H-6), 7.84 (d, Y50 = 1.8 Hz, 2H, H-8), 7.64 (t, *J;05s = 1.8 Hz, 1H,
H-10), 7.52 (d, 3Js s = 5.3 Hz, 1H, H-5), 1.41 (s, 18H, C(CHs)3) ppm; cis isomer:
8=8.24 (d, g5 = 53 Hz, 1H, H-6), 7.57 (s, 1H, H-2), 7.36 (d, 35 = 5.3 Hz, 1H,
H-5), 7.23 (t, ¥J,05 = 1.8 Hz, 1H, H-10), 6.75 (d, ¥J5,0 = 1.8 Hz, 2H, H-8), 1.17 (s,
18H, C(CH,)3) ppm; *C NMR (125 MHz, CDCly, 300 K, TMS): trans isomer: § =
152.7 (C-7), 152.1 (C-9), 150.7 (C-6), 144.8 (C-3), 143.3 (C-4), 139.4 (C-2), 126.7
(C-10), 125.4 (C-5), 118.0 (C-8), 35.1 (C(CH3)3), 31.2 (C(CH3)s) ppm; cis isomer:
§=1532 (C-7), 151.9 (C-9), 147.8 (C-6), 148.8 (C-3), 135.8 (C-4), 139.4 (C-2),
122.7 (C-10), 124.5 (C-5), 115.0 (C-8), 34.9 (C(CHj)3), 31.1 (C(CHj)3) ppm; HRMS
(ESI): 329.16587 (calc.), 329.16492 (found) for (C,oH,4N5Cl); FT-IR (film): 7 =
2963 (s), 2903 (w), 2866 (w), 1602 (m), 1562 (s), 1460 (m), 1361 (m), 1247 (m),
1187 (m), 1162 (m), 1087 (m), 882 (m), 840 (s), 746 (s), 697 (s), 680 (s) cm™;
UV-vis (toluene): Aoy = 344 nm, log e =4.233 L mol ! cm~1.

Synthesis of azopyridine 2: Metallic sodium (3.60 g) was dissolved in MeOH
(100 mL) under cooling by an ice bath. The resulting solution was added slowly
to a MeOH solution (20 mL) of the azo-compound 9 (1.63 g, 4.94 mmol, the
azo-compound 9 was not completely soluble in MeOH). The resulting mixture was
heated to 50 °C for 2 h with vigorous stirring and was then allowed to cool to room
temperature. Stirring was then continued for another 8 h and the solvent was
removed under reduced pressure. Crushed ice was added to the residue and was
extracted with CH,Cl, (3 x 50 mL). The combined organic extracts were dried over
anhydrous MgSO, and the solvent was removed under reduced pressure. The crude
product thus obtained was purified by column chromatography (silica gel, 2:1 ethyl
acetate/cyclohexane as eluent) to give the azopyridine 2 as a dark orange solid
(146 g, 4.49 mmol, 91%); m.p.: 100 °C; 'H NMR (500 MHz, 300 K, CDCl;, TMS):
trans isomer: § = 8.62 (s, 1H, H-2), 8.54 (d =, 1H, H-6), 7.75 (d, Jg 0 = 1.8 Hz,
2H, H-8), 7.58 (t, 105 = 1.8 Hz, 1H, H-10), 7.02 (d, ¥J5 = 5.7 Hz, 1 H, H-5), 4.06
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(s, 3H, OCH3), 1.39 (s, 18 H, C(CH);) ppm; cis isomer: 8 = 8.23 (d, 3¢5 = 5.7 Hz,
1H, H-6), 7.78 (s, 1H, H-2), 7.20 (t, ¥J,05 = 1.8 Hz, 1H, H-10), 6.74 (s, 1H, H-5),
6.73 (d, ¥J5,10 = 1.8 Hz, 2H, H-8), 3.73 (s, 3H, OCH}), 1.17 (s, 18H, C(CH3)3) ppm;
13C NMR (125 MHz, CDCls, 300 K, TMS): trans isomer: & = 161.7 (C-4), 153.2
(C-7), 1524 (C-6), 152.2 (C-9), 139.2 (C-2), 138.9 (C-3), 126.0 (C-10), 117.7 (C-8),
108.0 (C-5), 56.3 (OCH3), 35.2 (C(CH3)s), 31.6 (C(CHs)s) ppm; cis isomer: § =
154.9 (C-4), 153.9 (C-7), 151.4 (C-9), 149.6 (C-6), 140.7 (C-3), 140.5 (C-2), 121.9
(C-10), 114.4 (C-8), 106.7 (C-5), 55.4 (OCH3), 34.8 (C(CH3);), 31.2 (C(CH3)3)
ppm; MS (MALDI-TOF): m/z = 326.06 [M-H]; HRMS (ESI): 325.21541 (calc.),
325.21520 (found) for (Cy0H2;N30); FT-IR (film): 7 = 2953 (s), 2869 (w), 1602
(m), 1581 (s), 1480 (m), 1361 (m), 1272 (s), 1193 (s), 1022 (s), 883 (s), 805 (s), 700
(s) em™1; UV-vis (toluene): Ao = 344 nm, log e =4.288 Lmol ! em™1.

Synthesis of strapped porphyrin 17, general strategy: The ether bridge 15 was
synthesized in two steps from commercially available chemicals with a yield of
24%. The meso-phenyl dipyrromethane 14 was synthesized with a yield of 81%.
The strapped iron porphyrin 17 was prepared from 14 and 15 in two steps (see
Supplementary Figures 42-43).

Synthesis of meso-phenyl dipyrromethane 14*7: Pyrrole 13 (24.0 mL, 347
mmol) and benzaldehyde 12 (850 mg, 8.00 mmol) were dissolved under nitrogen
atmosphere and stirred for 15 min. TFA (150 pL) was added and the mixture was
stirred at room temperature for 25 min. Subsequently, 200 mL of DCM were added
and the mixture was washed with a 0.1 m potassium hydroxide solution (120 mL)
and twice with water (120 mL). The combined organic layers were dried over
anhydrous magnesium sulfate and the solvent was removed under reduced
pressure. The crude product was purified by column chromatography
(dichloromethane/cyclohexane: triethylamine (1%), 1:1, Ry=0.61). A colorless
solid was obtained (1.44 g, 6.48 mmol, 81%). IH NMR (500 MHz, CDCl5): § = 7.90
(br s, 2H, NH), 7.37-7.18 (m, 5H, H-7, H-8, H-9), 6.70-6.68 (m, 2H, H-4),
6.17-6.15 (m, 2H, H-3), 5.93-5.91 (m, 2H, H-2), 5.48 (s, 1H, H-5) ppm; *C NMR
(150 MHz, 300 K, CDCl,): § = 142.2 (C-6), 132.4 (C-1), 128.6 (C-7) 128.5 (C-8),
126.9 (C-9), 117.2 (C-4), 108.4 (C-3), 107.2 (C-2), 44.1 (C-5) ppm.

Synthesis of 1,4-bis(2-bromoethoxy)-2-butyne 11%: 1,4-Bis(2-hydroxyethoxy)-
2-butyne 10 (1.00 g, 5.75 mmol) was dissolved in dry dichloromethane (10 mL)
under nitrogen atmosphere. Subsequently, tetrabromomethane (4.20 g, 12.7 mmol)
was added, then triphenylphosphine (3.30 g, 12.7 mmol) was dissolved in dry
dichloromethane (20 mL) and slowly added dropwise. The reaction mixture was
stirred at 0°C for 90 min and 15 h at room temperature and afterwards poured
onto mixture of dichloromethane (50 mL) and distilled water (50 mL). The
combined organic layers were separated, dried over anhydrous magnesium sulfate,
and the solvent was removed under reduced pressure. The crude product was
purified by column chromatography (cyclohexane/ethylacetate, 1:1, R= 0.60) to
yield 12 as a yellow oil (1.70 g, 5.70 mmol, 99%). TH NMR (500 MHz, 300 K,
CDCLy): 8 =4.27 (s, 4H, H-2), 3.85 (t, 3] = 5.5 Hz, 4H, H-3), 3.49 (t, 3] = 5.5 Hz, 4
H, H-4) ppm; '*C NMR (150 MHz, 300 K, CDCly): § = 82.3 (C-1), 69.7 (C-3), 58.5
(C-2), 30.0 (C-4) ppm.

Synthesis of the bridge 15: Salicylaldehyde (223 mg, 1.92 mmol) was dissolved
in acetonitrile (20 mL) under nitrogen atmosphere. Potassium carbonate (264 mg,
1.92 mmol) and 1,4-bis(2-bromoethoxy)-2-butyne 11 (375 mg, 1.25 pmol) were
added and the reaction mixture was stirred for 16 h at 80 °C. The reaction solution
was concentrated and was poured onto distilled water (150 mL). The aqueous
phase was extracted three times with dichloromethane (50 mL). The combined
organic layers were dried over anhydrous magnesium sulfate and the solvent was
removed under reduced pressure. The crude product was purified by column
chromatography (cyclohexane/ethylacetate, 1:1, Re=0.49). A colorless oil was
obtained (87.0 mg, 229 pmol, 24%). 'H NMR (500 MHz, 300 K, CDCl,): § = 10.53
(s, 2H, H-1), 7.83 (dd, 3] = 7.6 Hz, ¥ = 1.8 Hz, 2H, H-7), 7.53 (td, 3] = 8.0 Hz, ] =
1.8 Hz, 2H, H-5), 7.03 (t, 3] = 7.6 Hz, 2H, H-6) 6.99 (d, 3] = 8.4 Hz, 2H, H-4), 431
(s, 4H, H-10), 4.27 (t, 3] = 4.7 Hz, 4H, H-8), 3.95 (t, >] = 4.7 Hz, 4H, H-9) ppm; 13C
NMR (150 MHz, 300 K, CDCly): § = 189.8 (C-1), 161.1 (C-3), 135.9 (C-5), 128.3
(C-7), 125.2 (C-2), 121.1 (C-6), 112.8 (C-4), 82.43 (C-11), 68.0 (C-8, C-9), 58.9 (C-
10) ppm; HRMS (EI): 382.14275 (calc.). 382.14164 (found) for C»,H,,0¢; FT-IR
(film): u = 2865 (w), 1682 (s), 1597 (s), 1482 (s), 1452 (s), 1395 (m), 1350 (m),
1285 (m), 1241 (m), 1189 (s), 1161 (s), 1100 (s), 1025 (s), 925 (m), 831 (m), 755 (s),
655 (m), 606 (W), 530 (w) cm™1.

Synthesis of 5,15-strapped porphyrin 16: The bridge 15 (375 mg, 983 umol) and
trifluoro boro etherate (13.9 mg, 98.3 umol) were dissolved in dichloromethane
(350 mL) under nitrogen atmosphere. To this solution meso-phenyl
dipyrromethane 14 (436 mg, 1.96 mmol), dissolved in dichloromethane (50 mL),
was added under stirring over a period of 1 h. After stirring for 15 h, p-chloranil
(504 mg, 2.05 mmol) was added and stirred for 5 h at 40 °C. Then, the solvent was
removed under reduced pressure and the crude product was purified by column
chromatography (dichloromethane, R;= 0.54). A purple solid was obtained (80.0
mg, 102 pmol, 10%); m.p.: 372 °C; 'H NMR (600 MHz, CDCls, 300 K): 6= 8.81 (s,
8H, H-13, H-14), 8.54 (dd, 3] = 7.2 Hz, ¥ = 1.6 Hz, 2H, H-9), 8.36 (s, br, 2H, H-o-
Ph), 8.03 (s, br, 2H, H-0-Ph’), 7.82-7.68 (m, 8H, H-7, H-m-Ph, H-m-Ph', H-p-Ph),
7.50 (t, 3] = 7.5 Hz, 2H, H-8), 7.07 (d, *] = 8.2 Hz, 2H, H-6), 3.72-3.69 (m, 4H, H-
4), 2.53-2.48 (m, 4H, H-3), 1.06 (s, 4H, H-2), —2.59 (s, br, 2H, NH) ppm; 13C
NMR (150 MHz, 300 K, CDCly): § = 159.3 (C-5), 142.1 (C-17), 134.6 (C-0-Ph’),
134.4 (C-0-Ph), 133.4 (C-9), 131.8 (C-10), 130.6 (C-13, C-14), 130.0 (C-7), 127.6 (C-
p-PH), 126.7 (C-m-Ph, C-m-Ph’), 120.1 (C-8), 119.9 (C-15), 119.7 (C-16), 116.4 (C-
12), 1155 (C-11), 112.0 (C-6), 78.7 (C-1), 69.8 (C-4), 66.9 (C-3), 565 (C-9) ppm;

MS (MALDI, TOF): m/z=785 [M]*; HRMS (EI): 784.30495 (calc.). 784.30323
(found) for Cs,H4N4Oy; FT-IR (film): 5= 2924 (w), 1596 (w), 1471 (m), 1441 (m),
1348 (m), 1284 (m), 1247 (m), 1184 (m), 1112 (m), 965 (s), 796 (s), 728 (s), 698 (s),
658 (m), 579 (m), 519 (m), 408 (s) cm L.

Synthesis of 5,15-strapped iron(III) porphyrin chloride 17: The 5,15-strapped
porphyrin 16 (27.0 mg, 37.2 umol) and iron(II) chloride tetrahydrate (180 mg, 669
umol) were dissolved in degassed acetonitrile (30 mL) under nitrogen atmosphere
and refluxed for 4 h. Then, the solvent was removed under reduced pressure and
the crude product was dissolved in dichloromethane (40 mL), and then
washed twice with brine (50 mL) and water (100 mL). The combined organic
layers were dried over anhydrous magnesium sulfate and the solvent was
removed under reduced pressure. A brown solid was obtained (30.0 mg, 34.3 umol,
92%); m.p.: 131°C; 'H NMR (500 MHz, CD,Cl,, 300 K): 8= 81.62 (s, br, 4H, H-
pyrrole), 78.00 (s, br, 4H, H-pyrrole) ppm; MS (MALDI, TOF): m/z = 839
[M-CI]*, 874 [M]*; HRMS (EI): 838.22299 (calc.), 838.22174 (found) for
Cs,H3gFeN,0, FT-IR (film): si= 2921 (w), 1597 (m), 1442 (m), 1336 (m), 1243
(m), 1000 (m), 801 (m), 719 (m), 659 (m), 541 (m), 463 (s), 436 (w), 418 (w), 408
(s) em~ L. Due to the highly diluted NMR samples, the large number of quaternary
C-atoms and the paramagnetism, '3C NMR spectroscopy of 17 did not provide
sufficient signal intensities. Therefore, the '3C NMR spectrum was not analyzable.

Synthesis of 5,15-strapped iron(IIl)porphyrin 1-methylimidazole complex 18:
The 5,15-strapped iron(III) porphyrin chloride 17 (1.42 mg, 1.63 umol) was
dissolved in 400 puL dichloromethane-d,. To this solution 1-methylimidazole (5.48
mg, 66.8 pmol) dissolved in 80 uL of dichloromethane-d,, was added. 'H NMR
(500 MHz, CD,Cl,, 300 K): 8 = —7.92 (s, 2H, H-pyrrole), —10.05 (s, 2H, H-
pyrrole), —22.15 (s, 2H, H-pyrrole), —23.28 (s, 2H, H-pyrrole) ppm; HRMS (ESI):
920.27680 (calc.), 920.27580 (found) for CssH44NsO4Fe. Due to the highly diluted
NMR samples, the large number of quaternary C-atoms and the paramagnetism,
13C NMR spectroscopy of 18 did not provide sufficient signal intensities.
Therefore, the '*C NMR spectrum was not analyzable.

Data availability

All the data that support the findings of this study are available within the paper
and its Supplementary Information files, or from the corresponding author on
reasonable request.
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3.2 Synthese von liberbriickten Porphyrinen

Im letzten Jahrhundert wurden vermehrt Verdffentlichungen von GOberbriickten
Porphyrinen publiziert. Grund hierflir sind die unterschiedlichen Strukturmerkmale
und elektronischen Eigenschaften, welche eine Vielzahl von Anwendungen
ermoglichen.®4 So werden Uberbriickte Porphyrine als chirale Epoxidierungs-
Katalysatoren®! und als Modelle flir Enzyme wie Cytochrom P450 verwendet.8€]
Dartber hinaus dienen sie als Bausteine flir die Synthese von Catenanen,®] fir
selbstorganisierte photonische Drahte®® und als Modelle fiir eine Reihe von
biomimetischen Porphyrinen. &

Zusatzlich eignet sich diese Art von Verbindungen hervorragend, um ein
pentavalentes Porphyrin zu designen, welches das Gegenion des Fe(lll)-Porphyrins
kovalent bindet und somit einen Austausch verhindert.

Im Prinzip kdénnen drei Strategien zur Synthese von Uberbriickten Porphyrinen
verfolgt werden. (a) Als erstes kann ein vorgefertigtes Porphyrin mit einem
kettenférmigen Baustein verknipft werden. (b) Alternativ kann ein Baustein, der zwei
Aldehyde und die bereits fertige Briicke enthalt, verwendet werden, um hiermit das
Porphyrin nach LINDSEY aufzubauen.®%! (c) In der letzten Strategie werden ein
verbriicktes Bisdipyrromethan und zwei Aquivalente eines Aldehyds verwendet
(Abbildung 14).184

Abbildung 14: Drei Strategien zur Synthese von Uberbriickten Porphyrinen.
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Zusammenfassung

In dieser Publikation wird die effiziente Synthese von mehreren acetyleniberbriickten
Porphyrinen vorgestellt, welche durch eine 1,3-dipolare Cycloaddition mit Azid in
1,2,3-Triazole umgewandelt werden kann. Zudem wurde erfolgreich Eisen(lll) in
diese Porphyrine eingelagert (Abbildung 15).

¢ OH RJOLH * 2 Q—N\>
OH + CI’(A),.\/ H
R
20 n=1 13a H 16a 27 %
n=2 13b CeHs  16b81%
06H3C|2 16¢ 39 %
(o] CeFs 16d 55 %

o OH 1 R
z H
0 Z s oD G
2(5/ ﬁn/\OH,,O% — @;(H" SN \NH HNZ
H 21 o)

n=1 14a56 % n=1 15a85%
n=2 14b 78 % n=2 15b 92 %
S e SN o) o]
- - | }—(_
n O‘mo n (’n\oﬁo n —Si-N3 ( jn o o n
0 O 0 O [ Y
O - O -
O=misty,  Gamps), Comps
O =0 3
J
19 R 18 R 17 R
R _N=CH,  n=(CHap R n=CH;  n=(CHy, R n=CHy n=(CHy,
H M=Fe''Cl  19a 12 % H 18a 34 % H 17a 8%
CgHs M=FelllCI 19b 60 % CgHs  18b 52% CeHs 17b 1%
CgH3Cl, M=FelllCl  19c 42% 19f 69 % CgHsCl, 18c 48% 18e 96 % CgH3Cl, 17¢ 15% 1735 %
CeFs M=FelllCl 19e 32 % CeFs 18d 81% 18f 60 % CeFs 17d 3% 17 5%

Abbildung 15: Darstellung der Synthese Uberbriickter Porphyrine durch den Syntheseweg b.

Die UV/Vis- sowie NMR-Untersuchungen von 19c¢ zeigen, dass die Triazoleinheit
nicht in der Lage ist, an das Fe(lll)-Zentrum zu koordinieren, da das Triazol ein zu
schwacher Ligand ist. Durch die Zugabe einer Base und der damit verbundenen
Deprotonierung wird das starker bindende Triazolat gebildet. Dieses verdrangt das
Chlorid und liefert in Folge dessen den gewtlinschten flinffach koordinierten neutralen
High-Spin-Komplex 20, der durch einen weiteren axialer Ligand wie zum Beispiel das
p-Methoxypyridin zum LS Ubergeht (Abbildung 16).
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High-Spin Q Low-Spin
Fe": S=5/2 e Fe":S=1/2

R = C,H.CI,
Abbildung 16: Die Deprotonierung des Triazols fihrt zur Koordination des Triazolats, wobei der HS-Zustand
(S=5/2) erhalten bleibt. Eine zusatzliche Koordination eines externen Liganden flhrt zu dem Molekil 21,
welches im LS-Zustand (S = 5/2) vorliegt.

Dieser funffach koordinierte High-Spin-Komplex 20 kann nun als Modellverbindung
fir eine Reihe wichtiger Eisen(lll)-Porphyrine in der Natur eingesetzt werden, wie
zum Beispiel fur das Cytochrom P450.
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KEYWORDS
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triazole ligand
ABSTRACT

Fe(I1l) porphyrins bridged with 1,2,3-triazole ligands were synthesized. Upon deprotonation, the
triazolate ion coordinates to the Fe(Ill) ion. An overall neutral high-spin Fe(Ill)porphyrin is

formed with triazolate serving as an axial ligand as well as the counterion. The second axial
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coordination site is now activated for coordination and binds methoxypyridine forming a 6-
coordinate low-spin complex. Upon addition of a phenylazopyridine as a photodissociable

ligand, the spin of the complex can be reversibly switched with UV and visible light.

Introduction

Ferrous porphyrins with anionic ligands serving both as axial ligand and as counterions are
abundant in Nature. They perform as catalysts in selective CH activation (cytochrome
P450),"*** hydrogen peroxide decomposition (catalyses) and a number of other biologically
important processes.>®’ Controlled spin switching is essential for the function of these enzymes.
During its catalytic cycle, cytochrome P450 switches between 6-coordinate low-spin resting
state, and 5-coordinate high-spin state.® Spin state control, particularly of iron complexes is also
a prerequisite in a number of further bio-catalytic processes such as C-H activation by methane
monooxygenases.” The design of artificial systems whose spin states are responsive to external
stimuli is the first step towards machine-type catalysts performing particular difficult catalytic
processes such as the conversion of hydrocarbons to alcohols under ambient conditions.'® Single
molecule spin state switching is also the prerequisite to molecular spintronics,'' responsive

213 and a number of further applications." Recently, we presented the first

contrast agents'
artificial ferrous porphyrin system that changes its spin state between high-spin (S="/,) and low-
spin (S='/2) upon irradiation with light.'”” However, the complex consists of 6 components
(Fe(1ll)porphyrin, the counter ion, two oxygen and two nitrogen ligands) that are in equilibrium

in solution. Notwithstanding the high switching efficiency (76%), being a multi-component

system, the system is quite sensitive to changes in composition and environment. We here report
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on a two-component system, which includes a covalently attached triazole unit and only one

separate ligand.

Fe(Il)tetraphenylporphyrin chloride (FeTPPCI) is commercially available and in principle meets
the structural requirements for spin switching. FeTPPCI is 5-coordinate and high-spin with a
chloride ion serving as the counterion and axial ligand (Figure la)."> However, the chloride
ligand is strongly bound and the second axial coordination site only binds very strong nitrogen
ligands, such as 1-methylimidazole. Moreover, the mixed chloride/imidazole complex is still
high-spin.'®'” Upon replacing the chloride ligand in FeTPPCI by azide (FeTPPN;) the iron(I1l)
ion is closer to the spin crossover point. FeTPPNj is 5-coordinate and high-spin but in contrast to

FeTPPCI it is considerably more prone to bind a second axial ligand leading to a low-spin

9,18,19

complex.

S dyz-y2 -+ X dye-y2 -
= 09> high-spin ~ d -t low-spin  dz = —
S=5/2  dgd, L L S=12  ded, & L
dyy + dy H
\ \ \
a) N b N N
) ) ) c) ]
§ & N
el : Mel i Melm :
e elm . e elm __—0— S —
¢l 5 N2 N, ‘ : 3 :
1 c Y YN L L
N °N
FeTPPCI FeTPP(Melm)CI FeTPPN3 FeTPP(Melm)N3 FeTPPL FeTPP(Melm)L
high-spin high-spin high-spin low-spin high-spin low-spin
S=5/2 S=5/2 S=5/2 S=1/2 S=5/2 S=1/2
no spin switch switching switching?

Figure 1: Spin states of Fe(Ill)porphyrins with one anionic axial ligand with and without 1-

methylimidazole as the second axial ligand. a) with a chloride ligand (1), b) with azide (2), and
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¢) schematic representation of a ferrous porphyrin strapped with an anionic ligand (3) (target

structure for spin switching).

However, FeTPPN; 2 has several disadvantages. The azide ligand is easily replaced by CI°
forming FeTPPCI 1 and by OH™ leading to the p-oxo compound (FeTPP),0. To avoid these
problems we designed a strapped porphyrin including an anionic ligand L™ in the bridge
complying with the following preconditions: 1. L™ should be strongly binding, 2. The 5-
coordinate complex should be high-spin, 3. The free axial coordination site should bind ligands
with low or medium ligand field strength (see Figure 1). 4. Binding of the second axial ligand

should induce a spin switch to the low-spin state.
Results and Discussion

Several Fe(Il)porphyrins with covalently linked anionic ligands are known.?**'**#32* However,
strapped anionic nitrogen ligands have not been realized so far. Among the non-covalently
coordinated nitrogen ligands, imidazolate, isocyanate > and azide are the most common.”®
Unfortunately, azide and isocyanate cannot be tethered to the porphyrin because there is no free
valence available to form a covalent bond. Imidazolate suffers from the fact that only one
position is available to attach a tether (the C atom distant from the coordinating N atom) and
imidazolates are easily protonated (pKa: 14.3)*” and the corresponding complexes would not be
water stable. We therefore considered triazoles as anionic ligands for strapping in 4,5 position.
The parent triazole has a pK, of 8.8 The 4,5-diester substituted triazole unit should be

considerably more acidic (pK,~5) and coordinated to Fe(Ill) it should be inert to protonation

(water stable) at neutral pH.
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To check if triazolates would be suitable anionic ligands for an integration into the bridge of a
strapped porphyrin, we performed preliminary experiments with 4,5-dimethyl-1,2,3-triazole-4,5-
dicarboxylate (DMTDH). In a preliminary experiment a solution of iron(Ill) tetraphenyl-
porphyrin chloride (FeTPPCI 1, 100 uM) in acetonitrile was treated with an 1000-fold excess of
4,5-dimethyl-1,2,3-triazole-4,5-dicarboxylate (DMTDH). No changes in NMR or UV were
observed, indicating that there is no coordination of the free ligand DMTDH to the Fe(lII) ions.
Obviously, the coordination power of neutral DMTDH is not sufficient for coordination.
However, upon deprotonation of the triazole (DMTDH) with solid K,COs the color of the
FeTPPCI/DMTDH solution changes from brown to yellow and the UV-vis spectrum exhibits the
characteristic absorption bands of low-spin FeTPPL, (550 nm, 575 nm shoulder, 640 nm)
(Figure 2, see supporting information (SI) (V.1)).?’ The low-spin signals NMR spectrum at -14
ppm further confirm the [FeTPP(DMTD),]" low-spin state. Density functional theory (DFT)
calculations confirm that the triazolate coordinates with its nitrogen in 2 position to the Fe(Ill)
ion forming a symmetrical complex (see SI (I1l1)). A FeTPP(DMTD) (1:1 complex) is very
unlikely, because it is known that FeTPP" with one anionic nitrogen ligand is high-spin (see
Figure 2q).!011303132 (Tyiazolate (DMTD"), however, does not coordinate to a strapped
Fe(Ill)porphyrin 6 whose second axial coordination side is sterically shielded.® This lack of
reactivity proves that the triazolate has to attack from the opposite axial side to replace the
chloride ligand (see Figure 2b). We conclude that a strapped triazolate should bind to the metal

ion.
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Ph ( ! FeTPPCI 1 Ph 4 N
& high-spin [FTPP(OMTD)I 5 A

S=52 low-spin Sond
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Figure 2: Coordination of Fe(Ill)porphyrin chlorides with triazole (DMTDH) and triazolate
(DMDT"). a) FeTPPCI 1 reacts with triazolate but not with triazole to form a 2:1 complex. b)

Strapped porphyrin 3 does not react with triazolate.

DFT model reactions predict that a -O-CH,-CH,- or a -O-CH,-CH,-CH,- chain connecting the
ester function of the DMTDH with the ortho position of the meso phenyl rings should provide a
suitable preorientation of the central nitrogen atom of DMTD" for coordination with Fe(Ill) (7
and 8 (Figure 3b) and c)). As compared to a structurally similar reference compound (Figure 3a))
with an unconstrained triazolate ligand and optimal coordination geometry, structure 7 with the
short tether exhibits a somewhat shorter Fe-N coordination bond, and compound 8 with the
longer tether has a larger Fe-N distance. Obviously, the tether in structure 7 is somewhat to small
drawing the triazolate ligand towards the Fe(Ill) ion, and the tether in 8 is a bit too long. A

conformational analysis of 7 revealed that the tethers are still flexible. The O-CH,-CH,-O units
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adopt gauche and anti conformations, which are similar in energy (see Supporting Information
(II1)). Nevertheless, the accuracy of fit is quite good and 7 and 8 were selected as target

structures for synthesis.

Figure 3: PBE(D3)/def2svp optimized structures of the triazolate strapped target compounds 7
and 8 (b) and c)) and a structural reference (a)) with a corresponding not covalently attached
ligand. Hydrogen atoms and the meso 2,5-dichlorophenyl substituents are omitted for clarity.
The bond lengths of the Fe-N coordination bonds indicate the accuracy of fit of the tether
lengths. The reference compound exhibits the optimum Fe-N distance because the porphyrin and
the ligand were optimized without further geometry constraints. The reference compound a) was
constructed by cutting structure b) at the wavy lines and complementing the free valences by

methyl groups.

In principle, there are three strategies to synthesize strapped porphyrins (capped”, hindered' and
bridged porphyrins)®. (a) Bridging a prefabricated porphyrin, e.g. reaction of a 5,15-bis(2-
hydoxyphenyl) porphyrin with a chain-like building block with a leaving group at both ends. b)
and c) Alternatively, one can use building blocks that already include the bridge to prepare the
porphyrin (mixed aldehyde synthesis). There are two options for the latter strategy1‘35 b) using a

1,36,37,38

bridged bisaldehyde and two equivalents of dipyrromethane or ¢) using a bridged

bisdipyrromethane and two equivalents of an aldehyde (see Figure 4).%
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a) b) c)

Figure 4: Three strategies to synthesize strapped porphyrins.

Synthetic pathway (a) was not successful. Therefore, we pursued strategy (b).
Salicylaldehyde (9) and chloroethanol (10a) were reacted to 2-(2-
hydroxyethoxy)benzaldehyde (11a).*° Acetylene dicarboxylic acid (12) with 11a yields
dialdehyde 13a (85%). 13a was used in Lindsay type cyclization reactions with different 5-
substituted dipyrromethanes*' to afford strapped porphyrins (see scheme 2) with yields up to

35%.

47



3 Publikationen und deren Zusammenfassungen

¢ OH R’?LH +2 @
OH + CI’%‘)H\/ H
R
9 n=1 10a H 14a 27%
n=2 10b CeHs  14b81%
CeH3Cly 14c 39%
0] CeFs 14d 55%

o]

2

OH I}
o. H
0 Ao e o
2 oH Oﬁ/& <j;(Hn I \_NH HN.Z
12

OH
n= CH, 11a56% n=1=CH, 13a85%
n= (CHz)2 11b 78% n= 2 = (CHy), 13b 92%
HN/N‘\N HN/N‘\N Q O
= |
ey CS s S
FeCIg T
B o)
O R 0
*‘ *‘ ,5‘@ O
R _'JT_C_H_Z._ n=(CHa)p R n=CH,  n=(CHy, R n=CH, n=(CHy,
H 17a 12% H 16a 34% H 15a 8%
CeHs  17b 60% CeHs  16b 52% CeHs  15b 1%
CeHsClp 17¢ 42%  17d 69% CeHsCl, 16c 48%  16e 96% CeHaCl, 15¢15% 15e 35%
CeFs  17e 32% CeFs  16d 81%  16f 60% CeFs  15d 3% 15f 5%

Scheme 1: Stepwise synthesis of the strapped porphyrins (pathway b).

The yield of 15b is low (1%) because of severe scrambling.”> The main product is tetraphenyl
porphyrin (TPP). 15¢ is formed in 15% yield. A crystal structure analysis reveals a strained
structure with an approximate C, symmetry. The acetylene unit is not exactly linear and the

porphyrin ring distorts towards a ruffled type geometry (see Figure 5).

T

p O P */i> % A -
= . N
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Figure 5: Crystal structure of 15¢ (Christian Néther).

We also prepared an analogously strapped porphyrin 15e with longer -O-CH,-CH,-CH,-bridges
(extended by an additional CH, group). With 35% the yield is more than double compared to 9e,
obviously because the longer bridge imposes less strain. A similar trend albeit with lower yields
is observed with the bis(pentafluoro) substituted strapped porphyrins 15d (3%) and 15f (5%).

Scrambling was not detected in any strapped porphyrin except 15b.

Electron deficient acetylenes are known to undergo 1,3-dipolar cycloaddition with azide.*®
Reaction of the strapped porphyrins 15a-f, with trimethylsilyl azide afforded the corresponding
triazoles 16a-f in 34-96% yield. A crystal structure analysis of 16e confirms the structural
assignment. The porphyrin ring is planar which is in agreement with our assumption that the

bridge does not impose strain (see Figure 6).

TN

I/“#f‘

Figure 6: Crystal structure of 16e (Kari Rissanen).

Upon heating a solution of the free base porphyrins with FeCl, in acetonitrile to 80°C under

nitrogen and subsequent oxidation upon exposure to air Fe(Ill)porphyrins were obtained in 12—
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69% yield.* NMR analysis reveals that all iron(III) porphyrins are high-spin (S="/). The pyrrole

protons resonate at 70-80 ppm which is characteristic for high-spin Fe(IIl)porphyrins.*’

No signals were observed at -10 to -20 ppm which would indicate the formation of low-spin
(S='/2) complexes.*® Obviously, the strapped, protonated triazole units do not coordinate to the
Fe** ion in agreement with the corresponding free protonated triazoles (DMTDH, Figure 2). To
double check the non-coordinating behavior of the triazole unit, trifluoroacetic acid was added. If
coordinated, the triazole should decoordinate upon protonation. No change in the UV-vis

spectrum was observed.

Since the free triazole ligand DMTDH upon deprotonation coordinates to FeTPPCI (Figure 2), a
similar intramolecular coordination was expected after deprotonation of the strapped DMTDH
ligand in 17¢. Upon addition of K,COj to the chloride complex 17¢ the four high-spin signals of
the pyrrole protons at 85.7, 83.0, 80.2 and 78.4 ppm form two broad signals at 78.9 and 84.9 ppm
(see SI (V.2)). No signals are visible in the low-spin range and the magnetic moment was
determined to 5.62 B.M. (see SI (IV)) confirm a high-spin S="/, state for a solution of 0.77 mM
17¢ with K>COjs in acetone-dg. Characteristic changes are also observed in the UV-vis spectrum.
A strong Q band at 576 nm appears, which is typical for five-coordinate nitrogen Fe(III)TPP
complexes (see Figure 7).* Protonation of the 5-coordinate strapped triazolate complex 18 with

HCI leads back to the chloride complex 17¢.
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Figure 7: Switching the spin state of triazole strapped porphyrins. Deprotonation of the triazole
leads to coordination of the triazolate, the spin state remaining high-spin (S=/). Additional
coordination of an external ligand a) triazolate (DMTD"), b) p-methoxypyridine, switches the
spin state to low-spin (S='/,). The change in coordination number, charge and spin state leads to

a change in the UV spectrum (a) 16 similar to 5 (see Figure 2, SI (V.1 and V.3)).

p-Methoxypyridine acts both as a base and a ligand. Upon addition of 100 eq. p-methoxy-
pyridine, triazole is deprotonated and replaces the chloride. The pyrrole proton chemical shifts (-
0.61, -26.08 ppm) clearly indicate that the complex 20 is low-spin (S='/,) (see Figure 7, SI
(V.4)) in agreement with the magnetic moment of 2.56 B.M. (see SI (IV)). Hence, the overall
neutral 5-coordinate, strapped triazolate complex 18 performs spin switching upon coordination

of an additional axial anionic (Figure 7a) as well as a neutral nitrogen ligand (Figure 7b).

Similar to the addition of methoxypyridine to 17¢ (Figure 7) the addition of the photodissociable

ligand (PDL) trans-4-chloro-3-(3,5-ditert-butylphenyl)azopyridine leads to the formation of a
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low-spin complex with the typical '"H NMR signals at 26.6 ppm and a magnetic moment of YY
B.M.. Irradiation with UV light (365 nm) switches the trans azopyridine to the cis configuration,
which in turn gives rise to a decrease of the low-spin signals and an increase of the magnet
moment to YY B.M.. Irradiation with light of 430 nm restores the original magnetic moment and
the low spin signals in '"H NMR. We attribute the change in magnetic moment to the dissociation
of the ligand in the cis configuration and re-coordination of the trans isomer. The spin state

switching is reversible over a large number of cycles.
Conclusion

In summary we report on the design, synthesis and investigation of a Fe(Ill) based molecular
(S="h2 S='/) spin switch. The two-component system, includes a Fe(Ill)porphyrin with a
covalently attached triazolate unit and a separate pyridine ligand. The triazole is strapped to the
porphyrin in such a way that the nitrogen lone pair in 2-position of the corresponding triazolate is
placed in an optimal geometry to coordinate to the Fe(Ill) ion. Upon deprotonation of the
triazole, the triazolate coordinates and serves as both the counter ion and axial ligand. The
acidity of the ester substituted triazole is sufficient for facile deprotonation, and ligand field
strength of the resulting triazolate is strong enough to coordinate. But it is still in a range
preserving the high-spin state and weak enough to allow coordination of pyridines to the
remaining axial site, which in turn leads to a spin switch to the low-spin state. Upon addition of a
photoswitchable ligand, the spin state of the complex can be reversibly switched with light. Our
S-coordinate high-spin complexes 18 could serve as model compounds for a number of natural
iron(IIT)porphyrins, such as cytochrome P450 and catalase. Further potential applications include

responsive contrast agents and spintronics.
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3.3 Synthese eines neuen photoschaltbaren Liganden

Nicht nur die Entwicklung neuer Metallkomplexe ist fir die Optimierung von
intelligenten Kontrastmitteln in der MRT von groBer Bedeutung, sondern auch die
Synthese von neuen photoschaltbaren Liganden.

Mit ihren zahlreichen Anwendungsmdglichkeiten gehéren photoschaltbare
Azobenzole zu den am haufigsten verwendeten photochromen Verbindungen.®ll
Darlber hinaus sind Azobenzole leicht zuganglich und Uberzeugen durch ihre
photochromen Eigenschaften.

Das frans-Isomer ist Ublicherweise thermodynamisch stabil und kann bei Bestrahlung
mit UV-Licht in das cis-Isomer Uberflihrt werden. Diese cis-Konformation kehrt bei
Bestrahlung mit sichtbarem Licht oder thermochemisch wieder zum trans-lsomer
zuriick.[%?l Eine sehr wichtige Klasse der Azobenzole sind die Azopyridine, da diese
durch ihr Pyridin in der Lage sind, an verschiedene Metalle wie z.B. Nickel zu
koordinieren!53 und somit eine Spin-Anderung hervorzurufen.

Diese Eigenschaft spielt bei den LD-CISSS-Systemen und neu designten
Plattenspielern eine groBe Rolle, weswegen die Synthese neuer Azopyridine
unumganglich ist.
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Crystal structure of 2-[2-(pyridin-3-yl)diazen-1-yl]aniline

Morten K. Peters, Christian Nather and Rainer Herges

Acta Crystallographica 2018, E74, 1013-1016.
doi: 10.1107/S2056989018008605

Eigenanteil: Die Synthesen wurden von Morten Peters durchgefiihrt. Die
Eiskristallstrukturanalyse wurde von Prof. Dr. Christian Nather gelést. Das
Manuskript wurde von Morten Peters, Christian Nather und Prof. Dr. Rainer Herges

verfasst.
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Zusammenfassung

In dieser Veroffentlichung konnte durch Réntgen-Strukturanalyse das 2-[2-(pyridin-3-
yl)diazen-1-yllanilin charakterisiert werden.

Aus dem (2-Acetanilid)azo-pyridin konnte durch Entschitzung unter basischen
Bedingungen das 2-[2-(pyridin-3-yl)diazen-1-yl]anilin erhalten werden. Durch eine
anschlieBende Umkristallisation aus Aceton konnten Einkristalle isoliert werden.
Diese ergaben ein monoklines Kristallsystem mit der Raumgruppe P2/n. Zusétzlich
war erkennbar, dass die Azo-Verbindung ausschlieBlich in der trans-Konfiguration
vorliegt (Abbildung 17), was auf die Wasserstoffbrickenbindung zwischen dem

Stickstoff der Azo-Gruppe und dem Amin zurtickzufiihren ist.
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Abbildung 17: Darstellung der Einkristallstruktur aus der B-Achse.
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1. Chemical context

Azobenzenes are among the most frequently used photo-
chromic compounds with numerous applications in different
fields being reported (Szymanski er al., 2013; Merino &
Ribagorda, 2012; Kay et al., 2007). Moreover, azobenzenes are
easily accessible, and their photochromic functions are quite
reliable. The stretched trans isomer is usually the thermo-
dynamically stable conformation. Upon irradiation with UV
light, the bent cis isomer is formed. This cis conformation
switches back to the trans isomer either upon irradiation with
visible light or thermochemically (Hartley, 1937). A highly
important variation of azobenzenes are azopyridines, as
pyridines coordinate to various metals, e.g. nickel (Thies et al.,
2010; Dommaschk et al., 2015¢). Thus, azopyridines can be
used as switchable ligands. In this context, we have reported
an approach to switch the spin state of azopyridine-function-
alized Ni-porphyrins (Thies et al., 2011, 2012; Venkataramani
et al., 2011; Dommaschk et al., 2015a,b). Aiming at further
functionalization of azopyridines and in view of applications
as molecular spin switches, we have synthesized 2-[2-(pyridin-

§y «
M : ( o 3-yl)diazen-1-ylJaniline and report here its molecular and
mﬁ % % crystal structure.

A 7/ N\

NH,
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Table 1 .

Hydrogen-bond geometry (A, °).

D—H---A D—H H---A DA D—H---A
N4—HIN4--N2 0881 (16)  2.066(15)  2.6922 (14) 1273 (12)
N4—H2N4---N1' 0904 (16) 2163 (16)  3.0274 (14)  159.7 (14)
Symmetry code: (i) —x+14,y —1,—z+3.

2. Structural commentary

The crystal structure of the title compound comprises 2-[2-
(pyridin-3-yl)diazen-1-yl]aniline molecules, located on general
positions, adopting a trans-conformation with a C1—N2—
N3—C6 torsion angle of —179.80 (8)°, which corresponds to
the energetically favored arrangement (Fig. 1). The two six-
membered rings are coplanar [the maximum deviation from
the least-squares plane for all non-H atoms is 0.0569 (9) A for
N4] and the dihedral angle between the ring planes is
0.11 (8)°. The amino H atoms are also in the plane of the
adjacent benzene ring. There is an intramolecular N—H. - :N
hydrogen bond between one of the amino H atoms and one
nitrogen atom of the azo group with an N.--H distance of
2.066 (15) A and an N—H- - -N angle of 127.30 (12)° (Table 1).
Even if this corresponds to a weak interaction, it might
stabilize the planar arrangement.

3. Supramolecular features

In the crystal structure of the title compound, the molecules
are linked into chains along the b-axis direction via N—H- - -N
hydrogen bonds between the amino hydrogen atom that is not
involved in intramolecular hydrogen bonding and one of the
nitrogen atoms of the azo group (Fig. 2, top). The N---H
distance amounts to 2.163 (16) A and the N—H---N angle of
159.7.14 (12)° is slightly bent, indicating that this is a relatively
strong interaction (Table 1). The dihedral angle between the
pyridine ring that carries the acceptor N atom and the
aminophenyl moiety of a neighbouring molecule that carries
the donor group is 66.12 (8)°. Therefore, the molecules exhibit
a helical arrangement along the chain (Fig. 2, top). The chains
are closely packed in such a way that each chain is surrounded
by eight neighboring chains (Fig. 2, bottom). The molecules

Figure 1

Molecular structure of the title compound with labeling and displacement
elliposids drawn at the 50% probability level. The intramolecular N—
H---N hydrogen bond is shown with dashed lines.

Figure 2

Crystal structure of the title compound showing a chain (top) and a view
along the b axis (bottom). Intra- and intermolecular hydrogen bonds are
indicated by dashed lines.

exhibit a herringbone-like pattern along the a axis (Fig. 3) in
which the pyridine and benzene rings of adjacent molecules
are perfectly coplanar. The distance between the ring planes is
3462 A and the centroid—centroid distance is 3.8040 (7) A,
indicating -7 interactions between the chains.

4. Database survey

According to a search of the Cambridge Structural Database
(CSD; Groom et al., 2016), 3-azopyridine molecules substi-

Figure 3
Crystal structure of the title compound in a view along the a axis.
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tuted with an amino group in the ortho-position are unknown.
However, one ortho-substituted phenyl-azopyridine was
reported,  viz.  2,6-diamino-3-[(2-carboxymethyl)phenyl-
azo|pyridine (Tan et al., 2010). 4-Aminophenyl-azopyridines
such as N,N-diethyl-4-[(E)-(pyridine-3-yl)diazenyl]aniline
(Draguta et al, 2015) and N,N-dimethyl-4-(pyridine-3-
yldiazenyl)aniline (Draguta et al, 2013) are also known.
Furthermore, structure reports on 2-azopyridine molecules
that are substituted in the ortho-position, such as 5-[(5-bromo-
2-pyridyl)azo]-2,4-toluenediamine (Jinzi et al, 1984) and
5-[(3.5-dibromo-2-pyridyl)azo]-2.4-diaminotoluene (Kailiang
et al., 1985), have been published. Other azo compounds,
substituted similarly to the title molecule, are highly important
for coordination chemistry, which is shown in their crystal
structures (Maiti et al., 2001, 2003; Pratihar et al., 2005,
2007).

5. Synthesis and crystallization

The synthesis of the title compound can be performed in two
steps.

(i) Synthesis of 3-(2-acetanilide)azopyridine: 2-nitro-
acetanilide (4.00 g, 29.0 mmol) was dissolved in ethanol
(150 ml). An aqueous solution of ammonium chloride (2.01 g,
37.7 mmol in 15 ml) was added. The mixture was warmed up
to 313 K until the dispersion changed into a clear solution.
After cooling to room temperature, zinc dust (4.93 g,
75.3 mmol) was added and the mixture was stirred for 1 h at
333 K. After filtration, the filtrate was poured into an aqueous
ice-cooled iron(IIT) chloride solution (hexaaqua complex,
5.40 g, 20.3 mmol in 150 ml) whereby a green solid precipi-
tated. After 15 min of stirring, the solid was filtered off and
washed with water. The crude product was a mixture of
2-nitrosoacetanilide and starting material, which was used for
azo condensation without further purification. 3-Amino-
pyridine (800 mg, 8.51 mmol) was dissolved in a mixture of
pyridine (25 ml) and aqueous sodium hydroxide (5 ml, 25%).
The crude product of 2-nitrosoacetanilide dissolved in pyri-
dine (30 ml) was added to the solution containing the 3-
aminopyridine. The reaction mixture was stirred for 1h at
353 K and overnight at room temperature. After addition of
dichloromethane (200 ml) the phases were separated. The
organic layer was washed with water twice and dried over
sodium sulfate. The solvent was removed under reduced
pressure. The crude product was purified by column chroma-
tography (ethyl ester/n-hexane, R; = 0.16). The product was
obtained as an orange solid. Yield: 200 mg (0.83 mmol, 10%).

'"H NMR (500 MHz, 300 K, CDCI3): § = 9.88 (s, br, 1H, N-
H),9.11 (d, *] = 2.4 Hz, 1H), 8.71 (dd,>] = 4.7 Hz,*J = 1.5 Hz),
8.66 (d, br,>] = 8.3 Hz, 1H), 8.07 (ddd,>] = 8.2 Hz, *] = 2.4 Hz,
4] = 1.5 Hz, 1H), 7.83 (dd, °J = 8.1 Hz, *J = 1.4 Hz 1H), 7.51-
7.44 (m,2H), 7.16 (1d,”] = 8.1 Hz, *J = 1.3 Hz 1H), 2.26 (s, 3H)
ppm. *C NMR (150 MHz, 300 K, CDCI3): § = 168.3, 151.9,
147.7,146.3,138.9,136.4,133.8,127.3,124.1, 123.4, 120.6, 120.4,
25.2 ppm. HRMS (EI): m/z [M]" calculated for C;3H;,N,O:
240.10111, found: 240.10136.

Table 2
Experimental details.

Crystal data

Chemical formula C 1 H 0Ny

M, 198.23

Crystal system, space group Monoclinic, P2/n

Temperature (K) 200

a, b, c(A) 132798 (8), 5.9792 (3), 13.4130 (9)
B () 113.046 (7)

V (A% 980.03 (11)

zZ 4

Radiation type Mo Ko

s (mm~") 0.09

Crystal size (mm) 0.20 x 0.15 x 0.15

Data collection

Diffractometer

No. of measured, independent and
observed [/ > 20(1)] reflections

Stoe IPDS1
8233, 2137, 1731

Rin 0.073
(sin 0/A)max (A1) 0.639
Refinement

R[F? > 20(F?)], wR(F?), S 0.039, 0.113, 1.04
No. of reflections 2137

No. of parameters 145

H-atom treatment H atoms treated by a mixture of
independent and constrained
refinement

APaxs APuin (€ A7) 021, —0.18

Computer programs: X-AREA (Stoe, 2008), SHELXS97 and XP (Sheldrick, 2008),
SHELXL2014 (Sheldrick, 2015), DIAMOND (Brandenburg, 2014) and pubICIF
(Westrip, 2010).

(ii) Synthesis of 2-[2-(pyridin-3-yl)diazen-1-yl]aniline: 3-(2-
acetanilide)azopyridine (640 mg, 2.66 mmol) was dissolved in
methanol (50 ml). A sodium hydroxide solution (5 ml, 30%)
was added and stirred for 6h at 343 K. 2-[2-(Pyridin-3-
yl)diazen-1-yl]aniline precipitated and was filtered off. The
solid was washed with water. Recrystallization from acetone
gave orange single crystals. Yield: 520 mg (2.63 mmol, 99%).

'"H NMR (500 MHz, 300 K, CDCls): § = 9.08 (dd, *J =
2.4 Hz,°J = 0.8Hz, 1H), 8.63 (dd, *J = 4.7 Hz, *] = 1.6 Hz, 1H),
8.08 (ddd,>] =82 Hz,*J =2.4 Hz, *] = 1.6 Hz, 1H), 7.84 (dd,*]
=8.1 Hz, *J =1.4 Hz, 1H), 7.41 (ddd,>] =8.2 Hz,*] = 4.7 Hz, ]
= 0.8 Hz, 1H).,7.24 (ddd, ] = 83 Hz, *J = 7.1 Hz, *J = 1.4 Hz,
1H), 6.83 (ddd, >J = 8.1 Hz, °J = 7.1 Hz, */ = 1.3 Hz, 1H), 6.77
(dd,>] = 8.3 Hz, *J = 1.3 Hz, 1H), 6.01 (s, br, 2H, N—H) ppm.
3C NMR (150 MHz, 300 K, CDCl3): § = 150.6, 148.3, 146.51,
143.0, 137.1, 133.1, 128.5, 126.4, 123.9, 117.5, 117.1 ppm. MS
(EI, TOF): m/z (%) = 199 [M]", 198 [M], 120 [M — CsH,N]",
92 [M — CeHgN,]™

Comparison of the experimental X-ray powder diffraction
pattern with that calculated from single crystal data proves
that the title compound was obtained as a pure phase (see Fig.
S1 in the supporting information). The UV-Vis spectrum
shows the strong m— 7* band of the trans conformation (Fig.
S2 in the supporting information). If the sample is exposed to
light of 365 nm, no isomerization into the cis conformer is
observed, and the sample starts to decompose. However,
conversion of the amino to an amide group will probably
restore the photochromic properties.

Acta Cryst. (2018). E74, 1013-1016
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6. Refinement

Crystal data, data collection and structure refinement details
are summarized in Table 2. The C—H hydrogen atoms were
located in a difference map but were positioned with idealized
geometry and refined with Ujo(H) = 1.2U.4(C,N) using a
riding model with Cyomatic—H = 0.95 A. The N—H hydrogen
atoms were located in a difference map and were freely
refined.
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3.4 Insertion von Nickel(0) in Porphyrine bei Raumtemperatur

In der Natur sowie in bestimmten Technologien spielen Nickelporphyrine und Nickel-
Hydroporphyrine eine wichtige Rolle, da sie als starke Katalysatoren fungieren und
somit an Reduktionsprozessen beteiligt sind. Ein Beispiel hierfir ist das
Nickelporphyrin F430, welches ein Coenzym ist und im letzten Schritt der
Methanfreisetzung in Archaeen als eine Schlisselkomponente im globalen
Kohlenstoffkreislauf dient.®l Des Weiteren werden reduzierte Ni-Porphyrine als
Schlusselintermediate bei der Reduktion von Alkylhalogeniden verwendet.[® Ein flr
die  Wirtschaft besonders interessantes = Anwendungsgebiet ist  die
Wasserstoffentwicklungsreaktion. Hierbei werden die sogenannten
Ni-Hydroporphyrine als Katalysatoren verwendet. Bei detaillierten Untersuchungen
dieser Prozesse konnten mehrere reduzierte Ni-Spezies identifiziert werden.6°

Um solche Nickelporphyrine herzustellen, gibt es jedoch der Literatur zufolge nur
wenige unterschiedliche Ansatze. Eine Mdglichkeit ist die Reaktion eines Porphyrins
mit einem Metallsalz in einem sauren Medium, wie zum Beispiel Essigsaure,%%€
oder unter basischen Bedingungen, z. B. Pyridin.[®697] Eine weitere Variante ist die
Umsetzung eines Porphyrins mit einem Metallsalz oder Metallkomplex in
hochsiedenden, polaren organischen Lésungsmitteln, beispielsweise
Dimethylformamid.®®l  Die  letzte  Mdglichkeit ist der  Ansatz  der
mikrowellenunterstltzten Insertion von Metallsalzen.[®!

Neben dem Problem der Léslichkeit, das sich daraus ergibt, dass die hydrophoben
Porphyrine und die wasserléslichen Metallsalze gleichzeitig in Lésung gebracht
werden muissen, kommt es bei der Einlagerung zuséatzlich zu kinetischen
Schwierigkeiten. Die Insertion von Nickelionen in Porphyrine leidet unter der
Tatsache, dass Ni(ll) zu klein ist, um perfekt in den von den vier Pyrrolen gebildeten
quadratisch planaren Hohlraum zu passen. Dadurch ist das Porphyrin in seiner
Geometrie verzerrt und erlaubt keine glinstigen Ni-N-Absténde.['% Beim Vergleich
der Eisen-Einlagerung in Porphyrine mit der von Nickel zeigt sich, dass das Eisen
zunéchst als Fe(ll) eingelagert wird und erst durch anschlieBende Oxidation der
Fe(lll)-Komplex erhalten wird.['%"] Daraus ergibt sich eine interessante Variante flr
die Insertion von Nickel.
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Zusammenfassung

Diese Arbeit beschreibt eine sehr milde und effiziente Methode, um Nickel unter
Verwendung von Ni(COD)z in Porphyrine einzulagern. Die Reaktion wurde bei 20 °C
durchgefihrt. Dieses neue Verfahren liefert Ausbeuten zwischen 90 % und 100 % mit
elektronenreichen sowie elektronenarmen Porphyrinen. Je nach elektronischer Natur
des Porphyrins entstehen zunehmende Mengen der entsprechenden Ni(ll)-Chlorine,
die quantitativ zu den entsprechenden Porphyrinen oxidiert werden kénnen. Das
elektronenarme meso-Tetrakis(pentafluorphenyl)porphyrin 8a ergibt das Ni(ll)-Chlorin
mit einer Ausbeute von 66 % (Abbildung 18). Dieses Molekil war bisher durch keine
herkdmmliche Methode zuganglich. Die extrem schwierige Trennung von Porphyrin
und Chlorin konnte unter Ausnutzung der starken Koordination von Ni(ll)-Chlorinen
an die Aminoliganden von aminofunktionalisiertem Kieselgel realisiert werden.

Besonders interessant ist die Einlagerung von Nickel unter Gegenwart von Basen, da
dieses in Lésung zu stabilen Ni(ll)-Hydroporphyrinen flhrt. Die reduzierten Ni(ll)-
Porphyrine sind Schllisselintermediate in verschiedenen technologisch interessanten
Prozessen und Enzymreaktionen. lhre Reaktivitdt kann nun im groBen Mafstab

untersucht werden.

LS " 5 —z
O(O) N AT 20°C Ar
Py Ar Ar
& Ar
© / \: 2H*

5 %

Porphyrin Chlorin
100 % 66 % (Ar=Ce6H5)

Abbildung 18: Darstellung der Einlagerung von Nickel mit Ni(COD)a.
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ABSTRACT: Reduced Nickel porphyrins play an important 7\

role as enzymatic cofactors in the global carbon cycle (cofactor
F430), and as powerful catalysts in solar-to-fuel-processes such
as the hydrogen evolution reaction, and the reduction of CO
and CO,. The preparation of Ni(II)porphyrins requires harsh
conditions, and characterization of the reduced species is
intricate. We present a very mild, convenient, and high yielding
method of inserting Ni into electron rich, and electron
deficient porphyrins which at the same time gives access to to
Ni(II) phlorins and Ni(II)chlorins and Ni(II)porphyrins.

B INTRODUCTION

Nickel-hydroporphyrins are powerful catalysts in reduction
processes in nature, and in technologically important reactions.
F430, a nickel containing corphine acts as the coenzyme in the
final step of methane release in archaea by methyl-CoM
reductase, and thus is a key component in the global carbon
cy(:le.l Ni-chlorins have been found in marine tunicates,
however, their biochemical role is yet unknown.” Reduced
Ni-porphyrins are also key intermediates in the reduction of
alkyl halides™ and, intriguingly, in the electrochemical
reduction of CO producing H, and ethylene.S The hydrogen
evolution reaction (reduction of protons) is another important
direct solar-to-fuel process which has been catalyzed by Ni-
hydroporphyrins. This process has been studied in detail, and
several reduced Ni species were identified.°”” While the above
processes start from stable Ni(II)porphyrins, and generate the
reduced species electrochemically, we introduce Ni(0) (using
Ni(COD),) into the free base porphyrins generating Ni-
hydroporphyrins which can be oxidized to Ni(II)porphyrins in
very good yields. This approach is not only a very mild and
convenient synthesis of Ni(II)porphyrins, it also provides
direct, chemical access to reduced Ni-porphyrins, such as the
corresponding phlorin (Ni**porph-H*™, 7c) and chlorins
Ni**porph-H,””, 3b,c). Ni(Il)porphyrins have been used as
responsive contrast agents in functional magnetic resonance
imaging (fMRI).m’ll

The conventional synthesis of nickel porphyrins requires
harsh conditions. Various methods have been published for the
synthesis of transition metal porphyrins, which can be classified
into several general reaction types:'” (1) reaction of a
porphyrin with a metal salt in an acidic medium (e.%.,
HOAC),"*™"° or (2) under basic conditions (e.g, pyridine),'"”
(3) reaction of a porphyrin with a metal salt, or metal complex
in high boiling, polar organic solvents (e.g, DME)'>'*~*! and

v ACS Pub”ca‘t]ons © 2018 American Chemical Society
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Ni(COD)2

orphyrin chlorin
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100% (Ar= CgHsOMe) 66% (Ar=CeFs)

(4) the microwave-promoted insertion of metal salts.”” A
typical procedure for the preparation of Ni-porphyrins involves
heating of the porphyrin with a large excess of nickel acetate in
DMEF (151 °C) to reflux for several hours.”® Metal insertions
usually have to overcome high activation barriers.

Besides the kinetic problem and the problem of bringing the
hydrophobic porphyrins and the water-soluble metal salts
simultaneously in solution, insertion of nickel ions into
porphyrins suffers from the fact that Ni** is too small to
perfectly fit into the square planar cavity formed by the four
pyrrole nitrogen atoms. The porphyrin must distort to a
strained, ruffled geometry to adopt favorable Ni—N dis-
tances.”**

Following an analogous strategy which is used to prepare
Fe(Ill)porphyrins by introducing Fe(II), and subsequent
oxidation to the Fe(III) complex,”® we explored the possibility
to introduce the larger Ni(0) and oxidize the low valent
intermediates to the Ni(II)porphyrin.

B RESULTS AND DISCUSSION

We chose Ni(COD)), as a readily available Ni(0) complex, and
three electronically different porphyrins to investigate the scope
of the approach: $,10,15,20-tetrakis(4-methoxyphenyl)-
porphyrin (TPPOMe) 1a, as an example for an electron rich
porphyrin, the parent $,15,10,20-tetraphenylporphyrin (TPP)
1b, and §,10,15,20-tetrakis(pentafluorophenyl)porphyrin
(TPPF,,) 1c, which is a typical example of an electron deficient
porphyrin. Transition metal carbonyl complexes have been
used before to insert metals into porphyrins,””** however, in
our hands Ni(CO), did not react with 1c. Upon simple mixing
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of the free base porphyrin with a two- to 4-fold excess of
Ni(COD), in toluene at room temperature under a nitrogen
atmosphere, the color immediately changes from red to green
and after stirring for 1—2 h the corresponding Ni-porphyrins
and the Ni-chlorins are isolated ("H NMR and UV—vis spectra
see Figure 1).

88 87 86 85 87 86 85 84 83
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100000
80000 ~
60000 -
40000 -
20000
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Figure 1. '"H NMR of NiTPPF,, 2c in CDCl,, at 300 K (left, red) and
the NiTPPF,-chlorin 3c in acetone-dg, at 300 K (right, green) and the
UV—vis spectra at 24 °C in benzene (porphyrin concentration 13.3
um).

The ratio of the latter two compounds depends on the
electronic nature of the porphyrin. Electron rich TPPOMe 1a
forms exclusively the Ni-porphyrin (100% yield), TPP 1b gives
10% Ni-chlorin and 90% porphyrin, and in case of the electron
poor TPPF,;, Ni-porphyrin and Ni-chlorin are formed in
approximately equal amounts (51:49%). A larger excess of
Ni(COD), favors the formation of the chlorin, however, no
change is observed if more than four equivalents are used.
Chlorins are quite susceptible to oxidation, and can be
quantitatively converted to the corresponding porphyrins
using DDQ_(see Table 1).

So, nickel can be inserted into electron-rich as well as
electron-deficient free base porphyrins in a two-step, one-pot
procedure at room temperature in quantitative yields. The
isolated yields in case of the parent tetraphenyl porphyrin 1b
with 91% are somewhat lower because of solubility problems of
Ni-TPP during workup. The formation of Ni-chlorins from the
corresponding free base porphyrins is of synthetic interest as
well. Particularly, electron-deficient chlorins are difficult to
prepare, because catalytic hydrogenation as well as reduction
with in situ generated diimide fail.*® Our method provides a
convenient access to the strongly electron-poor Ni-tetrakis-
(pentafluorophenyl)chlorin 3¢, which cannot be prepared by
hydrogenation of the corresponding porphyrin (TPPF,, 1c;
see Scheme 1). Purification of the chlorin 3c by chromatog-
raphy initially turned out to be very difficult, because porphyrin
2¢ and chlorin 3¢ exhibit very similar retention times on
standard stationary phases. Separation was achieved on an
amino-functionalized silica gel (see Experimental Section),
taking advantage of the fact that Ni-chlorins exhibit a much
stronger coordination to axial nitrogen ligands as the
corresponding Ni-porphyrins.*

Information about the possible mechanism of our Ni(0)
insertion reaction is provided by studies on the electrochemical
reduction of Ni(II)porphyrins, which should pass through the
same intermediates, albeit in a reverse sequence. Previous
spectroelectrochemical and electron spin resonance (ESR)

Table 1. Conditions and Product Distributions for the Insertion of Nickel into Free Base Porphyrins

entry free base porphyrin equiv of Ni(COD), equiv of KHMDS
1 la 2 0
2 la 4 0
3 la 8 0
4 1b 2 0
N 1b 4 0
6 1b 8 0
7 1c 0.5 0
8 1c 12 0
9 1c 2 0
10 1c 4 0
11 1c 8 0
12 1c 2 1
13 la 4 2
14 1b 4 2
15 1c 2 2
16 la 2 7
17 1b 2 7
18 1c 2 7

a,b,c

yield (%)
starting material Ni-porphyrin Ni-chlorin Ni-porphyrin after DDQ_
60 la 40 2a
99 2a
99 2a
13 1b 87 2b
90 2b 10 3b 91 2b“
89 2b 11 3b 90 2b"
48 1c 42 2¢ 10 3¢ 52 2¢
7 1c 66 2¢ 27 3¢ 93 2¢
S1 2¢ 49 3¢ 100 2¢
S1 2¢ 49 3¢ 100 2¢
50 2¢ 50 3¢ 100 2¢
100 4¢
28 la 72 2a
71 1b 27 2b 12c
34 2¢ 66 3¢
100 4a
100 4b
100 4c

“Anhydrous toluene was used as a solvent. bAt room temperature. “In all experiments S0 mg of porphyrin was used. “Part of the product was lost

through the purification.
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Scheme 1. Metallation of Porphyrins with Ni(COD),”

R R R pH
H
H
Ni(COD),
R R———>R R+R R
Toluene, rt
R R
R R

R
R
1a p-OMePh 2a p-OMePh 3a -
1b Ph 2b Ph 3b Ph
1c CeFs5 2¢ CeFs 3¢ CgFs
DDQ  DCM, rt
R

2a p-OMePh 99%
2b Ph 91%

2c¢ CgFs 100%

“The yields are isolated yields of 2a—c after DDQ_oxidation. The
yields depend on the reaction conditions; see Table 1.

. 31-33 . . .
studies and, more recently, experiments combined with

high-level DFT calculations®** provide evidence that the one-
electron reduction of Ni(II)TPP 2b and Ni(II)TPPE,, 2c
produces a Ni(I) species rather than a Ni(II) anion radical.
The second electron goes to the porphyrin, forming a Ni(I)-
anion radical with one unpaired electron at the Ni* and one in
the 7 system of the porphyrin ligand (triplet state). DFT
calculations predict a planar structure for this complex. Electron
transfer is accompanied by proton transfer. Subsequent

protonation could either occur at the Ni ion forming a hydride,
at the pyrrole double bond (/8 position), or at a meso position.
According to Solis et al’ protonation at the meso carbon atom
interrupting aromatic conjugation, and forming a Ni(II)phlorin
7, is most favorable.

We therefore propose the following tentative mechanism
(Scheme 2). Ni(COD), coordinates in a stepwise fashion to
the porphyrin. Two of the pyrrole nitrogen atoms replace one
of the COD ligands forming a Ni(0) chelate, and subsequent
intramolecular electron transfer and proton shift forms a
Ni(Il)phlorin (Ni**porph-H*" 7).

The phlorin 7 probably is a key intermediate. It would either
eliminate H, (according to the known hydrogen evolution
reaction) and form the stable Ni(II)porphyrin 2, or it is
protonated forming the stable chlorin 3. The electronic nature
of the porphyrin, obviously, determines whether the hydrogen
evolution reaction, and thus porphyrin 2 formation, or the
protonation, and chlorine 3 formation, is dominant.

If this mechanism is correct, addition of a base before
metalation should prevent proton transfer and thus the
hydrogen evolution reaction. With 1 equiv of base, the reaction
should stop at the phlorin 7 stage (monoprotonation). After
addition of 1 equiv of potassium hexamethyldisilazane
(KHMDS) to the free base tetrakis(pentafluorophenyl)-
porphyrin (1c) and subsequent addition of 2 equiv of
Ni(COD),, a very broad band at ~740 nm in the UV—vis
spectrum is observed, which is typical for phlorins (7c). A
similar spectrum has been observed by Solis et al. upon

Scheme 2. Proposed Mechanism of the Metalation of Free Base Porphyrins la—c with Ni(COD), and Formation of Ni(II)-

porphyrin 2a—c, and Ni(II)chlorin 3b—c

porph?~
4a,b,c

excess | KHMDS
-2H*

porph-Hy
1a,b,c

porph-H™

Ni(COD),
—_—

Ni porph-H™
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+H*

Ni?* porph-H,2~
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electrochemical reduction of NiTPPE,, (Ni**porph®~, 2¢).%**
The UV-—vis spectrum of our solution exhibits additional
absorption bands. The absorptions at 526 and 572 nm are due
to NiTPPF,, (Ni**porph®”, 2c; see Figure 2).

120000 -] —— 1 eq KHMDS
7 eq KHMDS
100000 - i
< I
§ 80000 4 ) \
2 e“
|
£ 60000 4 ||
N’
w

500 6(‘)0 7(‘)0 800 900
Wavelength in nm

Figure 2. UV—vis absorption spectra of reduced and deprotonated
porphyrin species recorded in benzene-ds at 25 °C (100 uM).
Spectrum in black: free base porphyrin lc treated with 1 equiv of
KHMDS and subsequent addition of 2 equiv of Ni(COD),. The
spectrum exhibits the broad signature of phlorin 7c¢ (>700 nm) and
the typical Q bands of 2¢ (526 and $72 nm). Spectrum in red: Free
base porphyrin 1c treated with 7 equiv of KHMDS and 2 equiv
Ni(COD),. The spectrum is identical to the doubly deprotonated free
base porphyrin 4c.

Unfortunately, NMR cannot be applied to further character-
ize the radical anions because of severe paramagnetic line
broadening. Upon addition of 2 equiv of base the phlorin band
7c almost disappeared, and no signature of parent Ni**porph®~
2c is visible. Quenching of the solution with water yields 66%
chlorin 3¢ and 34% porphyrin 2c. The results support our
mechanism proposed in Scheme 2. A solution of free base
porphyrin lc containing 7 equiv of base does not react with
Ni(COD),. Only the deprotonated free base porphyrin is
present (574 nm) in solution (see Supporting Information).35

B CONCLUSION

In conclusion, we describe a very mild (20 °C) and very
efficient method to insert nickel into free base porphyrins using
Ni(COD),. This method provides isolated yields between 90%
and 100% with electron-rich as well as electron-deficient
porphyrins. Depending on the electronic nature of the
porphyrin increasing amounts of the corresponding Ni-chlorins
are formed, which can be quantitatively oxidized to the
corresponding porphyrins. Electron-deficient TPPF,, 2¢ yields
66% Ni-chlorin, which is not accessible by any conventional
method. The notoriously difficult separation of porphyrin and
chlorin was achieved on an amino-functionalized silica gel,
taking advantage of the very strong coordination of Ni-chlorins
to amino ligands. Particularly interesting is the insertion of
nickel in the presence of base, giving rise to stable solutions of
Ni-hydroporphyrins. Reduced Ni-porphyrins are key inter-
mediates in several technologically interesting processes and
enzyme reactions. Their reactivity can now be investigated in

bulk.
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B EXPERIMENTAL SECTION

General Comments. Procedures were performed in a nitrogen-
filled MBraun glovebox or using standard Schlenk techniques unless
otherwise specified. Toluene was dried over calcium hydride and
stored over molecular sieves in the glovebox. NMR spectra were
measured in deuterated solvents (Deutero). Analytic measurements
were performed by the following instruments: Bruker CABAV 500neo
("H NMR: 500 MHz, '*C NMR: 125 MHz) and Bruker AV 600 (‘"H
NMR: 600 MHz, *C NMR: 150 MHz). The high-resolution (HR)
mass spectra were measured with an APEX 3 FT-ICR with a 7.05 T
magnet by co. Bruker Daltonics. Electron impact (EI) and matrix-
assisted laser desorption/ionization (MALDI) mass spectra were
measured with a Biflex III by co. Bruker. As matrix was used CI-CCA.
Infrared spectra were measured on a PerkinElmer 1600 Series FT-IR
spectrometer with an AS531-G Golden-Gate-Diamond-ATR-unit.
Signals were abbreviated with w, m, and s for weak, medium, and
strong intensities. Broad signals were additionally labeled with br.
UV—Vis spectra were measured on a Lambda 650 or a Lambda 14
spectrometer (PerkinElmer), at 25 °C, in quartz cuvettes of 1 or 10
mm path length. For column chromatography purifications silica gel
(Merck, particle size 0.040—0.063 mm) was used. R; values were
determined by thin layer chromatography onPolygram Sil G/UV254
(Macherey-Nagel, 0.2 mm particle size). For column chromatography
purifications amino-functionalized silica gel (Sigma-Aldrich, particle
size 75—200 pm) was used. R; values were determined by TLC-
KPNH-0510-FI (Biotage).

Synthetic Procedures. $,10,15,20-Tetra(4-methoxyphenyl) por-
phyrin (TPPOMe) 1a, tetraphenylporphyrin (TPP) 1b, and meso-
tetrakis(pentafluorophenyl)porphyrin (TPPF,,) lc were synthesized
as reported.’* ™"

Nickel-tetraphenylporphyrin  (NiTPP) 2b. Tetraphenylporphyrin
(50.0 mg, 78.0 umol) and 4 equiv of bis(cycloocta-1,5-diene)nickel
(85.8 mg, 312 umol) were dissolved in S0 mL of toluene under
nitrogen (glovebox). After stirring for 1 h at room temperature, the
solvent was removed under reduced pressure, and the crude product
was filtered on a short column with dichloromethane. A mixture of the
Ni-chlorin and Ni-porphyrin was obtained. This mixture was dissolved
in dichloromethane (100 mL), and 2,3-dichlor-S,6-dicyano-1,4-
benzoquinone (100 mg, 440 umol) was added. After it was stirred
for 2 h at room temperature, the solvent was removed under reduced
pressure, and the crude product was purified by column chromatog-
raphy on silica gel (dichloromethane, R; = 0.82). Violet crystals were
obtained. Yield: 47.8 mg (71.0 yumol, 91%). 'H NMR (500 MHz, 300
K, CDCly): 6 = 8.74 (s, 8H), 8.01 (dd, ¥ = 7.8 Hz, ¥ = 1.6 Hz, 8H),
8.72—8.65 (m, 12H) ppm. MS (MALDI): m/z (%) = 670 [M] *.
HRMS (EI): m/z [M]* caled. for C,H,gN,Ni: 670.166 74; found:
670.16510.

Nickel-5,10,15,20-tetra(4-methoxyphenyl) porphyrin (NITPPOMe)
2a. $5,10,15,20-(4-Methoxy)tetraphenylporphyrin (50.0 mg, 68.1
pmol) and 4 equiv of bis(cycloocta-1,5-diene)nickel (74.8 mg, 272
pumol) were dissolved in 150 mL of toluene under nitrogen
(glovebox). After it was stirred for 1 h at room temperature, the
solvent was removed under reduced pressure, and the crude product
was purified by column chromatography on silica gel (dichloro-
methane, Ry = 0.76). Violet crystals were obtained. Yield: $3.1 mg
(67.2 pmol, 99%). "H NMR (500 MHz, 300 K, CDCL,): & = 8.76 (s,
8H), 7.92 (d, *] = 8.7 Hz, 8H), 7.21 (d, ] = 8.7 Hz, 8H), 4.05 (s, 12H)
ppm. MS (MALDI): m/z (%) = 791 [M]*. HRMS (EI): m/z [M]*
caled. for CygH;3gN,NiO,: 790.209 00; found: 790.207 43.

Nickel-tetrakis(pentafluorophenyl)porphyrin (NiTPPF,,) 2c. Meth-
od 1 (glovebox): Free base $,10,15,20-tetrakis(pentafluorophenyl)-
porphyrin 1c (50.0 mg, 51.3 ymol) and 2 equiv of bis(cycloocta-1,5-
diene)nickel (Ni(COD),), (28.2 mg, 102 ymol) were dissolved in SO
mL of toluene under nitrogen (glovebox). After it was stirred for 30
min at room temperature, the solvent was removed under reduced
pressure, and the crude product was filtered over a short column with
dichloromethane to obtain a mixture of Ni-chlorin and Ni-porphyrin.
This mixture was dissolved in dichloromethane (100 mL), and 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (100 mg, 440 umol) was

DOI:10.1021/acs.inorgchem.7b03164
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added. After it was stirred for 2 h at room temperature, the solvent was
removed under reduced pressure, and the crude product was purified
by column chromatography on silica gel (dichloromethane, R; = 0.89).
Violet crystals were obtained.

Method 2 (Schlenk line): §,10,15,20-Tetrakis(pentafluorophenyl)-
porphyrin 1c (50.0 mg, $1.3 umol) was dissolved in S0 mL of dry
toluene under nitrogen. Then 2 equiv of bis(cycloocta-1,5-diene )nickel
(Ni(COD),) (28.2 mg, 102 pmol) was added in counter current flow
of nitrogen. After it was stirred for 30 min at room temperature, the
solvent was removed under reduced pressure, and the crude product
was filtered over a short column with dichloromethane to obtain a
mixture of Ni-chlorin and Ni-porphyrin. This mixture was dissolved in
dichloromethane (100 mL), and 2,3-dichlor-S,6-dicyano-1,4-benzo-
quinone (100 mg, 440 ymol) was added. After it was stirred for 2 h at
room temperature, the solvent was removed under reduced pressure,
and the crude product was purified by column chromatography on
silica gel (dichloromethane, R; = 0.89). Violet crystals were obtained.
Yield: (52.8 mg, S1.2 umol, quant). '"H NMR (500 MHz, 300 K,
CDCLy): 6 = 8.79 (s, 8H) ppm. ’F NMR (470 MHz, 300 K, CDCl,,
CECly): 6 = —136.64 (dd, 3] = 22.8 Hz, °] = 7.5 Hz, 8F, 0-F), —151.31
(t, ] = 20.9 Hz, 4F, p-F), —161.20 (td, ’] = 22.6 Hz, 5] = 7.5 Hg, 8F,
m-F) ppm. MS (MALDI): m/z (%) = 1030 [M]*. HRMS (EI): m/z
[M]* caled. for CuyHgF,oN,Ni: 1029.978 31; found: 1029.977 14.

Nickel-tetrakis(pentafluorophenyl)chlorin (NiTPCF,, chlorin) 3c.
Method 1 (without KHMDS): Free base porphyrin 1c and Ni(COD),
were reacted as described in the first part of the synthesis of
(NiTPPF,;) 2c¢ (vide supra). The mixture of Ni-chlorin and Ni-
porphyrin was purified by column chromatography on amino-
functionalized silica gel (59791 Supelco) (dichloromethanen/n-
pentane = 1:3, Ry = 0.63). Yield: 25.9 mg (25.1 umol, 49%).

Method 2 (with KHMDS): §5,10,15,20-Tetrakis-
(pentafluorophenyl)porphyrin 1c (50.0 mg, 51.3 gmol) and 2 equiv
potassium bis(trimethylsilyl)amide (KHMDS) (20.S mg, 102 umol)
were dissolved in 4 mL of benzene-d4 under nitrogen. After 1 min of
stirring at room temperature, 2 equiv bis(cycloocta-1,5-diene )nickel
(28.2 mg, 102 umol) was added. After 30 min of stirring at room
temperature the mixture of Ni-chlorin and Ni-porphyrin was separated
by column chromatography on an 3-aminopropyl-functionalized silica
gel (59791 Supelco), (dichloromethane/n-pentane = 1:3, R; = 0.63).
Yield: 34.9 mg (33.9 mol, 66%)."H NMR (500 MHz, 300 K, acetone-
dg): 6 = 870 (d, 3] = 5.0 Hz, 2H), 8.52 (s, 2H), 8.34 (d, *] = 5.0 Hz,
2H), 4.16 (s, 4H) ppm. ’F NMR (470 MHz, 300 K, CDCl,, acetone-
dg): 6 = —139.23 (dd, 3] = 23.0 Hz, ] = 7.7 Hz, 4F, 0-F), —139.68 (dd,
3] =23.0 Hz, 5] = 7.7 Hz, 4F, 0-F), —154.90 (t, ’] = 20.5 Hg, 2F, p-F),
—155.15 (t, °] = 20.5 Hz, 2F, p-F), —162.79 (td, 3] = 22.5 Hz, 5] = 7.7
Hz, 4F, m-F), —163.36 (td, ’] = 22.5 Hz, °] = 7.7 Hz, 4F, m-F) ppm.
MS (MALDI): m/z (%) = 1032 [M]*. HRMS (EI): m/z [M]* calcd.
for C,4H,oF>oN,Ni: 1031.993 96; found: 1031.989 96. IR: = 2921
(m), 2852 (m), 1741 (m), 1632 (w), 1517 (w), 1494 (m), 1466 (w),
1356 (w), 1261 (m), 1074 (w), 1017 (m), 990 (m), 939 (m), 690 (w),
631 (s), 536 (s), 498 (s), 419 (s), 409 (s) cm™".
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3.5 Herstellung und Isolierung von Isobenzofuran

Das Isobenzofuran (IBF) 12 stellt eines der in der Literatur bekanntesten reaktivsten
Diene fiir Diels-Alder-Reaktionen dar.['02103104 Der Hauptgrund fir die hohe
Reaktivitdt beruht auf der Resonanzenergie, welche durch die Bildung eines
Benzolrings in der Cycloaddition frei wird (Abbildung 19).[10%]

T~ P"

12
Abbildung 19: Darstellung einer Diels-Alder-Reaktion von Isobenzofuran und der Bildung eines Benzolrings im
Cycloaddukt.

Nach der Literatur findet das IBF 12 als 4-Elektronen-Dien in Diels-Alder-Reaktionen
seine Anwendung. Dartiber hinaus wird es in anderen Cycloadditionen wie den [4+3],
[4+4], [8+8] und [4+6] eingesetzt.['06107] Eine der wichtigsten synthetischen
Anwendungen ist wahrscheinlich die Herstellung anellierter polycyclischer
aromatischer Kohlenwasserstoffe durch die Cycloaddition an Arine.['97.1%8] Des
Weiteren sind die Derivate des IBFs 12 hochinteressant. Beispielsweise wird das 1,3-
Diphenylisobenzofuran (DPBF) als Abfangreagens flr Singulettsauerstoff verwendet
und dient somit als Nachweis flrr die Erzeugung von 'O2 in der photodynamischen
Therapie.[102.109]

Das DPBEF ist weitestgehend stabil, dadurch kommerziell erhéltlich und somit eines
der am haufigsten verwendeten Isobenzofuranderivate. Jedoch ist das Stammsystem
12 etwa zehnmal reaktiver, aber dadurch auch instabiler.''% Aus diesem Grund

erweisen sich die Herstellung und Isolation extrem schwierig.['%4
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Zusammenfassung

In dieser Verdffentlichung werden unterschiedliche Synthesewege des IBFs 12
diskutiert und auf ihre Durchflhrbarkeit Gberprift. Zusatzlich wird die Isolierung und
Charakterisierung des instabilen Isobenzofurans 12 vorgestellt.

Fir praktische Anwendungen wurde IBF in situ erzeugt und umgesetzt, da es in
Lésungsmitteln mittlerer Polaritat wie Chloroform eine Halbwertszeit von 2 Stunden
aufweist. Die kurze Lebensdauer liegt an der raschen Dimerisierung und
Polymerisation. Es wurde gezeigt, dass sich die Halbwertszeiten in Lésungsmitteln
mit geringer Polaritat (t12 =12 h in Toluol-ds, 150 mM, 27 °C) verlangern. Zusatzlich
gelang es erstmals, die Verbindung durch Chromatographie zu reinigen und sie als
farblosen Feststoff zu isolieren (Schmelzpunkt 20 °C). In kristalliner Form ist dieser
bei -15 °C Uber 8 Monate ohne Zersetzung stabil. Nach oxidativer Methoxylierung
von kommerziell erhéltlichem Phthalan 22 (85 % Ausbeute)'''l und anschlieBender
1,4-Eliminierung mit LDA[I''  konnte durch eine Trapping-Reaktion mit
Acetylendicarbonsauredimethylester eine Ausbeute von 78 % erhalten werden. Nach
Chromatographie wurde hingegen lediglich eine Ausbeute von 66 % an

Isobenzofuran 12 isoliert (Abbildung 20).
OMe

CH3;OH, DDQ LDA =
O > 0 > o)
13h,20°C 15 min, 20 °C =
85 % 78 % (66 % isoliert)
22 23 12

Abbildung 20: Die optimierte Synthese des Isobenzofurans 12.
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The synthesis, isolation and characterization of isobenzofuran are described in this publication. Isobenzofuran is of general interest
in synthetic and physical organic chemistry because it is one of the most reactive dienes known. A number of synthetic pathways

have been published which all suffer from disadvantages such as low yields and difficult purification. We present a synthetic path-
way to prepare isobenzofuran in laboratory scale with high yields, from affordable, commercially available starting materials.

Introduction

Isobenzofurans have been described as the most reactive dienes
for Diels—Alder reactions [1-5]. Their high reactivity is mainly
due to the resonance energy gained by formation of a benzene
ring in the cycloaddition product (Scheme 1) [6].

1
Scheme 1: Diels—Alder reaction of isobenzofuran and formation of a
benzene ring in the cycloadduct.

Isobenzofurans have been extensively used as 4 electron (diene)
components in Diels—Alder reactions, and moreover in other

cycloaddition reactions such as [4 + 3], [4 + 4], [8 + 8] and
[4 + 6] additions [7-10]. Highly strained alkenes and alkynes
have been trapped with isobenzofurans. 1,3-Diphenylisobenzo-
furan is the preferred trapping reagent for singlet oxygen and is
used to quantify the generation of 'O, in photodynamic therapy
[4,11]. The most important synthetic application is probably the
preparation of annulated polycyclic aromatic hydrocarbons by
cycloaddition to arynes [8,12]. However, the high reactivity of
isobenzofurans comes at the cost of low stability [13]. 1,3-
Diphenylisobenzofuran is reasonably stable and commercially
available and therefore the most frequently used isobenzofuran
derivative. The parent system isobenzofuran (IBF, 1) is about
10 times more reactive but generally described as a reagent that
is difficult to prepare and to purify [1]. Therefore, it should be
generated in situ, and used without isolation.

2659
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Results and Discussion

We now present a reliable and convenient synthesis providing
high yields of isobenzofuran. In contrast to previous reports, the
compound is stable for more than 8 months in pure form as a
solid at —15 °C. The half-life of IBF (1) in solution (150 mM,
27 °C, toluene-dg) is about 12 h. A half-life of 2 h in CDClj has
been previously reported [14]. Isobenzofurans are light sensi-
tive. Warrener et al. reported on [8 + 8] cycloaddition products
upon irradiation. Depending on the solvent further dimers are
formed [14].

Several procedures have been published for the synthesis of IBF
(1). The key step in the majority of the reported methods is a
retro Diels—Alder reaction [6,13,15-17]. Fieser and Haddadin
[17] describe IBF as a transient intermediate and Warrener and
Wege [13,15] isolated IBF at —80 °C on a cold finger. The
disadvantages of these methods are high reaction temperatures
during vacuum pyrolysis and multistep syntheses of the precur-
Sors.

The alternative way to synthesize IBF (1) is 1,4-elimination of
1,3-dihydro-1-methoxyisobenzofuran (7, DMIBF), which
provides access to IBF (1) at ambient temperature [18]. Three
methods have been published to prepare 7 (DMIBF). Reduction

o)
O/
O\
30
LiAH,
o)
OH  LiAlH, CCOH
OH OH
J 4
2

Scheme 2: Different approaches for the synthesis of IBF (1).

Beilstein J. Org. Chem. 2017, 13, 2659-2662.

of phthalic acid (2) or phthalic acid ester 3 to 1,2-bis(hydroxy-
methyl)benzene (4) [19], acid promoted ring closure, and subse-
quent oxidation with hypochlorite in the presence of methanol
gives 7 in a moderate yield of 65% [18].

Alternatively, phthalide 5 has been reduced to 1,3-dihy-
droisobenzofuran-1-ol (6) and methylated to DMIBF (7) [8].
However, yields in our hands are quite low.

It is known that benzy| ethers are prone to oxidative functionali-
zation [20]. 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)
has been used to selectively oxidize benzyl ethers to acetals in
the presence of alcohols [21]. Following a procedure of Doyle
et al. we reacted commercially available phthalan (8) with DDQ
and methanol in dry dichloromethane under a nitrogen atmo-
sphere at room temperature, and obtained DMIBF (7) with a
yield of 85% (Scheme 2) [22]. DMIBF (7) was treated with
freshly prepared lithium diisopropylamide (LDA) in benzene
and IBF (1) was obtained as a solution in benzene which was
washed with aqueous NH4ClI to remove lithium salts and
amines (Scheme 2) [8,18].

To determine the yield of IBF (1), this solution was reacted with
acetylenedicarboxylic acid dimethyl ester (DMAD, 9) and prod-

boron trifluoride

MeOH 8
MeOH o
cl cN
OMe
cl o
-
o) o
7
LDA
—
g
-
1
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uct 10 was obtained with a yield of 78% relative to the precur-
sor DMIBF (7, Scheme 3).

COOMe
_ COOMe
O | —
==
COOMe COOMe
1 9 10

Scheme 3: Reaction of in situ prepared IBF (1) with DMAD (9).

To further purify isobenzofuran (1), the benzene solution was
carefully evaporated and the residue was subjected to column
chromatography over silica gel (cyclohexane/ethyl acetate). We
were able to isolate IBF (1) as a colorless solid (mp 20 °C) with
a yield of 66%. The solid compound can be stored for up to
8 months at —15 °C without decomposition (polymerization).

Conclusion

Isobenzofuran (1) is one of the most reactive dienes in
Diels—Alder reactions and other cycloadditions. For practical
applications it has been generated and reacted in situ, because it
rapidly dimerizes or polymerizes in solvents of medium polarity
such as chloroform (712 = 2 h). We observed longer half-lives
in low polarity solvents (¢ = 12 h in toluene-dg, 150 mM,
27 °C). We have been able to purify the compound by chroma-
tography and to isolate it as a colorless solid (mp 20 °C). In
crystalline form, it is stable for 8 months at —15 °C without de-
composition. Upon oxidative methoxylation of commercially
available phthalane (85% yield) [22], and subsequent 1,4-elimi-
nation with LDA [18] we obtained isobenzofuran (1) in 78%
yield (trapping reaction) or in 66% isolated yield after chroma-
tography.

Experimental

NMR spectra were measured in deuterated solvents (Deutero).
Analytic measurements were performed by the following instru-
ments: Bruker CABAV 500neo ('H NMR: 500 MHz,
13C NMR: 125 MHz) and Bruker AV 600 (‘'H NMR: 600 MHz,
13C NMR: 150 MHz). Infrared spectra were recorded on a
Perkin-Elmer 1600 Series FTIR spectrometer with an A531-G
Golden-Gate-Diamond-ATR-unit. The high-resolution (HR)
mass spectra were measured with an APEX 3 FT-ICR with a
7.05 T magnet by co. Bruker Daltonics. Electron impact (EI).

1,3-Dihydro-1-methoxyisobenzofuran (7) [22]: 2,3-Dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ, 5.00 g, 22.0 mmol), dry
dichloromethane (100 mL), methanol (900 pL, 22.2 mmol) and
phthalan (8, 2.00 g, 16.7 mmol) were dissolved under a nitrogen
atmosphere. The reaction mixture was stirred for 13 h at room
temperature. The reaction was quenched with aq sodium hydro-

Beilstein J. Org. Chem. 2017, 13, 2659-2662.

gen carbonate solution and filtered over Celite. The aqueous
phase was extracted three times with dichloromethane. The
combined organic layers were dried over magnesium sulfate
and the solvent was removed under reduced pressure. The crude
product was purified by column chromatography on silica gel
(cyclohexane/ethyl acetate 8:2, Rr0.58) A colorless oil was ob-
tained. Yield: 2.13 g (14.2 mmol, 85%); '"H NMR (500 MHz,
300 K, CDCl3)  7.41 (d, 3J = 7.3 Hz, 1H), 7.39-7.33 (m, 2H),
7.27 (d, 3J = 7.4 Hz, 1H), 6.19 (d, *J = 2.2 Hz, 1H), 5.22 (dd,
2J=12.7 Hz, *J = 2.2 Hz, 1H), 5.05 (d, 2/ = 12.7 Hz, 1H), 3.44
(s, 3H) ppm; '3C NMR (150 MHz, 300 K, CDCl3) § 140.0,
137.3, 129.3, 127.9, 123.0, 121.0, 107.3, 72.2, 54.2 ppm.

Isobenzofuran (1, IBF) [18]: Diisopropylamine (1.43 g,
14.2 mmol) was dissolved in benzene (5.00 mL), and cooled to
0 °C. 2.5 M n-butyllithium solution in hexane (6.70 mL) was
added dropwise and the mixture was stirred for 15 min. The
freshly prepared LDA solution was warmed up to room temper-
ature. Then 1-methoxy-1,3-dihydroisobenzofuran (7, 800 mg,
5.33 mmol), dissolved in benzene (8 mL), was added dropwise
and stirred for 5 min. The mixture was washed with ammonium
chloride solution and then twice with water. The combined
organic layers were dried over magnesium sulfate and the sol-
vent was removed under reduced pressure. The crude product
was purified by column chromatography on silica gel (cyclo-
hexane/ethyl acetate 8:2, R 0.92). The solvent was carefully
evaporated at 20 °C. A colorless solid was obtained. Yield:
415 mg (3.52 mmol, 66%); mp 20 °C; IR (ATR): 3138 (w),
3044 (w), 2923 (w), 1774 (w), 1695 (m), 1462 (m), 1428 (m),
1368 (m), 1195 (w), 1043 (s), 976 (s), 950 (s), 888 (s), 871 (m),
758 (s), 672 (m), 635 (s), 601 (s), 539 (), 496 (s) ecm ;
"H NMR (600 MHz, 300 K, DMSO-dg) § 8.32 (s, 2H), 7.45
(dd, 3J = 6.8 Hz, 4J = 2.8 Hz, 2H), 6.86 (dd, 3/ = 6.8 Hz, 4/ =
2.8 Hz, 2H) ppm; '3C NMR (150 MHz, 300 K, DMSO-dg) &
136.1, 124.2, 123.5, 119.0 ppm; HRMS (EI) m/z: [M]" caled.
for CgHgO, 118.04173; found, 118.04186.

Dimethyl 1,4-epoxy-1,4-dihydronaphthalene-2,3-dicarboxy-
late (10): Dimethyl acetylenedicarboxylate (9, 1.00 g,
7.04 mmol) was dissolved in benzene (25 mL) under a nitrogen
atmosphere. A freshly prepared solution of isobenzofuran (1),
which was prepared from DMIBF (7, 1.10 mmol, 165 mg),
prior to purification by chromatography (see procedure above)
was added dropwise and stirred for 16 h at 50 °C. The crude
product was purified by column chromatography on silica gel
(cyclohexane/ethyl acetate 8:2, R¢0.27). A colorless oil was ob-
tained. Yield: 223 mg (858 umol, 78%); IR (ATR): 2953 (w),
1710 (s), 1637 (m), 1435 (m), 1291 (m), 1250 (s), 1211 (s),
1109 (s), 1064 (m), 976 (m), 910 (m), 854 (s), 755 (s), 734 (m),
655 (s) cm™!; 'H NMR (600 MHz, 300 K, CDCl3) & 7.43 (dd,
3J =52 Hz, 4J = 3.0 Hz, 2H), 7.07 (dd, 3J = 5.2 Hz, 4J =

2661
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3.0 Hz, 2H), 5.96 (s, 2H), 3.80 (s, 6H) ppm; 13¢ NMR
(150 MHz, 300 K, CDCl3) 8 162.8, 151.2, 146.2, 126.1, 121.4,
84.8, 52.4 ppm; HRMS (EI) m/z: [M]" calcd. for CjoH,0s5,
260.06847; found, 260.06800.
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3.6 Eine neue und effiziente Synthesemethode von Chlorinen, Iso- und
Bakteriochlorinen

Porphyrine 8 und ihre reduzierten Derivate, die Chlorine 9, Bakteriochlorine 11 und
Isobakteriochlorine 10, sind allgegenwartig in der Natur und somit von groBer
Bedeutung far die Naturwissenschaften (Abbildung 21). Dies wird durch die mehr als
50000 Publikationen in der Literatur untermauert.l'*3l

Porphyrin 8 Chlorin 9 Bacteriochlorin 11 Isobacteriochlorin 10  Pyrrocorphin 24

Abbildung 21: Schematische Strukturen von Tetrapyrrolverbindungen (Hydrierte Pyrrolringe sind in grauer
Farbe).

Zu den besonderen Eigenschaften gehéren die hohe Stabilitéat, die katalytischen
Aktivitdten sowie die photophysikalischen Eigenschaften, welche ein Dbreites
Anwendungsspektrum bieten.l'' Porphyrin- und Hydroporphyrinderivate werden
unter anderem als Photosensibilisatoren flr die photodynamische Therapie,[''% als
Lichtsammelantennen in  der Photosynthese,[''® als  Chromophore in
farbstoffsensibilisierten Solarzellenl''”l und flir das Design einer Reihe molekularer
photonischer Vorrichtungen und Materialien verwendet.l''®l Die Hydroporphyrine wie
Chlorine und Bakteriochlorine sind die wichtigsten Pigmente in photosynthetischen
Systemen von grinen Pflanzen und verschiedenen Bakterien. Die synthetischen
Beispiele flr Hydroporphyrine nehmen jedoch mit zunehmendem Hydrierungsgrad
ab. Die meisten Bakterio- und Isobakteriochlorine sind Derivate von Naturstoffen,!'']
da die Zahl der synthetischen Methoden begrenzt ist.['?01 Ausgehend von
Porphyrinen gibt es im Allgemeinen drei Ansatze zur Herstellung von Chlorinen und
(Iso-)Bakteriochlorinen.['?'l  Hierbei kann die Umwandlung von  Pyrrol-
Doppelbindungen durch (1) direkte Reduktion, (2) Oxidation oder (3) Cycloadditionen

erreicht werden.
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Zusammenfassung

In dieser Veréffentlichung wird ein neuer, leicht durchzufihrender, ergiebiger, regio-
und stereoselektiver Syntheseweg von Chlorinen 9, Bakteriochlorinen 11,
Isobakteriochlorinen 10 und Pyrrocorphinen 24 (Hexahydroporphyrinen) vorgestellt.

Mit Nickel(ll) im Tetrapyrrolkern wird erstmals die gesamte Reihe von

Hydroporphyrinen hergestellt und charakterisiert (Abbildung 22).

HzTPPFZO 8a

R= C4Fs

NiTPPF,, 8b

Abbildung 22: Darstellung der Synthese verschiedener Porphyrinderivate Uber eine [4+2] Cycloaddition.

Von besonders groBem Interesse ist das Bakteriochlorin 11a, da dieses eine starke
Absorptionsbande (733 nm) im NIR-Bereich zeigt. Da menschliches Gewebe in
diesem Wellenlangenbereich die héchste Transparenz aufweist, bietet 11a optimale
Voraussetzungen fir die Anwendung in der PDT. Des Weiteren ist das
Bakteriochlorin 11a stark fluoreszierend, was fir die Diagnostik bei der PDT von
groBer Bedeutung ist. Das entsprechende Ni(ll)-Bakteriochlorin 11b ist nicht-
fluoreszierend und ein stabiler NIR-Farbstoff, der bei 757 nm eine intensive
Absorption aufweist.
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ABSTRACT: A Diels—Alder strategy is reported to synthesize
the complete set of hydroporphyrins: chlorins, bacteriochlor-
ins, isobacteriochlorins, and pyrrocorphins. Porphyrins and Ni-
porphyrins react with isobenzofuran in very high yields at 70
°C to form the corresponding chlorins. Electron-deficient
porphyrins react with a second equivalent of isobenzofuran
yielding exclusively bacteriochlorin (82%), and Ni-porphyrin
gives only isobacteriochlorin (99%). All cycloadditions are
completely regio- and stereoselective. The regiochemistry is
correctly predicted using the ACID method.

orphyrins and their reduced derivatives (chlorins,
bacteriochlorins, isobacteriochlorins, and pyrrocorphins;
Scheme 1) are ubiquitous in nature, and more than 50 000
synthetic analogues have been synthesized so far.' Be51des
stability and catalytic activity, their photophysical propertles,
found a wide range of applications. Porphyrin and hydro-
porphyrin derivatives have been used as photosensitizers for
photodynamic therapy, 7 as light-harvesting antennae in
artificial photosynthe51s, as chromophores in dye-sensitized
solar cells,” for multiphoton microscopy’ and for the design of
a number of molecular photonic devices and materials.'’
Even though hydroporphyrins such as chlorins and
bacteriochlorins are the most important pigments in the
photosynthetic systems of green plants and bacteria, their
favorable absorption maxima in the visible and NIR range
notwithstanding, examples of synthetic hydroporpyrins de-
crease with increasing hydrogenation state (porphyrins:
45000, chlorins: 5100, bacteriochlorins: 576, isobacteriochlor-
ins: 180, pyrrocorphins: 68)." Most of the bacterio- and
isobacteriochlorins are semi-synthetic derivatives of natural
products]l because the number of fully synthetic methods is
limited."> There are three general synthetic approaches to
chlorins and (iso)bacteriochlorins starting from porphyrins.'

Scheme 1. Schematic Structures of Tetrapyrrolic
Compounds Including 18 Electron Annulene

Substructures”
porphyrin chlorin bacteriochlorin isobacteriochlorin  pyrrocorphin

“Hydrogenated pyrrole rings are shown in gray.

v ACS Pub“cat]ons © XXXX American Chemical Society

=

N-(CODP/ 4
d
NIR (733 nm) NIR (757 nm)

fluorescent

(601 nm)

Scheme 2. [4 + 2] Cycloaddition of Isobenzofuran 4 with
Free-Base H,TPPF,, (1), NiTPPF,, (2), and TPP (11)
Forming the Corresponding Chlorins

R=Cefs M=Hz 1

R=Ce¢Fs M=Ni 2 PMe
R=CgHs M=Hy11 ©:</o
3

R=Cefs M=H, 5 (endo)
R=CeFs M=Ni 6 (endo)

R=CgHs M = H; 14 (exo/endo)

The conversion of 4, pyrrolic double bonds can be achieved
by (1) direct reduction, (2) oxidation, and (3) cycloadditions.
Direct reduction (1) leads to chlorins that rapidly oxidize back
to the porphyrins. Oxidation (2) is usually performed with
OsO, and leads to the dihydroxylated chlorins, which are
further derivatized. Cycloadditions (3), while providing a
convenient, one-step access to chlorins, suffer from the low
reactivity of the §,4" pyrrolic double bond. Only very reactive
1,3-dipoles, such as azomethine ylides, M=18 pitrile oxides,'”

and nitronates'® react via 1,3-dipolar cycloadditions. Diels—
Alder reactions are restricted to highly reactive quinodi-
methanes as dienes, which have to be generated at very high
temperatures in situ, leading to chlorins and (iso)-
bacteriochlorins that are susceptible to oxidation to porphyrins
under air, limiting applications in photodynamic therapy.l‘)’20
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Scheme 3. Synthesis of Different Porphyrin Derivatives via
[4 + 2] Cycloadditions

HTPPF 1

Re GeF

NITPPFz 2

Table 1. Diels-Alder Reactions of Different Porphyrins with
IBF at 70 °C“

yield (%)
remaining
eq of starting
tetrapyrrole IBF material monoadduct bisadduct
H,TPPF,, 1 5 1 (6) 5 (88) 7 (6)
H,TPPF,, 1 15 1 9) s (26) 7 (65)
H,TPCF,, § 0 s (2) 5 @16)" 7 (82)
Ni-TPPE,, 2 5 2 08 6 (14) 8 (83)
Ni-TPPE,, 2 0 - -4 8 (99)
H,P 13 10 not isolated -
H,TPP 11 0 1 Qe 14 () -
Ni-TPP 12 10 not isolated -

“Reaction time was 36 h in all cases; anhydrous benzene was used as a
solvent.; and in all experiments, S0 mg of porphyrin was used (except
H,P). “Some product was lost through retro Diels—Alder reactions
“exo 53%, endo 19% “Some product was lost during column
chromatography

Figure 1. Crystal structure of endo free-base chlorin § and the anti—
endo free-base bacteriochlorin 7.

Driving force for oxidation is the rearomatization of the
newly formed cyclohexene ring. In principle, re-oxidation could
be prevented if stable, cyclic quinodimethanes such as the
commercially available 1,3-diphenylisobenzofuran (DBPF)
would be applied because a bridged cyclohexene would be
formed that is not susceptible to rearomatization. Unfortu-
nately, in our hands, DBPF does not react even with electron-
poor porphyrins such as tetrakis(pentafluorophenyl)porphyrin
1. Model calculations reveal that the phenyl substituents in
DBPF impose severe sterical hindrance with the aryl groups at

180000 — .
free base chlorin 5
160000 —— free base bacteriochlorin 7
140000 —+
120000
" 100000
o
S 80000
£
< 60000
W
40000
20000 |
Y T T T T T
300 400 500 600 700 800
80000 wavelength in nm
—— Ni-chlorin 6
—— Ni-isobacteriochlorin 8
60000~ — Ni-bacteriochlorin 9
—— Ni-pyrrocorphin 10
'€
.© 40000
°
€
2
W
20000~
0

T - T T T T
300 400 500 600 700 800
wavelength in nm
Figure 2. Electronic absorption spectra of chlorin § and

bacteriochlorin 7 and their reduced derivatives 6, 8, 9, and 10 at 25
°C in acetonitrile (tetrapyrrole concentration of 10 #M).

the meso position of the porphyrin. It was therefore
straightforward to use the parent isobenzofuran 4 (IBF) as
the diene in the Diels—Alder reaction with porphyrins. IBF 4 is
considerably more reactive than DBPF and concomitantly
sterically less hindered. On the downside, IBF is less stable
than DBPF and has to be freshly prepared before use. We
recently published a convenient synthesis of pure IBF 4, which
can be stored indefinitely as a solid at —20 °C.*' We here
report on the high reactivity and selectivity of IBF 4 in Diels—
Alder reactions with free-base porphyrins and Ni-porphyrins,
forming chlorins (1:1 addition products) and (iso)-
bacteriochlorins (2:1 addition) with complete regio and
stereoselectivity.

We selected tetrakis(pentafluorophenyl)porphyrin
(H,TPPF,;) 1 and Ni-tetrakis(pentafluorophenyl)porphyrin
(Ni-TPPF,p) 2 as dienophiles because they are readily
accessible and have been previously subjected to cyclo-
additions. We reacted both porphyrins with freshly prepared
IBF 4 for 36 h at 70 °C in benzene. After workup, 1:1
(chlorins), and 2:1 cycloaddition adducts (bacterio- and
isobacteriochlorins) were isolated (Schemes 2 and 3). The
electron-rich IBF and electron-deficient porphyrins form
charge-transfer complexes in a pre-equilibrium preceding the
cycloaddition. The formation of porphyrin charge-transfer
complexes is typically indicated by the quenching of the
fluorescence of the porphyrin.””*’ The fluorescence of
H,TPPF,, 1 (emissions at 643 and 702 nm) is indeed
quenched upon addition of IBF 4 (see the Supporting

DOI: 10.1021/acs.orglett.8b03433
Org. Lett. XXXX, XXX, XXX=XXX
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1V=0.058 vV=0.071

geometry optimization: B3LYP/6-31G(d), NMR: CSGT/6-311+G(d),
ACID: 5': 18 = orbitals, 6°: 20 = orbitals, grid -p 1024000

Figure 3. ACID plots predicting the regiochemistry of the Diels—
Alder reaction of free base chlorin 5" and the Ni-chlorin 6’ with
isobenzofuran (IBF, 4). Both chlorins include an aromatic '*annulene
subunit (highlighted with bold lines) and are represented as
contiguous isosurfaces in the ACID plot, leaving one double bond
isolated, i.e., olefinic in nature and, thus, more reactive toward a
cycloaddition (indicated with red arrows). For the sake of simplicity
and to save computer time, the pentafluorophenyl substituents are
replaced by fluorine, and the 1,3-dihydroisobenzofuran unit is
replaced by two hydrogen atoms. Critical isosurface values (CIV)
are given for all conjugated C—C and C—N bonds. Large CIV values
represent bonds with strong conjugation.

Information).”* The formation of stable charge-transfer
complexes is further corroborated by density functional theory
calculations (see the vide infra results).

Ni-porphyrin 2 is more reactive than the corresponding free-
base porphyrin 1 and forms higher amounts of 2:1 products
(see Table 1). NMR spectra and a crystal structure analysis
(Figure 1) reveal that only endo products are formed.
Remaining starting material (porphyrin), 1:1 (chlorins), and
2:1 products can be easily separated by column chromatog-
raphy (see the Supporting Information). We attribute the
strong endo stereospecifity to the pre-orientation of IBF 4 in
the charge-transfer complex (Scheme 2). Electron-rich H,TPP
11 forms a much-weaker complex with IBF 4, and therefore,
both endo and exo products are formed.

With a higher excess (10—15 equiv) of IBF 4 (at 70 °C),
predominantly 2:1 products are formed. Free-base porphyrin 1
exclusively forms the corresponding bacteriochlorin 7 with an
829% yield, and Ni-porphyrin 2 gives 99% Ni-isobacteriochlorin
8. Compared to previously published cycloadditions, both
yields are exceptional. Moreover, both cycloadditions are
completely regio- and stereoselective. Among the 12
conceivable isomers (iso/bacteriochlorin, endo/exo, and syn/
anti), only one isomer is formed. Nuclear magnetic resonance
and a crystal-structure analysis (Figure 1) prove that only the
anti and endo—endo products of the free base bacterio- and Ni-
isobacteriochlorin are isolated. To gain access to the complete
series of Ni-tetrapyrroles: Ni-porphyrin, Ni-chlorin, Ni-
isobacteriochlorin, Ni-bacteriochlorin, and Ni-pyrrocor-

(anti exo exo ) \
(Csynexoexo g
) ¢
) @3 (antiendo ex0)
@8 .
@s (synendo ex0) -
=8 7 anti endo endo bacterio-
) /= ; %43 chlorin
V) e syn endo endo)
Syn endo endo) &)
(20.67
@09
(anti exo exo %2 .
Comeoero )i
38)
e

chlorin isobacterio-

chlorin

antlex0 ex0 }5-5)

% (Cmee e s
GO
"
chlorin bacterio-
~ @y Enendoencl chlorin
O/ aan %)
-
i
Canti exo exo
09
endo @ Camesosio) o
i r [ iy (anti endo exo)..-

e
5_

o) r
R N | Cmendes)
chlorin - (8.2ntf endo endo) isobacterio-
@2 (syn endo endo). .~ chlorin
Exm endo ende)ry
O experiment 27"~ kinetically preferred  energies in Kcal mol' (B3LYP-D3/6-31G")
@D transition state enthalpy > relative CT complex
D reaction enthalpy preferred

Figure 4. (a) DFT calculations of the Diels—Alder reactions of the
free base porphyrin TPPF,, 1 with isobenzofuran (IBF, 4) yielding
the corresponding chlorins § in endo and exo configurations and the
subsequent Diels—Alder reactions with a second molecule of IBF (4)
to form all 12 conceivable isomers of the 2:1 addition products
(bacterio- and isobacteriochlorins) in exo, endo, anti, and syn
configurations. (b) DFT calculations of the Diels—Alder reactions
of the Ni-porphyrin Ni-TPPF,, 2 analogous to that shown in panel a).
All reaction energies and activation barriers are given relative to the
corresponding charge-transfer (van der Waals) complex from which
the cycloaddition starts. The experimentally observed pathways and
products are highlighted. Predicted and observed products are
identical with one exception. According to experiment, the cyclo-
addition of IBF to the free base chlorin § gives anti, endo, and endo
bacteriochlorin 7. DFT calculations favor the formation of the syn,
endo, and endo isomers based on kinetic as well as thermodynamic
data.

phin,”>?® we inserted Ni into bacteriochlorin 7 (Scheme 3;

for UV—vis spectra, see Figure 2).

Ni** insertion into 7 following conventionally procedures
such as treatment with Ni(OAc), in DMF at 150 °C were
unsuccessful because cycloreversion took place at high
temperatures. We therefore used a previously published
method that allows Ni** insertion under mild conditions.
Treatment of 7 with Ni(COD), at 20 °C yielded the Ni-

DOI: 10.1021/acs.orglett.8b03433
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bacteriochlorin 9 and Ni-pyrrocorphin 10.”” The Ni-
pyrrocorphin 10 can be converted to the Ni-bacteriochlorin
9 using trifluoroacetic acid under air (see the Supporting
Information).

To explore the scope and limitation of our new method, we
subjected tetraphenylporphyrin 11 (TPP), Ni-tetraphenylpor-
phyrin 12 (Ni-TPP), and parent porphin 13 (H,P) to
cycloadditions with IBF 4. TPP gives chlorin 14 with endo
and exo configurations that can be separated by column
chromatography. However, no 2:1 products are formed. Ni-
TPP and parent porphin also give chlorins that have not been
further characterized because of very poor solubility (Table 1).
The Diels—Alder reactions also proceed at room temperature;
however, reaction times until complete conversion are several
days.

A similar regioselectivity in the cycloadditions of electron-
deficient free-base chlorins yielding bacteriochlorins and of the
corresponding Ni-chlorins forming isobacteriochlorins has
been previously observed upon reaction of TPPF,, and Ni-
TPPF,, with two equivalents of azomethine ylides, quinodi-
methanes, and hydrogenation.'9'25’z Bruhn and Briickner
explain this regioselectivity based on their average ionization
energy (ALIEs) procedure.”® We here apply our ACID method
that is known to reliably predict stereoelectronic effects.””*
The ACID scalar field is interpreted as the density of
delocalized electrons, which is represented as an isosurface
(just as the total electron density). The degree of conjugation
between atoms or bonds can be quantified by the critical
isosurface value (CIV). CIV is defined as the ACID value at
points where the gradient of the ACID scalar field is zero and
the Laplacian has two negative and one positive eigenvalues.
High CIV values indicate strong conjugation. ACID applied to
the chlorins §” and 6’ gives an intuitive and conclusive picture.
Both chlorins include annulene subunits (bold lines in Figure
3, top), which are aromatic with 4n + 2 delocalized electrons.
The ACID plot of free base chlorin §' clearly reflects this
classical view. The aromatic subsystem is readily identifiable as
a contiguous ACID isosurface (yellow surface in Figure 3,
bottom, left). Separate and isolated from this '*annulene unit is
the f3,,,1; double bond, opposite to the hydrogenated C—C
bond (indicated with a red arrow, Figure 3). This double bond
is rather olefinic (CIV: 0.055) and, hence, more reactive as a
dienophile in Diels—Alder reactions or any other reaction
converting this C=C double bond into a single bond. The C=C
bonds participating in the aromatic system (CIV: 0.083) are
less reactive, which explains the experimental finding that
exclusively the bacteriochlorin is formed. The situation is more
complicated in Ni-chlorin 6’. A pair of degenerate, symmetry-
equivalent valence bond substructures can be drawn to
describe the aromatic 'Sannulene subunit (one of them is
shown in Figure 3 top, right). Here the f3,f; and f,,fs
double bonds (indicated with red arrows, Figure 3 bottom
right) are more isolated (CIV: 0.069) compared to the /3,53
double bond (CIV: 0.073), which explains the experimentally
observed formation of the isobacteriochlorins.

To further elucidate the reason for the remarkable stereo-
and regioselectivity of our cycloadditions, we performed
calculations at the B3LYP-D3/6-31G* level of density
functional theory (DFT), including dispersion.”’ Reaction
enthalpies and activation barriers were determined relative to
the charge-transfer (van der Waals) complex from which the
cycloaddition starts. These complexes are stable minima on the
potential energy hypersurface. The results are summarized in

Figure 4. Thermodynamic and kinetic data are within the
expected range for Diels—Alder reactions proceeding at room
temperature or slightly elevated temperatures. Our calculations
correctly predict the stereo- and regiochemistry except for the
experimentally observed formation of anti, endo, endo
bacteriochlorin 7. According to the DFT calculations, the
formation of the corresponding syn product should be
preferred (Figure 4 a). This discrepancy can be explained by
the fact that our calculations do not include entropy. The
formation of the syn isomer is entropically disfavored because
the attack of IBF at the porphyrin 7 hemisphere, which is
already shielded by the first IBF addition, is disfavored.
Cycloaddition therefore takes place from the less-hindered
side.

In summary, we present a convenient, high-yielding, regio-
and stereoselective synthesis of chlorins, bacteriochlorins,
isobacteriochlorins, and pyrrocorphins (hexahydroporphyrins).
With Ni** in the tetrapyrrolic core, the whole series of
hydroporphyrins has been prepared and characterized. In
particular, bacteriochlorins are highly interesting chromo-
phores because they exhibit strong absorption bands in the
near-infrared. At these wavelengths, blood-supported tissue is
relatively transparent. Free-base bacteriochlorin 7 is strongly
fluorescent and stable toward oxidation, and with a strong
absorption band at 733 nm, it is a good candidate for
applications in photodynamic therapy. The corresponding Ni-
bacteriochlorin 9 is non-fluorescent and a stable NIR dye with
a strong absorbance at 757 nm. Both compounds are good
starting points for further derivatization because the penta-
fluorophenyl rings are susceptible to aromatic substitution with
nucleophiles, including water-solubilizing groups.”

Bl ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.8b03433.

Experimental procedures and spectral data, details of
computational studies, and crystallographic data (PDF)

Accession Codes

CCDC entries nos. 1851406 and 1851407 contain the
supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/
data_request/cif, by e-mailing data_request@ccdc.cam.ac.uk,
or by contacting The Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK, fax:
+44 1223 336033.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: rherges@oc.uni-kiel.de.
ORCID

Christian Nather: 0000-0001-8741-6508
Rainer Herges: 0000-0002-6396-6991

Notes

The authors declare no competing financial interest.

DOI: 10.1021/acs.orglett.8b03433
Org. Lett. XXXX, XXX, XXX=XXX

86



3 Publikationen und deren Zusammenfassungen

Organic Letters

B ACKNOWLEDGMENTS

The authors gratefully acknowledge financial support by the
Deutsche Forschungsgesellschaft (DFG) within the Sonderfor-
schungsbereich 677, “Function by Switching”.

B REFERENCES

(1) Reaxys database May 2018.

(2) Porphyrins: Optical spectra and electronic structure of porphyrins
and related rings; Gouterman, M.; Dolphin, D., Eds.; Academic Press:
Boston, 1978; Vol 3 (Part A), pp 1—165.

(3) Bonnett, R. Chem. Soc. Rev. 1995, 24, 19—33.

(4) Sternberg, E. D.; Dolphin, D.; Bruckner, C. Tetrahedron 1998,
54, 4151—4202.

(5) Mazor, O.; Brandis, L; Plaks, V.; Neumark, E.; Rosenbach-
Belkin, V.; Salomon, Y.; Scherz, A. Photochem. Photobiol. 2005, 81,
342-351.

(6) Gust, D.; Moore, T. A.; Moore, A. L. Acc. Chem. Res. 2009, 42,
1890—1898.

(7) Esswein, A. J.; Nocera, D. G. Chem. Rev. 2007, 107, 4022—4047.

(8) Li, L.-L.; Diau, E. W.-G. Chem. Soc. Rev. 2013, 42, 291—304.

9) Konig, K. J. Microsc. 2000, 200, 83—104.

(10) Holten, D.; Bocian, D. F.; Lindsey, J. S. Acc. Chem. Res. 2002,
35, 57—69.

(11) Scheer, H. An Overview of Chlorophylls and Bacteriochlor-
ophylls: Biochemistry, Biophysics, Functions and Applications.
Advances in Photosynthesis and Respiration 2006, 25, 1—26.

(12) Pandey, R. K; Zheng, G. Porphyrin Handbook (Porphyrins as
photosensitizers in photodynamic therapy), Kadish, K. M.; Smith, K. M.;
Guilard, R., Eds; Academic Press: Boston; Vol 6, Chapter 43, pp
157-230.

(13) Taniguchi, M.; Lindsey, J. S. Chem. Rev. 2017, 117, 344—53S.

(14) Silva, A. M. G.; Tomé, A. C.; Neves, M. G. P. M. S,; Silva, A. M.
S.; Cavaleiro, J. A. S. J. Org. Chem. 2008, 70, 2306—2314.

(15) Silva, A. M. G.; Tomé, A. C.; Neves, M. G. P. M. S,; Silva, A. M.
S.; Cavaleiro, J. A. S. Chem. Commun. 1999, 1767—1768.

(16) Silva, A. M. G.; Tomé, A. C.; Neves, M. G. P. M. S.; Silva, A. M.
S.; Cavaleiro, J. A. S. J. Org. Chem. 2002, 67, 726.

(17) Liu, X; Li, C.; Peng, X.; Zhou, Y.; Zeng, Z; Li, Y.; Zhang, T.;
Zhang, B.; Dong, Y.; Sun, D.; Cheng, P.; Feng, Y. Dyes Pigm. 2013,
98, 181—189.

(18) Ebrahim, M. M.; Moreau, M.; Senge, M. O. Heterocycles 2011,
83, 627—-630.

(19) Tomé, A. C.; Lacerda, P. S. S.; Neves, M. G. P. M. S.; Cavaleiro,
J. A. S. Chem. Commun. 1997, 1199—1200.

(20) Vicente, M. G. H.; Cancilla, M. T.; Lebrilla, C. B.; Smith, K. M.
Chem. Commun. 1998, 2355—2356.

(21) Peters, M. K.; Herges, R. Beilstein ]. Org. Chem. 2017, 13,
2659—2662.

(22) Gouterman, M.; Stevenson, P. E. J. Chem. Phys. 1962, 37,
2266—2269.

(23) Aoki, T.; Sakai, H.; Ohkubo, K.; Sakanoue, T.; Takenobu, T.;
Fukuzumi, S.; Hasobe, T. Chem. Sci. 2015, 6, 1498—1509.

(24) Rahman; Harmon, H. J. Spectrochim. Acta, Part A 2006, 65,
901-906.

(25) Ide, Y.; Kuwahara, T.; Takeshita, S.; Fujishiro, R.; Suzuki, M.;
Mori, S.; Shinokubo, H.; Nakamura, M.; Yoshino, K.; Ikeue, T. J.
Inorg. Biochem. 2018, 178, 115—124.

(26) Sehwesinger, R.; Waditschatka, R.; Rigby, J.; Nordmann, R;
Schweizer, W. B.; Zass, E.; Eschenmoser, A. Helv. Chim. Acta 1982,
65, 600—610.

(27) Peters, M. K.; Herges, R. Inorg. Chem. 2018, 57, 3177—3182.

(28) Bruhn, T.; Briickner, C. J. Org. Chem. 2015, 80, 4861—4868.

(29) Geuenich, D.; Hess, K.; Kohler, F.; Herges, R. Chem. Rev. 2005,
10S, 3758—3772.

(30) Herges, R; Geuenich, D. J. Phys. Chem. A 2001, 105, 3214—
3220.

(31) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. J. Chem. Phys.
2010, 132, 154104.

(32) Dommaschk, M.; Gutzeit, F.; Boretius, S.; Haag, R.; Herges, R.
Chem. Commun. 2014, 50, 12476—12478.

DOI: 10.1021/acs.orglett.8b03433
Org. Lett. XXXX, XXX, XXX=XXX

87



3 Publikationen und deren Zusammenfassungen

3.7 Herstellung von Singulett-Sauerstoff durch ein wasserlésliches
Bakteriochlorin

Die PDT ist eine anerkannte Methode zur gezielten Zerstérung von Tumoren, wobei
eine Schadigung des umliegenden Gewebes verhindert wird.['??1 Anwendung findet
diese Therapie bereits bei Hautkrebs, Brustkrebs, frih erkanntem Lungenkrebs
sowie Kopf-Hals-Tumoren.[57:123l

In der PDT werden Photosensibilisatoren unter Verwendung von Licht eingesetzt, um
aggressiven Singulett-Sauerstoff zu generieren. Bis jetzt ist jedoch nur eine kleine
Anzahl von PS auf dem Markt zugelassen. Dies liegt an den strengen Auflagen und
an der begrenzen Auswahl an geeigneten NIR-Farbstoffen.l'24

Ein idealer PS sollte eine Absorption im langwelligen Bereich (700-900 nm)
aufweisen, da hier die groBte Eindringtiefe in Gewebe ermdglicht wird.['2% AuBerdem
sind auch die Singulett-Sauerstoff-Quantenausbeute und die Stabilitdt entscheidende
Faktoren, die die Wirksamkeit eines PSs beeinflussen.['26]

Das Photofrin dient als eines der meistverwendeten PSs speziell in klinischen
Studien sowie PDT-Protokollen. Hierbei handelt es sich um eines der vielen Derivate
des Hamatoporphyrins. Diese Derivate haben jedoch einige Nachteile wie z.B.
Photobleaching, Instabilitat oder toxische Schwermetalle, die die allgemeine klinische
Verwendung einschrédnken. Aus diesem Grund ist die Untersuchung und
Weiterentwicklung der publizierten Chlorine und Bakteriochlorine fir die Medizin von
groBBer Bedeutung.
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Zusammenfassung

In dieser Veréffentlichung wird die Untersuchung des Bakteriochlorins 11a auf die
Anwendbarkeit als PS sowie die Weiterentwicklung von 11a (hinsichtlich der guten
Eigenschaften) dargestellt. Durch die Umsetzung mit Triglycerol-Dendrimer (G[2.0]-
OH) und die anschlieBende Entschiitzung der acetalgeschitzten Hydroxygruppen
konnte das Molekil 26 synthetisiert werden, welches ein wasserlésliches
Bakteriochlorin darstellt (Abbildung 23).

Syntheseweg 1

R=. : F
R
FYF H,TPPFy 8a

1. NaH, G[2.0]-OH 1. NaH, G[2.0]-OH
2. ACOH 2. AcOH

Syntheseweg 2

Porphyrin Bacteriochlorin

\ /

S e e e S a A
Hoj/ \EOH Hoj) \EOH

HO OH HO OH

<
ne
o]

Abbildung 23: Synthese des wasserldslichen Bakteriochlorins 26 durch eine [4+2] Cycloaddition.

Die beiden Bakteriochlorine 11a und 26 zeigen eine Absorption im NIR-Bereich des
elektromagnetischen Spekirums bei 733 nm. Dies stellt eine der wichtigsten
Voraussetzungen flir einen PS in der PDT dar. Aber auch das Emittieren von Licht
bei 738 nm ist fir die Diagnostik vorteilhaft.

Das Bakteriochlorin 26, welches durch die Wasserl6slichkeit fur in vivo-Anwendung
interessanter ist als 11a, zeigt bei der Untersuchung der Singulett-Sauerstoff- und
Hydroxylradikal-Erzeugung, dass es 16-mal effektiver ist als das klinisch
zugelassene Protoporphyrin IX. Dies macht diese Chromophore fir die Bildgebung
sowie die PDT hochinteressant.
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Bacteriochlorin derivatives are promising ph itive ag

for photodynamic therapy (PDT). In this study, the photodynamic
activity of a novel near-infrared water soluble bacteriochlorin
derivative was i igated. The bacteriochlorin shows high
singlet oxygen generation, which was detected by using 1,3-

diphenylisobenzofuran (DPBF).

Porphyrins and their reduced derivatives have a wide range of
applications.l'z’a""5 For this reason, these syntheses of new
molecules are of great importance. Chlorins and bacteriochlorins
can be used as a photosensitizer (PS) for singlet oxygen generation
in solution, which can be relevant for the photodynamic therapy
(PDT).""7 The PDT has gained acceptance as a front line cancer
therapy ®*'®™ being approved mainly concerning tumors, such as
skin cancers, breast cancer, early lung cancers and tumors of the
head and neck by regulatory agencies in the U.S.A and many
European countries.® 1213141516

Photofrin® has been used as a PS for most approved clinical trials
and PDT pro'(ocols.17 This PS is a derivative of Hematoporphyrin.
However, the Photofrin® has several disadvantages which limit its
general clinical use. A few of them show a minimum absorption in
the visible region of the bio-optical window, where the penetration
depth into tissue is maximum. Available PS tend to lose absorbance
during irradiation due to rapid photobleaching and long-term skin
photosensitivity. 1

In this study, we report on the synthesis and photophysical
properties of a new near-infrared water-soluble bacteriochlorin.
This PS was designed from the meso-
Tetra(pentafluorophenyl)porphyrin  (H,-TPPFy) 1, and was
produced via two different synthesis routes (see Scheme 1). (1) We
recently published a convenient synthesis of pure Isobenzofuran
(IBF) 2,"® which can be used as diene in the Diels-Alder reaction with
Hy-TPPFy 1% The reaction with the porphyrins 1 and freshly
prepared IBF 2 yielding the bacteriochlorin 3, which was
functionalized with the second generation glycerol (G[2.0]-0H).“,22
Afterwards the 32 alcohol functions of the bacteriochlorin were

Otto-Diels-Institut fiir Or he Chemie, Christi Ibrechts-Uni
Hahn-Platz 4, 24098 Kiel, Germany. Mail: rherges@oc.uni-kiel.de

itdt, Otto-

This journal is © The Royal Society of Chemistry 20xx

deprotected with acetic acid. (2) H,-TPPF,, was functionalized with
the second generation glycerol (G[2.0]-OH). Following the Diels-
Alder with the IBF 2 results the bacteriochlorin, which was
deprotected with acetic acid. The synthesis route 1, compared to 2,
gives the better yield and was able to purify.

Scheme 1: Synthesis of bacteriochlorin derivatives via [4+2]
cycloadditions.

synthesis route 1

R=; : £
R
R, TPPR 1

1.NaH, G[2.0}-0H
2.AOH
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The PSs bacteriochlorin 3 and novel near-infrared water soluble
bacteriochlorin 5 showed excellent optical properties in solution.
The PSs display an intense green color as well as sharp absorption in
the near-infrared region at 733 nm and with moderate quantum

yields of fluorescence at 738 nm (see Figure 1).
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Figure 1. The absorption (black) and fluorescence emission (red)

spectra of compounds 3 (right: methanol, 25 °C, concentration:

10 pM) and 5 (right: methanol, 25 °C, concentration: 10 uM).

A study of singlet oxygen generation in solutions was performed to
assess the ability of 3 and 5 to generate singlet oxygen. Several
samples were irradiated by light with different wavelengths at an
intensity of 0.5 mW/cm?. Singlet oxygen generation was proved
experimentally in tetrahydrofuran (THF) by 1,3-
diphenylisobenzofuran (DPBF) (Figure 2) and in water by betanin
(Figure 3), which are known as indicators for singlet oxygen
indicators.”?*% (1) The experiment in THF: The decrease of the
absorbance band at 410 nm was monitored. It was caused by the
oxidation of DPBF with reactive oxygen species such as singlet
oxygen.

The experiments were performed with starting concentrations of
5x10°M of PS and 90x10°M of DPBF (see Figure 2). As a
reference PS, Protoporphyrin IX 6 was used, which is commercially
available. The Protoporphyrin 6 (clinically approved PDT agent)
shows high generation of singlet oxygen and its quantum yield
0(102) =0.56 was published in previous experiments.26

0,0

-0.54

1.0 = DPBF without dye in THF (740 nm; 0.5 mW)

g° @ Protoporphyrin IXin THF (590 nm; 0.5 mW)
< 154 A Protoporphyrin IX in THF (630 nm; 0.5 mW)
; ¢ 3inTHF (740 nm; 0.5 mW)
o

-2,0

-2,5

-3,0

T T T T T T T T T T T T T T T 1

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
time (min)

Figure 2. Time-dependent decrease of absorbance at 410 nm by

oxidation of DPBF (90 X 10° M) with a dye (5 X 10° M) under light

(at 0.5 mW/cm?).

(2) The experiment in water: The decrease of the absorbance band
of betanin at 540 nm was monitored. The experiments were
performed with starting concentrations of 5 x 10°M of PS and
5x10° M of betanin (see Figure 3). As a reference PS, Methylene
blue was used, which is commercially available.

2 | J. Name., 2012, 00, 1-3
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Figure 3. Time-dependent decrease of absorbance at 540 nm by
oxidation of betanin (5 X 10° M) with a dye (5 X 10° M) under light
(at 0.5 mW/cm?).

The PS 3 shows high generation of singlet oxygen in the experiment
(see Figure 2), being 30 times higher in tetrahydrofuran compared
to the Protoporphyrin IX and the new NIR water soluble
bacteriochlorin 5 is 2 times better in water than Methylene blue
(see Figure3). This is highly important for second generation PSs.
However, for a number of second generation PSs, in particular
bacteriochlorin PSs, photobleaching is one of the major problems in
PDT.” For this reason, the photostability of the new
bacteriochlorins 3 and 6 was investigated under harsh conditions
with an irradiation of light at 740 nm with an intensity of
1000 mW/cm? for about 60 min. The photobleaching of compounds
3 and 5, was obtained experimentally by observing the absorption
maxima at 733 nm. The PS 3 and 5 are very stabile and no
decomposition or change in the UV spectrum was detected (see
supporting information).

Conclusions

In conclusion, new PSs analogues were developed that absorb
(733nm) and emit (738 nm) in the NIR region of the
electromagnetic spectrum. Compound 3 showed over 30 times
more singlet oxygen generations in THF compared to clinically
approved Protoporphyrin IX 6 and the water soluble bacteriochlorin
5 is 2 times better in water than Methylene blue. Additionally, they
are highly resistant to photobleaching. Due to that they are a
promising NIR photosensitizers in PDT. These chromophores could
be useful for combined purposes such as imaging and PDT.

Notes and references
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Albrechts-Universitiit zu Kiel

Bacteriochlorin for medical use and for generating singlet oxygen and other reactive

oxygen species and production process

The present invention relates to a novel compound comprising the general structure of a
bacteriochlorin. The compound can be for use as a medicament, e.g. for use in medical
treatment, especially in a medical treatment using activation of the compound by irradiation
with light, which is also referred to as photodynamic therapy. The medical treatment can be
the treatment of solid tumours, of a skin disease, an infection, e.g. a bacterial, fungal or viral
infection, of macular degeneration, wherein the infectious agent may be resistant to at least
one antibiotic. The compound generates singlet oxygen and optionally other reactive oxygen
species (ROS) from oxygen, which singlet oxygen and ROS are highly reactive and inactivate

e.g. bacteria, viruses and mammalian cells, e.g. tissue.

The compound has the advantage that it is stable against oxidation, e.g. it is not quickly
inactivated by the singlet oxygen that it generates under irradiation. Further, the compound is

useful in a technical process for generating singlet oxygen and ROS, because irradiation with
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a wavelength in the near infrared range, especially a wavelength of 740 nm, activates the
compound to generate singlet oxygen from gaseous or dissolved oxygen. The compound can
be derivatized by various substituents to adjust its hydrophilicity, respectively lipophilicity.
Specifically, the compound can be derivatized by substituents, which render the compound

non-immunogenic.

Further, the invention relates to an embodiment in which the compound contains a complexed
metal ion, which is selected from alkaline earth metals and transition metals e.g. ions of Mg,
Pt, Pd, Ni. In the embodiment in which the complexed metal ion is Ni**, the compound does
not produce singlet oxygen under irradiation. In this embodiment, the compound forms an

oxidation-stable dye.

Further, the invention relates to a technical process for producing singlet oxygen, wherein the
compound is preferably immobilized on a carrier, e.g. by a covalent linkage to the carrier,
contacting the compound with oxygen and irradiating the compound. The oxygen can be

contained in a gas, e.g. air, or in a liquid, e.g. water.

The invention also provides a process for producing the compound. The production process
has the advantage of optionally being purely synthetic, i.e. without the use of reactants of
natural origin. The production process also has the advantage of requiring only moderate
temperatures, e.g. below 70°C, e.g. at room temperature, and that the process does not use a

metal-containing catalyst.

State of the art
Padeliporphin, which is known for use in photodynamic therapy of cancer, produces singlet
oxygen from oxygen present in tissue. Padeliporphin has the disadvantage to contain the
heavy metal palladium and that, under irradiation, it is degraded by the singlet oxygen it

produces.

Peters and Herges, Beilstein J. Org. Chem. 2017, 13, 2659-2662 describe a synthetic method

for producing isobenzofuran.

Object of the invention

The object of the invention is to provide alternative compounds, which are stable against
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oxidation, especially for use as a medicament in the medical treatment e.g. of cancer or in a
technical process for producing singlet oxygen and optionally ROS, and which can be
produced e.g. without use of OsO, and at temperatures of below 100°C, e.g. at below 70°C.
Preferably, the compounds generate singlet oxygen from surrounding oxygen under
irradiation. More preferably, the compounds shall have an absorption in the wavelength range
of 680-900 nm, which is generally known as the range for which human tissue is

transmissible.
Description of the invention

The invention achieves the object by the features of the claims, especially by providing a

compound comprising

Structure 1,

and/or preferably

Structure 2.

In a preferred embodiment, the compound comprises
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Structure 3
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Structure 4
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The substituents R1 to RS shown here in the meso positions are examples for substituent R,

which can be the same or a different substituent in each position. Generally, especially in
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Structure 1 and Structure 2, atoms having valences at which no substituent is explicitly

shown, e.g. in the f positions, may be substituted with H or any other substituent.

The porphyrin moiety can optionally carry substituents, e.g. in at least one or all of the meso
positions of the porphyrin moiety and/or in at least one or in all of the 8 S positions of the
porphyrin ring. In Structure 3 and Structure 4 the substituents R can be different in each
position or the same substituent. The substituents R can be selected from linear, branched or
circular alkyl or aryl groups, e.g. C1 to C12, optionally containing at least one hetero atom,
and aliphatic or aromatic groups, e.g. containing at least one five-membered or six-membered
ring, optionally containing at least one hetero atom, and R can be as shown for Structure 4.
Structure 3 and Structure 4 show R1 being H, R2 being phenyl, R3 being pentafluorophenyl,
and R4 and R5 being para-substituted tetrafluorophenyl with the para-substituent being
dendrimers of different lengths as preferred substituents R. Preferably, in Structure 3 and
Structure 4, atoms having valences at which no substituent is explicitly shown, may be

substituted with any substituent, preferably with H.

Generally, the carbon atoms in the 4, 5, 6 and 7 positions of the phenyl ring of the
isobenzofuran moiety can be substituted with hydrogen or with any other substituent, e.g. a
substituent selected from linear, branched or circular alkyl or aryl groups, e.g. C1 to C12,
optionally containing at least one hetero atom, and aliphatic or aromatic groups, e.g.
containing at least one five-membered or six-membered ring, which can be annelated to the
phenyl ring of the isobenzofuran moiety, each substituent optionally containing at least one
hetero atom, and R can be as shown for Structure 4. Substituents of the 4, 5, 6 and 7 carbon
atoms in positions of the isobenzofuran moiety can be the same as the substituents of meso
and/or of f§ positions of the porphyrin moiety, or substituents of the 4, 5, 6 and 7 carbon atoms
in positions of the isobenzofuran moiety can differ from the substituents of meso and/or of f#
positions of the porphyrin moiety. Further, a substituent may be annelated to a carbon atom in
/i position and one carbon atom in meso position of the porphyrin moiety (schematically
shown in Fig. 9a), and/or a substituent may be annelated to two neighbouring carbon atoms in

B positions of the porphyrin moiety (schematically shown in Fig. 9b).
The compounds of the invention have the advantage of not agglomerating; especially not

forming agglomerates by their porphyrin moieties. Currently, it is assumed that the

isobenzofuran cycloaddition product prevents stacking of the porphyrin moieties.
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In a preferred embodiment, the compound is for use as a medicament, e.g. for use in a
medical treatment, e.g. for use in photodynamic therapy, especially for use in the treatment of
pre-cancerous tissue, of solid cancer, e.g. skin cancer, prostate cancer, of a skin disease, e.g.
psoriasis, acne, skin infections, macular degeneration, in antimicrobial photodynamic
chemotherapy, especially for the treatment of oral infections and/or of biofilms, e.g. attached
to tissue or mucosa, including infections by antibiotic-resistant microorganisms. The
medicament comprising the compound can e.g. contain the compound in an aqueous or
lipophilic composition, e.g. in a formulation for injection, especially for intra-tumoral
injection, for systemic injection, or in a formulation for topic application. Substituents having
dendrimer portions, e.g. as shown for R4 and R5, have the advantage of having low

immunogenicity or being non-immunogenic.

Optionally, the compounds of the invention can be contained in molecules which contain at
least two or at least three of Structure 1 and/or Structure 2, e.g. linked together by their
substituents. Such molecules may have a molecular weight in the range of 20 to 200 kDa, e.g.
to provide for the EPR effect resulting in an accumulation of the molecules in tumour tissue
after systemic administration. As an example, a compound having a molecular weight in this
range can be obtained by reacting Structure 4 which is substituted with RS in all meso
positions, with additional Structure 4 IV which is substituted with R3, and subsequent

dendronisation. An exemplary compound is shown in Fig. 10.

The compounds have the advantage of having an absorption maximum of 740 nm, which is in
the range of wavelengths for which human and animal tissue is transmissible, e.g. to a depth
of 1 to 4 cm. Accordingly, the compounds are suitable for use in photodynamic therapy,
wherein the compounds are located within the tissue and the compounds are accessible by
irradiation. Irradiation is by light comprising an activating wavelength, e.g. 700 to 800 nm,
preferably comprising 740 nm, or consisting thereof. Trradiation of the compounds in the
presence of oxygen, e.g. oxygen dissolved in living blood, mucus or tissue, or gaseous oxygen
results in the production of singlet oxygen, optionally also other ROS, which are known to
inactivate mammalian cells, bacteria and viruses. In the following, references to singlet

oxygen comprise other ROS.
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The compounds have the advantage of allowing various substituents, especially bound to the
porphyrin moiety, so that the hydrophilicity, respectively lipophilicity, can be adjusted by the

substituents.

Optionally, the substituents, especially substituents to the porphyrin moiety, can comprise a
peptide that has affinity for cancer cells or for bacteria or viruses. In this embodiment, the
peptide having affinity for cancer cells or for bacteria or for viruses promotes the arrangement
of the compound in the vicinity of cancer cells, bacteria or viruses, respectively, and singlet

oxygen is generated upon irradiation in this vicinity.

In a further embodiment, the compounds can be used in technical processes for producing
singlet oxygen, e.g. for disinfection of air or water. The compounds can be immobilized on a
carrier, e.g. adsorbed to a carrier, preferably covalently bound by a substituent to a carrier. In
a process for producing singlet oxygen, the immobilized compound is contacted with oxygen
and irradiated. Irradiation can generally be by light comprising an activating wavelength, e.g.
sunlight, preferably light comprising 700 to 800 nm, preferably comprising 740 nm, or
consisting thereof. For immobilizing the compound, the carrier can e.g. be selected from
functionalized resins, e.g. weak ion exchange resins, e.g. resins having free amine groups.
Preferably, the carrier is at least partially transmissible for light of the activating wavelength.
Optionally, the compounds can be immobilized on a surface in order to provide production of
singlet oxygen upon irradiation, e.g. for providing surfaces which upon irradiation are self-

sterilizing.
In a further embodiment, the invention provides for novel compounds, e.g. for use as IR dye.
In this embodiment, the compounds contain a metal ion, preferably Ni, complexed in the

porphyrin moiety of Structure 1 and/or of Structure 2, e.g. complexed in the porphyrin moiety

of Structure 3 and/or of Structure 4. Schematically, these compounds are

@; H Structure 5,

101



3 Publikationen und deren Zusammenfassungen

and/or preferably

Structure 6

In a preferred embodiment, the compound comprises
R

R R Structure 7

TYH
R R=GCeFs

and/or preferably

Structure 8

O H R R=GoFs

In this embodiment, the substituents R can alternatively be those described for Structure 3 and

Structure 4.

Also the embodiment of the compounds containing a metal ion complexed within the
porphyrin moiety has the advantages of being stable against oxidation and of being producible
by a process for production which can be performed at temperatures below 100°C, e.g. at
room temperature to 70°C, of using only fully synthetic starting compounds, i.e. no starting

compounds isolated from a natural source, and of being free from metal-containing catalysts,
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e.g. free from OsO4. Embodiments containing Ni as the metal ion complexed within the
porphyrin moiety do not generate singlet oxygen. In embodiments containing complexed Ni**,
the compounds are not fluorescent. Embodiments containing a Pt ion or Pd ion as the

complexed metal ion under irradiation show intense production of singlet oxygen.

In a further embodiment, the invention provides a process for producing compounds
comprising Structure 1 and/or Structure 2, preferably Structure 3 and/or Structure 4. The
process for producing the compounds comprises the step of performing a Diels-Alder-
cycloaddition on a porphyrin moiety with IBF. In the process, the porphyrin moiety can
optionally carry substituents, e.g. on carbon atoms which are in the j positions of the
porphyrin. The process for producing the compounds has the advantage of process
temperatures below 100°C, e.g. at a temperature between room temperature and 70°C, and
that the process is free from metal-containing catalysts, e.g. free from OsQy. Further, the
starting compounds, i.e. the porphyrin-containing starting compound and isobenzofuran, are
available as fully synthetic compounds also in a commercial scale, so that the process can be
performed without isolation of natural compounds, e.g. without use of compounds isolated
from natural sources. Isobenzofuran is e.g. available by the process according to Peters and
Herges, Beilstein J. Org. Chem. 2017, 13, 2659-2662. Accordingly, the process preferably is
performed completely synthetically, i.e. without use of a starting compound isolated from a

natural source. The production processes have the advantage of having high yields.

The invention is also described with reference to the figures, which show in

- Fig. 1 a schematic representation of a synthetic process of the invention,

- Fig. 2 a schematic representation of a further synthetic process of the invention,

- Fig. 3 a schematic representation of a synthetic process of the invention,

- Fig. 4 a schematic representation of a further synthetic process of the invention,

- Fig. 5 a schematic representation of a synthetic process of the invention,

- Fig. 6 a schematic representation of a synthetic process of the invention for a metal-
complex of the invention,

- Fig. 7 results for stability measurements of compounds of the invention and of
comparative compounds, and the rate of singlet oxygen production measured as the
decrease of the trapping reagent diphenylbenzisofuran as a function of irradiation time,

- Fig. 8 shows results of absorption and fluorescence measurements for compounds of the

invention,
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- Fig. 9 exemplary compounds of the invention having annelated substituents, and
- Fig. 10 an exemplary compound having a molecular weight in the range of 20 to 200

kDa.

Schematically, the synthesis of a compound of Structure 1 by the Diels-Alder cycloaddition
reaction is according to Fig. 1. As the porphyrin moiety, porphyrin I is reacted with

isobenzofuran II to yield the chlorin IIT according to structure 1.

As shown in Fig. 2, the further reaction of the chlorin IIT with isobenzofuran II yields

bacteriochlorin [V according to Structure 2.

In Figures 3 and 4, exemplary substituents to the porphyrin moiety are shown. Other
substituents, e.g. linear, branched or circular alkyl or aryl groups, e.g. C1 to C12, optionally
containing at least one hetero atom, and aliphatic or aromatic groups, e.g. containing at least
one five-membered or six-membered ring, optionally containing at least one hetero atom, e.g.
halogens (e.g. F, Cl, Br) or functional groups such as ether, carbonyl and/or acid groups, can
form substituents. Further optionally, at least one or all of the meso positions of the porphyrin
can form a five- or six-membered ring to form a bridge with one of the neighbouring f
positions. The f positions can also be substituted, either by alkyl, aryl, or heteroatom

substituents, or two neighbouring / positions can be connected by a ring.

Fig. 3 shows that the process for producing a compound comprising Structure 1, e.g. to
produce a chlorin I1la, e.g. a compound of Structure 3, can also be done using a porphyrin Ia
which is substituted, e.g. at those carbon atoms which are not part of the 5-membered rings of

the porphyrin portion I, Ia, in a Diels-Alder cycloaddition with isobenzofuran II.

Fig. 4 shows that the process for producing a compound comprising Structure 2 can be done
using a chlorin I1Ta as a porphyrin moiety which is substituted, e.g. at those carbon atoms
which are not part of the 5-membered rings of the prophyrin moiety, in a Diels-Alder-
cycloaddition with isobenzofuran II to produce a substituted bacteriochlorin IVa, e.g. of

Structure 4.

In the examples, isobenzofuran was synthesized according to Peters and Herges, Beilstein J.

Org. Chem. 2017, 13, 2659.

10
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Example 1: Production of Structure 3

For synthesis of 5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-chlorin according to
Structure 3 having pentafluorophenyl as substituents R,
5,10,15,20-Tetrakis(pentafluorphenyl)porphyrin (50.0 mg, 51.3 umol, (obtained from Sigma-
Aldrich Company) was dissolved in 15 ml of benzene under a nitrogen atmosphere. Then a
freshly prepared isobenzofuran solution in benzene (257 pmol, 5 eq.) was added dropwise.
After stirring for 36 h at 70°C, the solvent was removed under reduced pressure and the crude
product was purified by column chromatography on silica gel (dichloromethane/pentane 7:3,

Rf = 0.68). Green crystals were obtained. Yield: 49.3 mg (45.1 umol, 88%).

The structure of the product was determined as

Example 2: Production of Structure 4

For synthesis of 5,10,15,20-Tetrakis-(2,3,4,5,6-pentafluorophenyl)-bacteriochlorin according

to Structure 4 (substituted with R2 = pentafluorophenyl), two processes could be employed:

Process 1: 5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin (50.0 mg, 51.3 umol) was
dissolved in 15 ml of benzene under a nitrogen atmosphere. Then a freshly prepared
isobenzofuran solution in benzene (770 pmol, 15 eq.) was added dropwise. After stirring for
36 h at 70°C, the solvent was removed under reduced pressure and the crude product was
purified by column chromatography on silica gel (dichloromethane/pentane 7:3, Rf = 0.49). A
green solid was obtained. Yield: 40.3 mg (33.3 pumol, 65%).

Process 2: 5,10,15,20-Tetrakis-(2,3,4.5,6-pentafluorophenyl)-chlorin (50.0 mg, 45.8 pmol)
was dissolved in 15 ml of benzene under a nitrogen atmosphere. Then a freshly prepared
isobenzofuran solution in benzene (458 umol, 10 eq.) was added dropwise. After stirring for

36 h at 70°C, the solvent was removed under reduced pressure and the crude product was
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purified by column chromatography on silica gel (dichloromethane/pentane 7:3, Rf = 0.49). A
green solid was obtained. Yield: 45.5 mg (37.6 pmol, 82%).

For both process 1 and process 2, the structure of the product was determined as

Fig. 5 schematically shows the synthetic routes of Example 1 and Example 2. Using X-ray
analysis, it was found that the Diels-Alder reaction product contains the porphyrin and the
substituents originating from the condensed isobenzofuran essentially completely in an anti -

endo configuration as shown in Fig. 5.

Example 3: Production of Structure 5

For synthesis of 5,10,15,20-Tetrakis-(2,3,4,5,6-pentafluorophenyl)-nickel(II)chlorin

according to Structure 5 having pentafluorophenyl as substituents R,
5,10,15,20-Tetrakis(pentafluorophenyl)nickel(II)-porphyrin (50.0 mg, 48.5 umol) was
dissolved in 15 ml of benzene under a nitrogen atmosphere. Then a freshly prepared
isobenzofuran solution in benzene (243 pmol, 5 eq.) was added dropwise. After stirring for 36
h at 70°C, the solvent was removed under reduced pressure and the crude product was
purified by column chromatography on silica gel (dichloromethane/pentane 7:3, Rf = 0.68). A
turquoise solid was obtained. Yield: 9.00 mg (6.97 umol, 14%). The structure of the product

was determined as

Example 4: Production of Structure 6

For synthesis of 5,10,15,20-Tetrakis-(2,3,4,5,6-pentafluorophenyl)-nickel(II)-bacteriochlorin

12
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according to Structure 6 having pentafluorophenyl as substituents R,
5,10,15,20-Tetrakis-(2,3,4,5,6-pentafluorophenyl)-bacteriochlorin (50.0 mg, 41.3 umol) and
18 eq. bis(cycloocta-1,5-dien)nickel (Ni(COD),) (205 mg, 744 pmol) were dissolved in 50 ml
of toluene in the glove box. After 30 min of stirring at room temperature, the solvent was
removed under reduced pressure and the crude product purified by column chromatography
on silica gel (dichloromethane/pentane 1:1). A turquoise solid was obtained. Yield: 413.6 mg

(10.7 umol, 26%). The structure of the product was determined as

Fig. 6 schematically shows the synthetic routes of Example 3 and Example 4. Using X-ray
analysis, it was found that the Diels-Alder reaction product contains the porphyrin and the
substituents originating from the condensed isobenzofuran in an anti - endo configuration as

shown.

Example 5: Production of Structure 4 substituted in all meso positions

For synthesis of acetal protected bacteriochlorin, sodium hydride (21.8 mg, 544 pmol) (60%
dispersion in mineral oil) was suspended in 7 mL of dry tetrahydrofuran under nitrogen
atmosphere. [G2.0]-OH (248 mg, 496 mol, this second generation glycerol (G[2.0]-OH) was
synthesised according to a procedure of Haag et al. as described in: M. Wyszogrodzka and R.
Haag, Chem. Eur. J., 2008, 14, 9202-9214) was dissolved in 6 mL of tetrahydrofuran and
slowly added to the sodium hydride suspension. The suspension was stirred for 30 min.
Bacteriochlorin (75.0 mg, 62.0 pmol) was added and the mixture was stirred for 4 d. The
reaction was quenched with water and added to 100 mL of diethyl ether. The organic layer
was washed with 100 mL of 0.1 M hydrochloric acid and dried over magnesium sulphate. The
solvent was removed under reduced pressure. The crude product was purified by column
chromatography (silica gel, dichloromethane/methanol = 97/3, Rf = 0.49). The product was
obtained as a green, viscous oil.

Yield: 128 mg (34.8 umol, 56%). The following structure was determined:
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O
o]

>

For synthesis of the deprotected bacteriochlorin (5),
acetal protected porphyrin (38.0 mg, 10.3 pmol) was dissolved in a mixture of 0.30 mL of
acetic acid, 1 mL of methanol and 0.50 mL of water and stirred for 18 h at 40 °C. The solvent
was removed under reduced pressure. The product was obtained as a green, viscous oil.
Yield: 30.0 mg (9.97 pmol, 97%). The following structure was determined
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, wherein in the substituent R, the designators A, B, C, D, E, F and G indicate the carbon

atoms of the dendrimer chain.

Example 6: Production of singlet oxygen under irradiation
As a representative for a compound comprising Structure 2, the 5,10,15,20-Tetrakis-

(2,3,4,5,6-pentafluorophenyl)-bacteriochlorin was dissolved in a concentration of 5 pM and
irradiated with light of 740 nm, 0.5 mW/cm? in the presence of 1,3-diphenylisobenzofuran
(DPBF) as an indicator for presence of singlet oxygen. The decrease of the absorbance band
at 410 nm was monitored as a measure for oxidation of the DPBF by the reactive singlet

oxygen.

Fig. 7 shows the results of the decrease of the absorbance band of DPBF, in comparison to
DPBF in tetrahydrofuran (THF) irradiated with 740 nm, of protoporphyrin IX in THF
irradiated with 590 nm, of protoporphyrin IX (obtained from ABCR Germany) in THF
irradiated with 630 nm, of protoporphyrin IX in methanol irradiated with 630 nm, and of
5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-bacteriochlorin according to Structure 2 (3
in Fig. 7) in THF or in methanol, and of 5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-
bacteriochlorin according to Structure 2 substituted with RS = tetrafluorophenyl substituted in
para position with a dendrimer (5 in Fig. 7) in methanol, irradiated with 740 nm.
Measurements of singlet oxygen production by Structure 2 substituted with R5 were also
made using betanin, which is water-soluble, as an indicator. Structure 2 substituted with RS is

soluble in water and aqueous media, e.g. blood serum.

These results show that the indicator DPBF under irradiation, without a sensitizer added, is
essentially stable and that the protoporphyrin IX effectively produces singlet oxygen. The
compounds of the invention comprising Structure 2 show a markedly higher production of
singlet oxygen, for Structure 2 substituted with pentafluorophenyl a singlet oxygen production
that is 30 times higher in THF compared to protoporphyrin IX, and for Structure 2 substituted
with RS a singlet oxygen production that is 16 times higher. Further, the constant rates of
singlet oxygen production show that the compounds of the invention are stable against

degradation under conditions of singlet oxygen production.

15
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Example 7: Photostability measurements

The stability of compounds of the invention against irradiation was measured by irradiating
5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-bacteriochlorin according to Structure 2 and
5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-bacteriochlorin according to Structure 2
substituted with R5 at 740 nm with an intensity of 1 W/em? for 60 min. For determination of
degradation (photobleaching), the absorbance maxima at 733 nm were determined. Both
compounds showed high stability by showing no decomposition and no change in the UV

spectrum.

Example 8: Absorption and fluorescence measurements

The optical properties of compounds of the invention were measured for the examples of
5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-bacteriochlorin according to Structure 2 and
5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-bacteriochlorin according to Structure 2
substituted with R5. The compounds were dissolved in methanol to 10 pM, measurements
were made at 25°C. Fig. 8 shows the absorbance (solid line) and the fluorescence (dashed
line), in Fig. 8 A) for 5,10,15,20-tetrakis-(2,3,4,5,6-pentafluorophenyl)-bacteriochlorin, in
Fig. 8 B) for 5,10,15,20-tetrakis-(2,3,4,5,6-pentatfluorophenyl)-bacteriochlorin according to
Structure 2 substituted with RS. Both compounds show excellent optical properties in
solution, e.g. a sharp absorption in the near infrared region at 733 nm and with moderate

quantum yields of fluorescence at 738 nm.

16
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Claims

1. Compound comprising

Structure 1.

2. Compound according to claim 1, comprising

Structure 2.

3. Compound according to one of the preceding claims, wherein the structure comprises

substituents according to

Structure 3 or Structure 4

wherein at least one substituent R in the meso position of the porphyrin and/or at least one
substituent in the 3 position of the porphyrin is independently selected from hydrogen, linear,
branched or circular alkyl or aryl groups, e.g. C1 to C12, optionally containing at least one

hetero atom and/or a functional group such as ether, carbonyl and/or acid groups, and

17
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aliphatic or aromatic groups, e.g. containing at least one five-membered or six-membered

ring, optionally containing at least one hetero atom, e.g. , or

reren o}
/\/l\/\
F. F /\/l\/\o\(\OH HO/\I/\O/j/O O\(\o/\I/\OH
OH OH
o] 0

F Hoj) \[ou

HO OH

and/or two neighbouring £ positions or one / position and one meso position are
connected by a five- or six-membered ring forming an annelated substituent connecting two
neighbouring /3 positions or one /3 position and one mese position, or one, two, three or all
four meso positions each are connected to a neighbouring A position by an annelated

substituent.

4. Compound according to one of the preceding claims, wherein the compound is

immobilized on a carrier.

5. Compound according to one of the preceding claims, containing a metal ion

complexed within the porphyrin moiety.

6. Compound according to one of the preceding claims, wherein at least one of the
carbon atoms of the phenyl ring of the isobenzofuran moiety is substituted by a
substituent which is independently selected from hydrogen, linear, branched or
circular alkyl or aryl groups, e.g. C1 to C12, optionally containing at least one hetero
atom and/or a functional group such as ether, carbonyl and/or acid groups, and
aliphatic or aromatic groups, e.g. containing at least one five-membered or six-

membered ring, optionally containing at least one hetero atom, or

18
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R,=H
F F F F
Rz = R. & Rs =
F F F F
R =F E HO/j,O OT\OH HO/Y\O/TO \(\O/\(\OH
3
F F HO CH Dt Q o] OH
F Hoj) l\EOH
HO OH

7. Compound according to one of the preceding claims for use in medical therapy.

8. Compound according to claim 7 for use in medical therapy, wherein the medical
therapy is a photodynamic therapy for the treatment of solid tumours, of a skin
disease, an infection, e.g. a bacterial, fungal or viral infection, of macular

degeneration, wherein the infectious agent may be resistant to at least one antibiotic.

9. Compound according to one of claims 7 to 8 for use in medical therapy of solid
tumours, characterized in that the compound is contained in a molecule having a size

in the range of 20 to 200 kDa.

10. Process for producing a compound according to one of claims 1 to 7, characterized by
comprising a Diels-Alder cycloaddition reaction condensing a porphyrin moiety with

one or two isobenzofuran per porphyrin moiety.

11. Process according to claim 10, characterized in that the Diels-Alder cycloaddition

reaction is carried out at a temperature below 100°C.

12. Process according to one of claims 10 to 11, characterized in that the Diels-Alder

cycloaddition reaction is carried out in the absence of a metal-containing catalyst.

13. Process according to one of claims 10 to 12, characterized in that the porphyrin is not

isolated from a natural source.

14. Process for producing singlet oxygen from oxygen by irradiating a compound which is
in contact with oxygen, characterized in that the compound is according to one of

claims 1 to 10.
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15. Process according to claim 14, characterized in that the compound is immobilized on a
carrier and is in contact with an aqueous or gaseous medium containing oxygen while

the compound is irradiated.

20
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Figures
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Fig. 4
R, =H
F F F F
R2 = R4 = Rs =
F F F F
R =F F Ho/\/]/0 O\(\OH Ho/\/\o’j’ = 0\(\0 OH
X
F F HO OH OH o o OH
F Ho]) kEOH
HO OH
Fig. 5
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Fig. 6

Fig. 7
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-2,0 4 <4 IVawith R, in MeOH (740 nm; 0.5 mW/cm?)
i » [Va with Ry in MeOH (740 nm; 0.5 mW/cm®)
_215 -
-3,0 .

LA N DL B L B N LI DL BN LN BN BNLEN LA R B |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

time (min)

23

117



3 Publikationen und deren Zusammenfassungen

2ousdsalon|4

=]
fmrr .
8 R
-8
W=
£
g c
® £
5
=
o
(=
°
S
=]
@
& =
: <t
S ™~
—~
m
8 5
I L .
o ® ©® % N © ® @ + o o >
a N v = == == © 6 ©o o o f-:
uondiosqy
aouaasalon|4 R
LA AL Y W N L N 8
L B R e N e |
2 B 8 8 9 8 88 ¢
qemmmpmmrenem
.............. ;
—
4
E
o €
8 =
£
=
=2}
=
°
E
8 &
B =
o
2
+
< 2
o
= | L B B L S S S E e L =1 =)}
i S @ © % N 9 © © % N 9 .
= N - + v + v © o o o o =11}
et .
2 uondiosqy 2

118



Fig. 10

3 Publikationen und deren Zusammenfassungen

119

25
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4 Zusammenfassung und Ausblick

In dieser Arbeit wurde die lichtgesteuerte molekulare Spinschaltung von Fe(lll)-
Porphyrinen untersucht. Hierbei war bis vor Kurzem die magnetische Bistabilitat im
Wesentlichen auf Festkorper bei sehr tiefen Temperaturen beschrankt.l®! Erst im Jahr
2011 konnte im Arbeitskreis HERGES anhand von Ni(ll)-Komplexen der Light-Driven
Coordination-Induced Spin State Switch (LD-CISSS) entwickelt und veréffentlicht
werden, welcher einen Ansatz fir eine effiziente und reversible Spinschaltung von
isolierten Einzelmolekilen in homogener Lésung bei Raumtemperatur bietet.['1°]
Basierend auf den vorherigen Arbeiten konnte in dieser Dissertation die erste
reversible lichtgesteuerte molekulare Spinschaltung auf Fe(lll)-Basis vorgestellt
werden. Hierbei wird als Ausgangskomplex das Fe(lll)Tetraphenyl-porphyrin-
perchlorat verwendet, welches in einer Aceton/DMSO-L6sung als High-Spin-Komplex
(S =5/2) mit zwei axialen DMSO-Liganden vorliegt. Die Spin-Anderung wird durch
einen photoschaltbaren Azopyridinliganden induziert. Dieser ist so entworfen, dass er
durch eine starkere Bindungskonstante als DMSO in seiner trans-Konfiguration an
das Eisenporphyrin koordiniert und somit einen Low-Spin-Komplex (S = 1/2) mit zwei
axialen trans-Azopyridin-Liganden bildet.

Werden diese trans-Azopyridine mit 365 nm bestrahlt, wandelt sich das trans-Isomer
in die cis-Konfiguration um. Dieses cis-Isomer kann aus sterischen Griinden nicht
mehr an das Eisenporphyrin binden, wodurch die DMSO-Liganden wieder
koordinieren und der High-Spin-Zustand regeneriert wird (Abbildung 24).

[FETPPtot 0.2 mM
[DMSO-dgliot  47.12 mM in Aceton-ds
[azopyliot 15.0 mM

FeTPP(azopy),* FeTPP(DMSO)(azopy)* FeTPP(DMSO),* ‘
Low-Spin Low-Spin High-Spin
S=1/2 S=1/2 S=5/2
27a 27b 27c

Abbildung 24: Darstellung der lichtgesteuerten molekularen Spinschaltung von Fe(lll).
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4 Zusammenfassung und Ausblick

Dieser Ligandenaustausch ist reversibel. Mit einer Wellenlange von 435 nm kénnen
die cis-Azopyridine wieder in die trans-Form Uberfihrt werden, welche wiederum die
DMSO-Liganden verdrangen. Der Prozess ist extrem robust und zeigt nach mehr als
1000 Schaltzyklen unter Luft, Feuchtigkeit sowie Raumtemperatur keine Ermidung,
Nebenreaktionen oder Zersetzungen.

Neben der Spin-Schaltung &andert sich in diesem Modell ebenfalls das
Redoxpotential analog zu enzymatischen Hamproteinen um 58 mV beim Wechsel
von S=1/2 zu S=5/2, wodurch die Relaxationszeit reversibel um den Faktor zehn
geschaltet werden kann. Somit ist der Grundstein gelegt, Eisen(lll)-Porphyrine als
intelligente Kontrastmittel in der MRT zu verwenden.

Fir die Anwendung als Kontrastmittel und fir einen verlasslichen intramolekularen
LD-CISSS mit Fe(lll)-Porphyrinen muss allerdings bedacht werden, dass das
Eisen(lll)-Zentralatom im Normalfall einen zusétzlichen anionischen Liganden in der
Koordinationssphare bevorzugt. Um einen unkontrollierten Anionenaustausch zu
verhindern, soll das Porphyrindesign angepasst werden. Durch ein kovalent
gebundenes Anion soll ein Neutralkomplex erhalten werden, der eine ideale
Plattform fur einen intramolekularen LD-CISSS darstellt.

Dafir wurde zunachst das acetylenverbriickte Pophyrin 28 synthetisiert, um
festzustellen, ob ein starker Ligand allein in der Lage ist, die oben aufgeflihrte Spin-
Anderung durchzufiihren. Mittels 'H-NMR-Spektroskopie und Evans-Messungen
konnte gezeigt werden, dass die Anderung des Spins durch zum Beispiel
1-Methylimidazol hervorgerufen werden kann (Abbildung 25).

=— Vam—anN
(‘O (0]
b 0
E Ph o
Ph : g
: | or
cl 28a (,'j 28b
S=5/2 S=1/2 N
High-Spin Low-Spin /
magnetische 5.87 B.M. 249 B.M.
Moment
Pyrrol-Shift ~ 81.62, 78.00 ppm (300 K, CD2Cly) -7.92,-10.05, -22.15, -23.28 ppm

Abbildung 25: Schaltung des Spinzustandes an einem Uberbriickten, 5-fach koordinierten Modell-Porphyrin 28a.
Der Spinwechsel von High-Spin zu Low-Spin bei Austausch des Chlorid-Liganden durch 1-Methylimidazol
beweist, dass bereits ein axialer Stickstoff-Ligand zu einem Low-Spin Komplex 28b fiihrt. Die Addition des

zweiten Liganden wird durch die Briicke verhindert.
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4 Zusammenfassung und Ausblick

Um nun einen neutralen Eisen(lll)-Komplex herzustellen, in dem die
Koordinationsstelle intramolekular besetzt ist, wurden weitere acetylenliberbriickte
Porphyrine synthetisiert, welche durch eine 1,3-dipolare Cycloaddition mit Azid in
1,2,3-Triazole umgewandelt wurden. Die anschlieBende Einlagerung von Eisen(lll) in
diese Porphyrine konnte erfolgreich durchgefihrt werden. In der Abbildung 26 wird
exemplarisch die Synthese des verbriickten Porphyrins, welches in der meso-Postion
1,6-Dichlorbenzol tragt, dargestellt.

o}

- ,(l)L + 2 [/I \>
OH + CI/\/OH C|2Hacs H H
20 13a .
56 % 39 %
o)
o oH Q CHCI,
O ~ —
2 ~0H |, O o H SNON \_NH HNZ 16c
85 %
OH 24 o
14a 15a 15 %

N
HNT SN HN/N\\N o} 0

%% CreN b (0

(0] (o)
5 0_> Fe(ll)CI b —> [ C §>
. .E R 0O 42 % . .E R O 48 % ‘ .a R 0
19¢ R Q 18¢c R Q 17¢ R Q
R= C,H,Cl,

Abbildung 26: Synthese des verbriickten Fe(lll)-Porphyrins 19c¢.

Durch die Zugabe einer Base wie zum Beispiel Kaliumcarbonat wird das Triazol in
19¢ zum starker bindenden Triazolat deprotoniert. Im darauf folgenden Schritt kommt
es zur Verdrangung des Chlorids, welches zur Bildung eines flnffach koordinierten
neutralen High-Spin-Komplexes (S = 5/2) flhrt. Ein weiterer axialer Ligand wie zum
Beispiel das p-Methoxypyridin fihrt zu einem CISSS und bildet einen Low-Spin-
Komplex (S = 1/2). Auf dem Weg zu einem nur aus einem Molekil bestehenden
Spin-Schalter (Plattenspieler) auf der Basis von Fe(lll) muss nun noch ein
photochemisch schaltbarer Ligand kovalent an das Porphyrin gebunden werden
(Abbildung 27). Gegenlber den bereits bekannten, schaltbaren Ni(ll)-Porphyrinen
hatten die Fe(lll)-Porphyrine bei der Verwendung als schaltbare Kontrastmittel den
Vorteil, dass sowohl das absolute magnetische Moment (S= 5/2 statt 1) als auch der
Unterschied im magnetischen Moment zwischen den beiden Schaltzustanden gréBer
ist (A S= 2 statt 1).
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4 Zusammenfassung und Ausblick

Abbildung 27: Darstellung eines theoretisch denkbaren intramolekularen LD-CISSS basierend auf dem Fe(lll)-
Porphyrins 29.

In einem weiteren Teilbereich dieser Dissertation wurde die Funktionalisierung von
Porphyrinen untersucht. Ziel hierbei war es, einen neuen Syntheseansatz zu
entwickeln, um reduzierte Porphyrin-Derivate herzustellen, wodurch eine
bathochrome Verschiebung und eine Absorption im Nahen Infrarot (NIR)-Bereich des
elektromagnetischen Spektrums gewdahrleistet werden kann. Fir medizinische
Anwendungen hat dies Vorteile, denn im Bereich von 690-900 nm ist blutversorgtes
Gewebe transparent (Eindringtiefe des Lichtes: 1-2 cm). Ausgehend vom Porphyrin
gibt es im Allgemeinen drei Ansétze, um Chlorine, Bakterio- und Isobakteriochlorine
herzustellen.l'?!l Hierbei kann die Umwandlung der Pyrrol-Doppelbindungen in C-C-
Einfachbindungen durch (1) direkte Reduktion, (2) Oxidation oder (3) Cycloadditionen
erreicht werden.

Um die gewlnschten NIR-Farbstoffe zu erhalten, wurde die Variante (3) gewahlt.
Hierflr wurde das Isobenzofuran 12 als Dien verwendet.['94105] Wegen seiner hohen
Reaktivitdt und der damit verbundenen geringen Stabilitat lie sich bislang das
Isobenzofuran nur sehr umstandlich herstellen und isolieren. Aus diesem Grund
wurde ein neuer Syntheseweg entworfen, der sich leicht und kostenginstig im
Labormafstab durchflhren I&sst (Abbildung 28).

OMe
_—
oO— o— — O
22 23 12

Abbildung 28: Die optimierte zweistufige Synthese des Isobenzofurans 12 mit 66 % Ausbeute.

Mit dem frisch hergestellten Isobenzofuran 12 konnte in einer Diels-Alder-Reaktion

ein neuer, leicht durchzufihrender, ergiebiger, regio- und stereoselektiver

123



4 Zusammenfassung und Ausblick

Syntheseweg von Chlorinen, Bakterio- und Isobakteriochlorinen entwickelt werden
(Abbildung 29).

HzTPPon 8a

R= CgFs

NiTPPF,, 8b

Abbildung 29: Darstellung der Synthese verschiedener Porphyrinderivate Uber eine [4+2] Cycloaddition.

Das in der Abbildung 29 dargestellte Bakteriochlorin 11a ist von besonders groBem
Interesse, da dies eine starke Absorptionsbande (733 nm) im NIR-Bereich zeigt, bei
der das Gewebe relativ transparent ist. Dies stellt eine optimale Voraussetzung far
die Photodynamische Therapie (PDT) zur Behandlung von Krebs dar. Die starke
Fluoreszenz spielt flr die Diagnostik eine ebenso groBe Rolle. Aus diesem Grund
wurde das Bakteriochlorin 11a auf die Anwendbarkeit als Photosensibilisator (PS)
untersucht. Hierbei stellte sich heraus, dass die Singulett-Sauerstoff- sowie
Sauerstoffradikal-Generierung der Verbindung 11a in THF 30-mal héher ist als beim
klinisch zugelassenen Protoporphyrin IX. Aufgrund dieser vielversprechenden
Eigenschaft wurde das Molekll 11a weiterentwickelt. Durch die Umsetzung mit
Triglycerol-Dendrimer (G[2.0]-OH) und anschlieBender Entschiitzung konnte das
wasserldsliche Bakteriochlorin 26 synthetisiert werden. Dieses ist flr die Anwendung
in der PDT optimal geeignet. Es zeigt eine starke Absorption bei 733 nm und ist 16-
mal effektiver als das klinisch zugelassene Protoporphyrin IX (Abbildung 30).
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4 Zusammenfassung und Ausblick

1. Natriumhydrid, G[2.0]-OH
2. Essigséure

0
OWO
OH o OH
Hoj) KEOH
HO OH

Abbildung 30: Darstellung der fiir die PDT untersuchten Chromophore 11a und 26 fir die PDT.

Die Bakteriochlorine sind jedoch nicht nur wegen ihrer Absorptionsbanden im NIR-
Bereich fir die PDT interessant, sondern bieten durch diese Eigenschaft zusatzlich
einen neuen Ansatz flr den nickelbasierten LD-CISSS, welcher im bio-optischen
Fenster und somit in vivo realisiert werden kénnte. Ein Problem bei der Nickelierung
des Bakteriochlorins 11a stellt die Retro-Diels-Alder-Reaktion dar, die bei
Temperaturen tber 80 °C auftritt. Aus diesem Grund wurde eine neue sehr milde und
effiziente Methode entwickelt, um Nickel unter Verwendung von Bis(cycloocta-1,5-
dien)nickel in Porphyrine einzulagern. Diese Reaktion kann bei 20 °C durchgeflhrt
werden und liefert Ausbeuten zwischen 90 % und 100 % mit elektronenreichen sowie
elektronenarmen Porphyrinen. Besonders interessant ist die Einlagerung von Nickel
in Gegenwart einer Base, da dies in Ldsung zu stabilen Radikalen fiihrt. Die
reduzierten  Ni(ll)-Porphyrine sind  Schliisselintermediate in verschiedenen
technologisch interessanten Prozessen und Enzymreaktionen. Fortan kdnnen diese
nun in groBBen Mengen synthetisiert und untersucht werden.

Wird diese neue Methode der Nickel-Einlagerung auf das Bakteriochlorin 11a
angewendet, entsteht das entsprechende Ni(ll)-Bakteriochlorin 11b, welches ein
nicht-fluoreszierender und stabiler NIR-Farbstoff ist, der bei 757 nm eine starke
Absorption aufweist (Abbildung 31).
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4 Zusammenfassung und Ausblick

Abbildung 31: Nickel-Einlagerung mit Ni(COD)z in das Bakteriochlorin 11a.

Zusatzlich entsteht bei dieser Reaktion das Pyrrocorphin 24b, wodurch erstmals die
gesamte Reihe von Hydroporphyrinen mit Ni(ll) im Tetrapyrrolkern hergestellt und
charakterisiert werden konnte. Die UV/Vis-Spektren dieser Verbindungen sind in der

folgenden Grafik dargestellt.

80000
—— Ni(ll)-Chlorin 9b
— Ni(ll)-Isobacteriochlorin 10b
60000 \ —— Ni(ll)-Bacteriochlorin ~ 11b
? —— Ni(l1)-Pyrrocorphin 24b

40000

€ (Lmol™" cm™)

20000+

T T T T T T — T T T
300 400 500 600 700 800
Wellenldnge in nm

Abbildung 32: Darstellung der UV/Vis-Spektren der gesamten Reihe von Hydroporphyrinen.

Das Ni(ll)-Bakteriochlorin 11b zeigt einen CISSS bei Zugabe von koordinierenden
Molekllen, welche als axiale Liganden fungieren kdnnen. Dies ist Uberaus
bedeutsam flr den LD-CISSS mit Ni(ll)-Komplexen. Durch das Vereinen der neuen
Synthesemethoden kdnnte ein nickelbasierter, intramolekularer LD-CISSS im NIR-
Bereich entwickelt werden. Eine mdgliche Syntheseroute ist in Abbildung 33

dargestellt.
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4 Zusammenfassung und Ausblick

Abbildung 33: Mégliche Retrosynthese eines intramolekularen LD-CISSS im NIR-Bereich basierend auf dem
NI(Il)-Porphyrins 34.

Dafiir kénnte der literaturbekannte Precursor 301'2”l mit dem nun leicht zugénglichen
Isobenzofuran 12 zum Bakteriochlorin 31 umgesetzt werden. Die anschlieBende
milde Nickelierung wird auf dem neuen Syntheseweg mit Bis(cycloocta-1,5-
dien)nickel durchgefiihrt. Folgend darauf liefert die Kreuzkupplung das Produkt 34,
welches einen LD-CISSS im bio-optischen Fenster ermdglicht. Durch die
anschlieBende  Einfihrung der Triglycerol-Dendrimere  wird zudem die
Wasserléslichkeit erreicht. Somit sind alle wichtigen Eigenschaften flr das erste
photoschaltbare MRT-Kontrastmittel gegeben, welches in vivo geschaltet werden

kann.
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