Synthese funktionalisierter Linker

und

pra- und postsynthetische Modifikationen von MOFs

Dissertation

zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat

der Christian-Albrechts-Universitat zu Kiel

vorgelegt von
Ole Beyer

Kiel, 2017






Erster Gutachter: Prof. Dr. U. Luning

Zweiter Gutachter: Prof. Dr. N. Stock
Tag der mindlichen Prifung: 13.07.2017
Zum Druck genehmigt: 13.07.2017

gez. Prof. Dr. Natascha Oppelt, Dekanin






Die vorliegende Arbeit wurde unter Anleitung von
Prof. Dr. Ulrich Lining
am Otto-Diels-Institut fiir Organische Chemie
der Christian-Albrechts-Universitat zu Kiel

in der Zeit von Mérz 2014 bis April 2017 angefertigt.






Eidesstattliche Erklarung

Hiermit erklére ich, Ole Beyer, an Eides statt, dass ich die vorliegende Dissertation
selbststandig und nur mit den angegebenen Hilfsmitteln angefertigt habe. Inhalt und Form
dieser Arbeit sind, abgesehen von der Beratung durch meinen Betreuer Prof. Dr. Ulrich
Lining, durch mich eigenstandig erarbeitet und verfasst worden. Die Arbeit entstand unter
Einhaltung der  Regeln  guter  wissenschaftlicher ~ Praxis der  Deutschen
Forschungsgemeinschaft. Weder die gesamte Arbeit noch Teile davon habe ich an anderer
Stelle im Rahmen eines Prifungsverfahrens eingereicht. Dies ist mein erster

Promotionsversuch.

Kiel, den 23.05.2017

Ole Beyer






Danksagung

Als Erstes mochte ich mich bei meinem Doktorvater Prof. Dr. Ulrich Luning fir dieses
interessante und vielseitige Thema, die permanent grof3artige Unterstiitzung und die schone

Zeit wahrend und neben der Arbeit bedanken.

GroRer Dank gilt aulerdem meinen Kooperationspartnern Prof. Dr. Norbert Stock, Thomas
Homburg, Milan Kdéppen, Martin Albat, Erika Virmani und Dr. Stefan Wuttke fir die
ausgezeichnete Zusammenarbeit vor allem gegen Ende dieser Arbeit. Auch Arne Klinkebiel
mdochte ich danken, fiir seine Unterstutzung zu Beginn dieser Arbeit und fir die Ablenkungen
neben dem Laboralltag. Ohne Eure Hilfe wére diese Arbeit in dieser Form nicht moglich

gewesen.

Ich mochte dem ganzen AK Lining fiir die angenehme Arbeitsatmosphare und vor allem firs
Korrekturlesen danken. Meinen Laborkollegen Arne, Svenja, Laura, Nelli, Achim, Torben
und Julian, meinen F-3-Praktikanten Jesper und Barbara und meiner Bachelorette Chrissy
danke ich flr die gute Zusammenarbeit, die Unterstitzung (vor allem beim Losungsmittel

destillieren) und dafur, dass ihr meine Musik ertragen habt.

Ich méchte mich bei allen Kollegen, Kommilitonen und Freunden, die mich wéhrend meines
Studiums und meiner Doktorarbeit begleitet und fiir die eine oder andere Ablenkung gesorgt
haben, bedanken. Bei allen Teilnehmern des Stammtisches, aber vor allem Dennis, Roland
und Britta, mochte ich mich flr die unterhaltsamen Freitage bedanken. Besonders mdchte ich
meinen Freunden Konradin, Sonja, Andreas, Julia, Antonia, Jan, Thowas W., Mareike und
Thomas H. fir die schonen gemeinsamen letzten Jahre danken. Ich freue mich, dass wir es

trotz teilweise grol3er Distanz immer wieder schaffen, uns regelmaliig zu treffen.

Besonderer Dank gilt meinen drei Bridern, meinen Eltern und meinen Groleltern, ohne die
das Studium und diese Arbeit nicht mdéglich gewesen waren. Danke fur euren Zuspruch und

eure Unterstutzung!

Mein allergrof3ter Dank geht an Ruth! Dafiir dass du mich immer wieder motiviert hast, dass
du dir geduldig meine Probleme angehort hast und mich, wo auch immer du konntest,
unterstitzt hast. Ohne die erholsamen Wochenenden mit dir wére die Arbeit nie so schnell

fertig geworden. Die Vorteile tberwiegen ganz klar!






Zusammenfassung

Im Rahmen dieser Arbeit sollten funktionalisierte IRMOFs und protonenleitfahige MOFs

durch pré- oder postsynthetische Modifikation dargestellt werden.

Fur die prasynthetische Darstellung von O,H
funktionalisierten IRMOFs wurden in dieser n
Arbeit verschiedene amino-, nitro-, methoxy-

und hydroxyfunktionalisierte Triazin-Linker | :_x
synthetisiert und fir die MOF-Synthese zur
Verfligung gestellt. Einige der Linker konnten

erfolgreich zur Darstellung von

funktionalisierten IRMOFs, basierend auf
PCN-6-, MIL-143- und CAU-7-Topologie,

verwendet werden.

n=0,1,2

X = H, NO,, NH,, OMe, OH

Fir einen aminofunktionalisierten Bismut-IRMOF mit CAU-7 Topologie konnten auf3erdem
Methoden zur postsynthetischen Modifikation entwickelt werden. Die Aminogruppen konnten
erfolgreich mit aliphatischen Anhydriden, cyclischen Anhydriden und 1,3-Propansulton
umgesetzt werden. Auf diese Weise konnten sowohl Carbonsédure- als auch Sulfonsdure-
Gruppen in den IRMOF implementiert werden.

Fur die prasynthetische Darstellung von protonenleitfahigen MOFs wurden im Rahmen dieser

Arbeit zehn unterschiedliche Phosphosulfonséure-Linker synthetisiert und fur die MOF-
Synthese zur Verfugung gestellt. In ersten

H03S\}/©+P03H2] [HO;,S}@{PO;,HZ Versuchen konnten einige Linker bereits
Y Y z z erfolgreich zu Lanthan-basierten MOFs

Y=1,23 2=1,2 umgesetzt werden.

Fur die postsynthetische Darstellung von protonenleitfahigen MOFs wurden Methoden zur
Implementierung von Phosphonséure-Gruppen in  Cr-MIL-101-Derivate entwickelt.

Phosphonsdurediethylester-Gruppen  wurden  erfolgreich M = Cr, Bi
mittels Palladium-katalysierter ~Kreuzkupplung in die gg
Strukturen von Cr-MIL-101-Br und Cr-MIL-101-NH, X
eingefiihrt.  Phosphonsdure-Gruppen  wurden  durch =

nukleophile  Substitution in  das Cr-MIL-101-NH,
X = Br, NH, FG = -R-CO,H

implementiert. -R-SO;H
-R-PO;H,






Abstract

The aim of this thesis was the development of pre- and post-synthetic modifications for the

preparation of functionalized IRMOFs and proton-conductive MOFs.

For the presynthetic modification of
functionalized IRMOFs, several amino, nitro,
methoxy, and hydroxy functionalized triazine
linkers were synthesized. Some  were
successfully used in the synthesis of new
functionalized IRMOFs based on PCN-6, MIL-

143 and CAU-7 topology.

Post-synthetic modifications were developed

for an amino functionalized bismuth IRMOF

n=0,1,2 CO,H

X = H, NO,, NH,, OMe, OH

with CAU-7 topology. The amino groups were modified by reaction with aliphatic

anhydrides, cyclic anhydrides and 1,3-propane sulton. Using this approach, carboxylic and

sulfonic acid groups were introduced into the framework.

[H033+©+P03H2] [H%S}@*{P%Hz]
Y Y z Z

¥Y=1,23 Z=1,2

For the presynthetic modification of

proton-conductive MOFs, several
phosphonosulfonic acid linkers were
synthesized. =~ Some  linkers  were

successfully used in the synthesis of
lanthanum based MOFs.

Methods for the post-synthetic introduction of phosphonic acid groups into Cr-MIL-101

derivatives were developed to obtain proton-conductive MOFs. Cr-MIL-101-Br and Cr-MIL-

101-NH; were successfully used in palladium-catalyzed

M = Cr, Bi

cross coupling reactions to introduce phosphonic acid g g
diethylester groups within the framework. Phosphonic acid X
PSM
groups were implemented into the framework of Cr-MIL- >
101-NH; by nucleophilic substitution.
X = Br, NH, FG = -R-CO,H
-R-SO;H

-R-PO3H,
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1 Einleitung

1 Einleitung

Ein in den letzten Jahrzehnten stetig wachsendes Forschungsgebiet beschaftigt sich mit der
Untersuchung von Koordinationspolymeren (coordination polymers, CPs) oder auch Metall-
organischen Gerstverbindungen (metal-organic frameworks, MOFs).""! Bis heute ist die
Definition des Begriffes MOF bzw. eine genaue Abgrenzung zwischen CPs und MOFs
umstritten.®®! Von 2009 bis 2013 befasste sich eine IUPAC-Arbeitsgruppe mit diesem
Problem und empfahl die folgenden Terminologien. Als Uberbegriff fiir sich wiederholende
Koordinationsverbindungen in ein, zwei oder drei Dimensionen wird der Begriff
Koordinationspolymer definiert. Dieser sehr allgemeine Begriff wird durch die Untergruppe
des Koordinationsnetzwerkes genauer spezifiziert, indem auf Vernetzungen der
Koordinationseinheiten eingegangen wird. MOFs wiederrum werden als Koordinations-
netzwerke mit organischen Liganden und potenziellen Hohlraumen definiert.”! Hierbei soll
erwahnt werden, dass die Klassifizierung einiger Verbindungen, auf die im Rahmen dieser
Arbeit verwiesen wird, nicht eindeutig ist und es sich eventuell nicht um MOFs handelt. Die
Verbindungen werden trotzdem im Zusammenhang mit MOFs zitiert, da sie &hnliche

Eigenschaften aufweisen oder ein auf MOFs (bertragbares Prinzip verdeutlichen sollen.

MOFs sind Netzwerke, die aus organischen Liganden (sogenannte Linker) und anorganischen
Baueinheiten (Metall-lonen oder Metall-Oxo-Cluster) aufgebaut sind. Dabei koordinieren die
Linker Gber funktionelle Gruppen an den anorganischen Baueinheiten und es kdnnen sich
amorphe Strukturen oder kristalline 1D-, 2D- oder 3D-Netzwerke ausbilden. Diese Netzwerke
besitzen Porensysteme (Mikro- bis Mesoporen) und kdnnen eine daraus resultierende hohe
Oberflache besitzen. Im Gegensatz zu anderen pordsen Verbindungen wie Zeolithen oder
Aktivkohle kann durch die Wahl der Metall-lonen und Linker, sowohl die PorengrdRe als
auch die Poreneigenschaft beeinflusst werden. Dies macht sie zu interessanten Materialien flr
Gasspeicherung'®*?/-trennung***¥,  Katalyse™ ™ Wirkstofftransport™®?®  und

Sensorik??21,

Obwohl Koordinationspolymere schon seit Anfang des 20. Jahrhunderts bekannt sind, wurden
CPs erst zu Beginn der 1990er Jahre von HOSKINS und ROBSON genauer untersucht.?%¥ Der
Begriff ,,MOF* hingegen wurde erst 1995 von YAGHI fir eine Schichtstruktur aus Kobalt-
lonen und Trimesinsdure (BTC, Abklrzungen fur alle Linker werden im

Abkiirzungsverzeichnis erklart) gepragt.™™ Ein paar Jahre spéter wurde die Synthese von
1



1 Einleitung

MOF-52% und HKUST-1%"! (Abkiirzungen fir alle MOFs werden im Abkiirzungsverzeichnis
erklart) beschrieben. MOF-5 besteht aus Dianionen der Terephthalsdure (BDC), die uber
Zn4O-Cluster verknupft sind und zeichnet sich durch seine thermische Stabilitat bis 300 °C
und eine hohe Oberflache (3800 m?/g, BET??% qus.B% HKUST-1 ist aus Kupfer-Kationen
und BTC-Linkern aufgebaut und eignet sich trotz seiner recht kleinen Oberflache (700 m%qg,
BET) gut zur Gasspeicherung®®l. Beide gehéren bis heute zu den am besten untersuchten

Verbindungen ihrer Klasse.

Abb. 1: Kristallstrukturen von MOF-5 (I.) und HKUST-1 (r.). Schwarz = Kohlenstoff, rot = Sauerstoff, blau =
Kupfer, weil = Wasserstoff, hellblaue Tetraeder = Zn,O, gelbe und orange Sphéren geben den groRtmdglichen

Platz in den Poren an. (Bilder: T. Boehle!*?)

Der modulare Aufbau von MOFs ermdglicht eine nahezu unbegrenzte Kombinations-
maoglichkeit von Linkern und Metall-lonen. Trotzdem ist die gezielte Synthese von MOFs mit
bestimmten Topologien und Eigenschaften oft schwierig, da die MOF-Synthese von vielen
Faktoren abhangt. Die Koordinationseigenschaften von Linkern und Metall-lonen miissen gut
untersucht sein, mdgliche Topologien sollten bekannt sein und die Synthesebedingungen
mussen eine Kristallisation des MOFs ermdglichen. Dabei ist die Suche nach geeigneten
Synthesebedingungen oft der entscheidende Faktor fur eine gezielte MOF-Synthese. Je nach
Synthesemethode und gewéhlten Syntheseparametern kénnen sich unterschiedliche MOFs
bilden.®® Zu den géangigsten Synthesemethoden gehoren konventionelles Heizen unter
Normaldruck?®**® Solvothermalsynthesel*”), Mikrowellen-Synthese®®“% Sonochemiel®*44),
Mechanochemiel* und Elektrochemie*®. AuRerdem konnen Parameter wie Reaktionszeit,

Temperatur, Druck, Verhéltnis der Ausgangsmaterialien, Losungsmittel und pH-Wert variiert

2



1 Einleitung

werden."! Um die optimalen Parameter zu finden, kénnen sogenannte Hochdurchsatz-
methoden verwendet werden.[***®! Vorteile dieser Methoden sind, dass mehrere MOF-
Synthesen parallel durchgefuhrt werden kdnnen und viele Parameter variierbar sind. Um
zusétzlich den Kiristallisationsprozess zu verstehen, kdnnen z. B. in situ-Untersuchungen
durch zeitaufgeloste EDXRD (energy-dispersive X-ray diffraction) durchgefihrt werden.™”!
Die Untersuchung dieser komplexen Zusammenhdange ist eine wichtige Voraussetzung fir
eine gezielte MOF-Synthese.

Bis heute gibt es nur wenige Strategien*®>! die eine Kontrolle tiber die Struktur des MOFs
und damit eine gezielte MOF-Synthese ermdglichen. Dies liegt unter anderem daran, dass die
Ausgangsmaterialien ihre strukturelle Integritdt wahrend der MOF-Synthese oft nicht
beibehalten und somit eine Vorhersage der Struktur, basierend auf den strukturellen
Eigenschaften der Ausgangsmaterialien, schwierig ist. Das Konzept der ,retikularen
Synthese“l®2* umgeht dieses Problem, indem es unveranderbare Baueinheiten (SBU =

secondary building unit)®*>! nutzt.

SER
k%

Abb. 2: Beispiele fir typische SBUs. Schwarz = Kohlenstoff einer Carboxylat-Gruppe des Linkers, rot =
Sauerstoff, blau = Metall, gelb = undefiniert). 1) dinuclear paddlewheel, 2) trinuclear hourglass, 3) trinuclear

prism, 4) tetranuclear cuboid, 5) tetranuclear octahedron. (Bild®®)

Dabei handelt es sich um molekulare Komplexe oder Cluster bestehend aus Metall-lonen und
daran koordinierenden funktionellen Gruppen wie z.B. Carboxylate. Sind die geometrischen
und chemischen Eigenschaften der SBUs und Linker bekannt, lasst sich die Topologie des

MOFs vorhersagen. Entscheidend fiir erfolgreiche retikulare Synthese ist, dass sich entweder

3



1 Einleitung

die strukturelle Integritit der SBU wahrend der Synthese nicht &ndert oder die
Synthesebedingungen zur in situ-Darstellung der SBU bekannt sind. Die ersten auf diese
Weise synthetisierten MOFs sind MOF-2F" und MOF-51°!,

Breite Anwendung findet die retikulare Synthese bei der Darstellung neuer IRMOFs
(isoreticular MOF). Als IRMOFs wird eine Serie von MOFs mit unterschiedlichen Linkern
aber gleicher SBU und gleicher Topologie bezeichnet. Ausgehend von einem MOF, dessen
Synthesebedingungen bekannt sind, koénnen durch die Verwendung verlédngerter oder
funktionalisierter Linker neue isoretikulare MOFs erhalten werden. Dabei kann der Linker
Einfluss auf GroRe, Form und Eigenschaft der Poren haben. Ein Beispiel ist der 2008
gleichzeitig von DIETZEL"® und MATZGER™ beschriebene Mg-MOF-74. Dieser MOF wird
unter basischen Bedingungen aus dem DOT-Linker und Magnesiumnitrat synthetisiert.
Sowohl die deprotonierten Carbonséuregruppen als auch die deprotonierten Hydroxylgruppen
koordinieren am Magnesium-Sauerstoff-Cluster und bilden einen zum Zn-MOF-745"!
isostrukturellen MOF.

2,5-dioxidoterephthalate (DOT)

ﬁ—

M20,(COy),
1D chaln. M-MOF-74
(M:2n, CoyNi; Mg) (M: Zn, Co, Ni, Mg)

Abb. 3: Synthese und Struktur des MOF-74 mit unterschiedlichen Metall-lonen. Grau = Kohlenstoff, rot =
Sauerstoff, blau = Metall. (Bild™®")

YAGHI nutzte die retikulare Synthese zur Darstellung neuer IRMOFs (IRMOF-74-1 bis -XI)
basierend auf Mg-MOF-74.[62] Dazu wurde der DOT-Linker verlangert, indem der Abstand
zwischen den koordinierenden Carboxylat/Phenolat-Paaren vergroRert wurde. Mit einer
GroRe von 98 A besitzt der erhaltene IRMOF-74-XI einen der groRten bisher beschriebenen
Poreneingange und gleichzeitig die niedrigste bekannte Dichte (0.195 g/cm®) fiir einen

4



1 Einleitung

Kristall bei Raumtemperatur. Das Besondere der IRMOF-Serie des Mg-MOF-74 ist, dass
keine interpenetrierenden Netzwerke entstehen kdnnen und alle IRMOFs permanent pords
sowie stabil bis 300 °C sind. Ob interpenetrierende Netzwerke, also Netzwerke, die in
einander verwoben, aber nicht Uber chemische Bedingungen verknipft sind, entstehen
konnen, hangt von der Struktur des MOFs ab.’** Beispiele fiir Interpenetration zweier

Netzwerke wurde bei einer anderen IRMOF-Serie basierend auf MOF-5 beobachtet.[%

CC}C\(3 COOE) COC;S COOe COOe
e Q e

Abb. 4: Linker, die zur Darstellung von IRMOF-74-1 bis XI verwendet wurden, und eine Ansicht der
Poreneingange des IRMOF-74-X1. Schwarz = Kohlenstoff, rot = Sauerstoff, tiirkis = Magnesium. (Bild®*)

Neben den gerade erwahnten Beispielen, basierend auf ditopen Linkern, gibt es auch IRMOF-
Serien, die auf tritopen Linkern basieren. Ein Beispiel ist der aus HsBTB-Linkern und Zn,O-
Clustern bestehende MOF-177.1°! Dieser zeichnet sich durch ein nicht-interpenetrierfahiges
Netzwerk aus, eine wichtige VVoraussetzung fiir die Synthese von hochporésen MOFs. Durch
den Einsatz von verlangerten Linkern wie H3;BTE und H3BBC konnten zwei isoretikulare
MOFs (MOF-180 und MOF-200) erhalten werden.!®® Das Volumen der Elementarzelle ist
1.9-mal (MOF-180) bzw. 2.6-mal (MOF-200) grofRer als beim MOF-177. Ein anderes
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Beispiel ist das MOF-399. Dabei handelt es sich um einen IRMOF, basierend auf HKUST-1
mit H3BBC als Linker. MOF-399 besitzt eine 17.4-mal groRere Elementarzelle als HKUST-1,

eine extrem niedrige Dichte von 0.126 g/cm® und einen inneren Porendurchmesser von 43.2

A- [67]

HOOC. COOH
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- e O

O O COOH O
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COOH COOH COOH

H;BTB H;BTE

MOF-177 MOF-180 MOEF-200

Abb. 5: Die Kristallstrukturen zeigen eine VergroRerung der Poren von MOF-177 (iber MOF 180 bis MOF-200.
Die zugehorigen Linker sind jeweils Ober der Kristallstruktur abgebildet. Schwarz = Kohlenstoff, rot =

Sauerstoff, blaue Tetraeder = Zn,0, gelbe Spharen geben den groRtmoglichen Platz in den Poren an. (Bild™®®)

Die beschriebenen Beispiele zeigen, wie die retikulare Synthese genutzt werden kann, um die
Poren von MOFs zu vergroRern. Eine andere Mdglichkeit, die Eigenschaften von MOF-Poren
zu verandern, ware der Einsatz von funktionalisierten Linkern (siehe Kapitel 1.2). Doch die
Synthese und Untersuchung von erweiterten oder funktionalisierten IRMOFs ist oft durch die
Verfiigbarkeit der entsprechenden Linker limitiert. Ein Beispiel sind tritope Carbonséure-
Linker mit einem Triazinkern. Obwohl der bekannteste Vertreter HsTATB schon erfolgreich
in diversen MOF-Synthesen eingesetzt wurde, sind erweiterte Vertreter nur selten und

funktionalisierte gar nicht beschrieben.
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1.1 Triazin-basierte Linker

Obwohl bereits eine Vielzahl an MOFs mit Triazin-basierten Linkern bekannt sind, ist das
Potential dieser Linker noch langst nicht erschopft. Dies zeigt sich vor allem daran, dass der
Groliteil dieser MOFs auf gerade einmal funf Linkern basiert. Dabei handelt es sich, bis auf
den hexadentaten HsTDPAT-Linker®®"2 grundsatzlich um tritope Linker. Eine Besonderheit
ist der Pyridin-substituierte TPT-Linker”>"® da dieser tiber seine Pyridin-Stickstoff-Atome
an Metallzentren koordinieren kann. Wihrend der Melamin-basierte H;TATAB-Linker!’’ 8
bereits in einer Vielzahl von MOFs Anwendung findet, wurde der Cyanurséure-basierte
HsTCPT-Linker® 8 bis jetzt nur selten eingesetzt. Trotz des offensichtlichen Potentials aller

genannten Linker soll im Folgenden der Fokus auf den H3TATB-Linker gelegt werden.

OOH

X
HOOC NH OOH
H
NJ'}N COO0 )\
N NN
X7 N7 X P
HNJ\N H COOH
L
COOH HoOC COOH
H,TATAB (X = NH) HeTDPAT
H,TCPT (X=0) NN
w OOH
N
Ny HOOC COOH

= H,TATB

i
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Abb. 6: Ubersicht der am haufigsten eingesetzten Triazin-basierten Linker.

UaW,

I COOH

H,TAPB

Der H3TATB-Linker wurde bereits in einer Vielzahl von MOF-Synthesen erfolgreich
eingesetzt. Je nach eingesetztem Metall-lon (AIBY, SclB4 MntE>8e] Feld4]  col¥e-881  N;jlE]

Cul®0ol - 7[8586.92-941 = o ql8593] ) anthanoide!®> ) konnten unterschiedliche Strukturen
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beobachtet werden. Vergleicht man diese Triazin-basierten MOFs mit &hnlichen benzol-
basierten MOFs, beobachtet man teilweise erhebliche Unterschiede in den Eigenschaften. Ein
Beispiel sind die starken m-n-Wechselwirkungen, die sich zwischen den Triazin-Ringen
ausbilden konnen. Diese sorgen fir eine erhohte thermische Stabilitat von Triazin-basierten
MOFs.®%8 Gleichzeitig begiinstigen die starken Wechselwirkungen die Bildung von
interpenetrierenden Netzwerken. Die kleinen Poren dieser Netzwerke konnen bei der
Adsorption von Gasen im Vorteil sein, da die Wechselwirkungen der meist kleinen
Gasmolekiile mit der Porenoberflache gréRer sind als bei MOFs mit groBen Poren.!*®%! Aper
auch die Stickstoffatome des Triazin-Kerns kdnnen einen direkten Einfluss auf die Menge
und Selektivitat bei der Adsorption von Gasen haben. Dies zeigte der Vergleich von zwei
isoretikularen Dysprosium-MOFs mit H3TATB und H3BTB als Linker. Fir den Triazin-

basierten MOF wurde eine wesentlich héhere CO,-Kapazitat beobachtet.[*®!

Hierbei sollte man erwahnen, dass dies ein seltenes Beispiel fur isoretikulare MOFs basierend
auf HsTATB wund H3;BTB ist. In den meisten Féllen werden trotz gleicher
Synthesebedingungen vollig unterschiedliche Topologien erhalten. Dies ist hauptséchlich auf
die fehlenden Wasserstoffatome am Triazin-Kern des H3TATB-Linkers (im Gegensatz zum
HsBTB-Linker) und die daraus resultierende Planaritat zuriickzufiihren.®”! Berechnungen in
der Gasphase liefern flr den Triazin-Linker einen Winkel von 0.006° zwischen den Ebenen
der peripheren Aromaten bzw. den Carboxylat-Gruppen und dem Triazin-Ring. Der H3BTB-
Linker besitzt hingegen einen Winkel von 38.5°, da sich die Wasserstoffatome des Benzol-
Kerns und die ortho-Wasserstoffatome der peripheren Aromaten abstoRen!® (siehe Kapitel
3.1). Die Planaritdt des HsTATB-Linkers sorgt auflerdem fir eine wesentlich stérkere
Delokalisierung der n-Elektronen und tragt so wesentlich zu der beschriebenen thermischen

Stabilitat von Triazin-basierten MOFs bei (s.0.).



1 Einleitung

COOH
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Abb. 7: Strukturelle Unterschiede der Linker H;BTB und H;TATB. Die unteren beiden Strukturen wurden mit
B3LYP//6-31G* berechnet.[**!

Inwiefern der Triazin-Kern die Topologie eines MOFs beeinflusst, kann gut anhand zweier
Beispiele gezeigt werden. Der 2001 von YAGHI beschriebene MOF-141% pesitzt eine
dinuclear paddle-wheel SBU aus Cu?*-lonen und den Carboxylat-Gruppen des Hs;BTB-
Linkers. Mit der gleichen SBU bildet sich unter Verwendung des HsTATB-Linkers der
sogenannte PCN-6!"1 MOF. Aufgrund der strukturellen Unterschiede der Linker besitzt
MOF-14 eine pto-Topologie und PCN-6 eine tbo-Topologie. (Topologie-Abkiirzungen aus
,Reticular Chemistry Structure Resource“l™®) Auch die um einen Phenyl-Ring erweiterten
Linker HsBBC und HsTAPB bilden mit Cu**-lonen stabile MOFs. In diesem Fall &ndert sich
die Topologie und der Triazin-basierte MOF-388 besitzt eine pto-Topologie und der benzol-
basierte MOF-399 besitzt eine tbo-Topologie.®”

pto
Abb. 8: Vereinfachte Darstellung der pto- und tbo-Topologie. Hellblaue Dreiecke = Linker, rote Quadrate =
SBU. (Bild!%)

Wann welche Topologie bevorzugt wird, hangt davon ab, wie grofl3 der Winkel zwischen der

Ebene der Carboxylat-Gruppe und der Ebene des Kerns (Benzol oder Triazin) ist. Wenn beide
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Ebenen koplanar zueinander sind, wird die tbo-Topologie bevorzugt. Sind sie zueinander

verdreht, wird die pto-Topologie bevorzugt.

Die genannten Beispiele zeigen, dass schon Kkleine Anderungen am Linker groRe
Auswirkungen auf die Struktur und Eigenschaft eines MOFs haben konnen. Da bereits eine
Vielzahl an MOFs basierend auf dem H3;TATB-Linker bekannt sind, wiirden sich erweiterte
und vor allem funktionalisierte Triazin-Linker fur eine retikulare Synthese anbieten. Durch
das pra- oder postsynthetische Einfuhren funktioneller Gruppen konnten IRMOFs mit

definierten Eigenschaften dargestellt werden.

1.2 Pra- und postsynthetische Modifikation von MOFs

Die Entwicklung von postsynthetischen Methoden zur Modifizierung der physikalischen und
chemischen Eigenschaften eines MOFs hat in den letzten Jahren stetig zugenommen.
Methoden wie postsynthetische Entschiitzung (PSD), postsynthetischer Austausch (PSE),
postsynthetische Insertion (PSI) und postsynthetische Polymerisation (PSP) sind mittlerweile
etablierte Methoden, um nach der MOF-Synthese eine Funktionalitat einzuftigen.*® Zu den
am besten untersuchten und am haufigsten verwendeten Methoden gehoren jedoch die
prasynthetische Modifikation mittels funktionalisierter Linker und die postsynthetische
Modifikation™®%! (PSM) von MOFs. Beide Methoden haben Vor- und Nachteile.

Als prasynthetische Modifikation wird der Einsatz funktionalisierter Linker in der MOF-
Synthese bezeichnet. Dabei geht man meistens von Linkern aus, die bereits erfolgreich zur
Synthese von MOFs verwendet wurden. Diese werden mit funktionellen Gruppen versehen
und im Idealfall zur Synthese von IRMOFs verwendet.!®® Entscheidend dabei ist, dass die
funktionelle Gruppe die Loslichkeit moglichst nicht beeinflusst, nicht an Metall-lonen
koordinieren kann und wéhrend der MOF-Synthese stabil bleibt. Da viele interessante
funktionelle Gruppen mindestens eine der genannten Voraussetzungen nicht erftllen, ist die
Synthese von funktionalisierten IRMOFs oft schwierig. Die Vorteile einer retikularen
Synthese (gleiche Synthesebedingungen) fallen weg und fir jeden funktionalisierten Linker
muss das Ausprobieren neuer Synthesebedingungen in Kauf genommen werden. Trotzdem
konnte bis heute eine Vielzahl an prasynthetisch funktionalisierten MOFs erfolgreich

dargestellt werden.

10
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-

funktionalisierter prasynthetisch funktionalisierter postsynthetisch modifizierter
Linker MOF MOF

Metallzentrum

Abb. 9: Schematische Darstellung der Synthese eines présynthetisch funktionalisierten MOFs und

anschlieBender postsynthetischer Modifikation.

Bei der postsynthetischen Modifikation werden die eingesetzten Linker erst nach der Synthese
des MOFs modifiziert. Damit eine PSM erfolgreich durchgefiihrt werden kann, missen
folgende Voraussetzungen erflllt sein. Die Poren mussen ausreichend grol3 sein, damit die
entsprechenden Reagenzien ins Netzwerk eindringen kdnnen. Auflerdem muss das MOF
stabil gegenuber den postsynthetischen Bedingungen sein und darf seine kristalline Struktur
nicht verlieren. Die wohl wichtigste VVoraussetzung ist, dass bereits funktionelle Gruppen im
Netzwerk vorliegen, an denen die Modifikationen durchgefiihrt werden kénnen. Es sind zwar
auch ,,unfunktionalisierte“ bzw. aromatische MOFs mittels elektrophiler Substitutions-
reaktionen modifiziert worden, aber dies ist auf Grund der sehr drastischen
Reaktionsbedingungen nur bei extrem stabilen MOFs moglich.'*) Die Darstellung von
prasynthetisch funktionalisierten MOFs ist also eine wichtige Grundlage, um postsynthetische
Modifikationen durchfiihren zu kénnen. Im Folgenden sollen einige Beispiele von kovalenter
PSM erldutert werden. Fir Beispiele von dativer PSM (PSM durch Metallionen-

Koordination) sei auf Reviews verwiesen.['%1%

Eines der ersten Beispiele fur eine erfolgreiche PSM war die von COHEN beschriebene
Acetylierung von IRMOF-3.M% IRMOF-3 ist isoretikular zu MOF-5, besitzt im Gegensatz zu
MOF-5 aber nicht Terephthalsdaure (BDC) als Linker sondern 2-Aminoterephthalsaure
(NH,-BDC). Die Aminogruppe des Linkers koordiniert nicht an die SBU (Zn4O) und ist
damit frei zuganglich fur eine PSM. Die Umsetzung der Aminogruppe mit
Essigsaureanhydrid verlief nach Optimierung der Reaktionsbedingungen quantitativ und
lieferte den IRMOF-3-AML. Der Einsatz von Anhydriden mit unterschiedlichen Kettenldngen
lieferte zehn weitere modifizierte MOFs (IRMOF-3-AM2 -7, -AM9, -AM13, -AM16, -
AM19), wobei die Umsetzung zwischen 99 % (-AM2) und 7 % (-AM19) lag.** Kristallinitat
und Porositdt wurden fir alle MOFs durch Pulver-Rontgendiffraktometrie und
Sorptionsmessungen bestatigt. Die Sorptionsmessungen zeigten auf’erdem, dass sich mit

zunehmender Kettenlange die Oberflache des modifizierten MOFs verringerte.
11
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Abb. 10: Synthese von IRMOF-3 und postsynthetische Modifikation mit unterschiedlichen Anhydriden.

In den folgenden Jahren konnte eine Vielzahl postsynthetischer Modifikationen an
funktionalisierten MOFs durchgefiihrt werden. Mehrere Azid-funktionalisierte MOFs wurden

in 1,3-dipolaren Cycloadditionen mit Alkinen zu den jeweiligen Triazolen umgesetzt.[**2-15]

Aldehyd-funktionalisierte MOFs wurden mit Aminen zu den jeweiligen Iminen6t]
umgesetzt oder mit Natriumborhydrid zum Alkohol™" reduziert. AuRerdem konnten Alken-
funktionalisierte MOFs mittels Bromierung, Oxidation, Hydroborierung und Epoxidierung

modifiziert werden, 181!

Trotzdem wird der Grofteil der kovalenten PSM ausgehend von Amino-MOFs durchgefiihrt.
Dies liegt zum einen daran, dass viele Amino-MOFs zur Verfiigung stehen, und zum anderen
daran, dass die Aminogruppe in einem breiten Spektrum an chemischen Reaktionen
eingesetzt werden kann. Neben Acetylierungen mit Anhydriden?®*24  cyclischen
Anhydriden®™2! uynd  Carbonsaurechloriden*®*  sind auch Umsetzungen mit
Isocyanaten™®3:-2331 = piphosgen™*¥ Thiophosgen™,  Aldehyden™ ™" und
Alkylbromident™®! bekannt.

Eine besondere Herausforderung bei der Funktionalisierung von MOFs ist die
Implementierung von organischen Sduren wie z.B. Carbon-, Sulfon-, oder

[139 [140-1%1 " aufgrund  der

Phosphonsdauren. Wahrend eine prasynthetische Modifikation
koordinativen Eigenschaften von organischen Sduren oft anspruchsvoll ist, muss das MOF fiir
eine PSM neben den Ublichen Voraussetzungen auch eine gewisse Stabilitat gegeniber
Séuren aufweisen. Je nach Stabilitdat des MOFs konnen die organischen Sduregruppen auf
unterschiedliche Wege implementiert werden. Eine Madglichkeit, unter relativ milden
Synthesebedingungen Carbon- und Sulfonsdaure-Gruppen einzufthren, ist die Umsetzung von
Amino-MOFs mit Sultonent****! oder cyclischen Anhydriden*>>*?1 |m Fall der sehr
stabilen MOFs Cr-MIL-101 und AI-MIL-53 gelang sogar eine direkte Sulfonierung der

12



1 Einleitung

aromatischen Linker mit einer Mischung aus Schwefelsdaure und Trifluormethan-
sulfonsaure.™°! Nur ein Beispiel fiir eine postsynthetische Modifikation zur Implementierung
von Phosphonsauren-Gruppen ist bis heute bekannt.™>"!

MM
0O

MM
fo) e
0
0~ _0 H
XF on

M M
Abb. 11: Beispiele fur die Umsetzung eines aminofunktionalisierten MOF mit Sultonen oder cyclischen
Anhydriden.

Anwendung finden Brgnsted-acide MOFs heutzutage hauptsachlich in der heterogenen
Katalyse!®®*¥ und als protonenleitfahige Materialien™ %%, Vor allem bei MOFs mit
unkoordinierten  Sulfon- oder Phosphonsdaure-Gruppen wurde bereits eine hohe
Protonenleitfahigkeit beobachtet.™*4***%"] Dje Synthese solcher MOFs ist noch immer eine
grolRe Herausforderung und kénnte durch das Entwickeln neuer postsynthetischer Methoden
zur Implementierung von Sulfon- und Phosphonsaure-Gruppen erleichtert werden. Auch die
Verfugbarkeit eines groReren Pools an prasynthetisch modifizierten Linkern konnte die
Darstellung protonenleitfahiger MOFs (PCMOF, proton conducting MOF) erleichtern.

1.3 Linker fur protonenleitfahige MOFs

In den letzten Jahren zeigten vor allem MOFs basierend auf Phosphonséure-Linkern
vielversprechende  Ergebnisse in  Bezug auf Protonenleitfahigkeit.['*>*%82%%  Dje
Phosphonséure-Gruppen besitzen jeweils drei Sauerstoffatome und kénnen mit diesen auf

unterschiedliche Weise an ein Metall-lon koordinieren. Viele protonenleitfahige MOFs

13
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profitieren davon, dass ein Sauerstoffatom oder eine Hydroxylgruppe der Phosphonséure
nicht am Metall-lon koordiniert und in der Pore frei zugéanglich vorliegt. Diese kénnen dann
als Wasserstoffbriickenakzeptor oder -donor zur Protonenleitfahigkeit beitragen. Unter
bestimmten Reaktionsbedingungen kann sogar ein MOF mit unkoordinierten Phosphonsaure-
Gruppen hergestellt werden. Der von SHIMIZU beschriebene PCMOF-5 besitzt freie
Phosphonséure-Gruppen innerhalb der Poren und weist eine dementsprechend hohe
Protonenleitfahigkeit auf.’®*! Andere Beispiele fiur MOFs mit hoher Protonenleitfahigkeit
basieren auf Linkern mit zwei verschiedenen organischen Sauregruppen. Durch Kombination
von Carbonsaure-Gruppen und Phosphonséure-Gruppen an einem Linker konnen stabile
MOFs mit einer hohen Protonenleitfahigkeit erhalten werden.***'®? Dabei bilden die
Carboxylate eine koordinative Bindung zu den Metall-lonen aus und die Phosphonsaure-
Gruppen liegen im Idealfall frei oder nur teilweise koordiniert vor. Nach dem gleichen Prinzip
wurden Linker mit  Carbonséure- und Sulfonséure-Gruppen erfolgreich
eingesetzt. 144196157183 pje  gylfonsaure-Gruppe kann ebenfalls als Wasserstoffbriicken-

akzeptor oder, wenn sie frei vorliegt, auch als Wasserstoffbriickendonor agieren.

Auf Grund der guten Eigenschaften von Sulfonséure- und Phosphonsaure-Gruppen
hinsichtlich der Protonenleitfahigkeit bietet sich eine Kombination beider Gruppen in einem
Linker an. Obwohl bereits eine Vielzahl an Koordinationspolymeren und MOFs basierend auf
solchen Linkern bekannt sind™***! gibt es nur wenige Untersuchungen beziiglich der
Protonenleitfahigkeit™*™. Hinzu kommt, dass alle bekannten Netzwerke auf einen Pool aus
gerade einmal vier Linkern zurtickgreifen. Dies liegt vermutlich daran, dass die Synthese von
Linkern, die sowohl Phosphonsdure-Gruppen als auch Sulfonsdure-Gruppen enthalten, oft
schwierig ist (s. Kapitel. 4.1). Deshalb missen neue Synthesestrategien gefunden werden, um
den Pool dieser Linker (im Rahmen dieser Arbeit als Phosphosulfonséaure-Linker bezeichnet)
zu erweitern und somit auch die Synthese neuer, protonenleitfahiger Koordinationspolymere

oder MOFs zu erleichtern.

PO;H,

HO,S PO3H, o
\@/ Hoss/\/\/POSHZ 33\/\P03H2
H

S0,

Abb. 12: Linker mit Phosphonsdure- und Sulfonsdure-Gruppe, die bereits erfolgreich zur Synthese von

Koordinationspolymeren eingesetzt wurden.
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2 Aufgabenstellung

Im Rahmen dieser Arbeit sollten funktionalisierte IRMOFs und protonenleitfahige MOFs
durch pré- oder postsynthetischen Modifikation dargestellt werden. Fur die prasynthetische
Modifikation sollten funktionalisierte Triazin-Linker bzw. Phosphosulfonsdure-Linker
synthetisiert und zur Verfligung gestellt werden. Ausgehend von prasynthetisch
funktionalisierten MOFs sollten auflerdem Methoden zur postsynthetischen Modifikation
entwickelt werden, um die Eigenschaften eines MOFs, z.B. in Bezug auf

Protonenleitfahigkeit, zu verandern.

Fur die présynthetische Darstellung von funktionalisierten IRMOFs sollten im Rahmen dieser
Avrbeit funktionalisierte Triazin-Linker synthetisiert und zur Verfligung gestellt werden. Dafur
sollten die erstmals von KLINKEBIEL™™ beschriebenen nitro- und aminofunktionalisierten

H3TATB-Linker in einem mdglichst groRen MaRstab synthetisiert werden.

CO,H CO,H
X
Y
N~ ~N N~ ~N
I -, | ~,

N N

HO,C CO,H  HO,C CO,H
X= NOZ, NH2 Y= NOZ, NH2

Abb. 13: Nitro- und aminofunktionalisierte H;TATB-Linker.

Zur VergroBerung des Pools an funktionalisierten Triazin-Linkern sollten auRerdem
Mdoglichkeiten zur Darstellung von hydroxyfunktionalisierten Triazin-Linkern untersucht
werden. Dafir sollte ausgehend vom TAPB-OMe-Linker Synthesebedingungen zur Spaltung

des Methylethers gefunden werden.
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Abb. 14: Geplante Spaltung eines Methylethers zur Darstellung des hydroxyfunktionalisierten TAPB-OH-
Linkers.

Die Erweiterung der funktionalisierten HsTATB-Linker um einen zusatzlichen Benzol-Ring
wurde bereits von KLINKEBIEL! beschrieben. Ausgehend von den funktionalisierten
Tribromtriazinen wurden mittels dreifacher Suzuki-Kupplung funktionalisierte H;TAPB-
Linker dargestellt. Ein Ziel dieser Arbeit war die Erweiterung der H3TATB-Linkern um zwei

zusétzliche Benzol-Ringe.

OzMe

®

&k
X
Lo ®
N™~N
‘ o
. S
HO,C 2 CO,H
X = H, NO,, OMe X = H, NO,, OMe 2

Abb. 15: Geplante Synthese firr erweiterte Triazin-Linker.

Die funktionalisierten Triazin-Linker sollten nach erfolgreicher Synthese in Kooperationen
mit MILAN KOPPEN (AK STOCK) und ERIKA VIRMANI (geb. MUHLBAUER, AK WUTTKE)

zur Darstellung von funktionalisierten MOFs eingesetzt werden. Sollte die Darstellung eines
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funktionalisierten MOFs erfolgreich sein, sollten im Rahmen dieser Arbeit postsynthetischer

Modifikationen an dem jeweiligen MOF vorgenommen werden.

Ein weiteres Ziel dieser Arbeit war die Darstellung von protonenleitfahigen MOFs. Wahrend
die Synthese der MOFs von THOMAS HOMBURG (AK STOCK) durchgefiihrt werden sollte,
war das Ziel dieser Arbeit die Synthese von geeigneten Linkern. Wie in Kapitel 1.3 bereits
erwéhnt, ist nur eine geringe Anzahl an potentiellen Linker-Molekilen bekannt, die sowohl
Phosphonsdure- als auch Sulfonsaure-Gruppen besitzen (Phosphosulfonséure-Linker). Um
den verfligbaren Pool dieser Linker zu erweitern, sollten neue Synthesewege entwickelt

werden.

Ein  moglicher  Syntheseweg  basiert auf der Umsetzung von  1,2,4,5-
Tetrakis(brommethyl)benzol mit Triethylphosphit oder Natriumsulfit. Wéhrend mit vier
Aquivalenten Triethylphosphit der jeweilige Tetraphosphonsaurediethylester erhalten
wird™® entsteht bei der Umsetzung mit vier Aquivalenten Natriumsulfit das jeweilige
Natriumsalz der Tetrasulfonsaure!*™. Durch die Verwendung von zwei Aquivalenten
Triethylphosphit koénnte zunéchst ein Diphosphonsdurediethylester dargestellt werden,
welcher anschlieRend mit zwei Aquivalenten Natriumsulfit umgesetzt werden wiirde. Nach
Hydrolyse der Phosphonsaureethylester-Gruppen koénnte ein Linker isoliert werden, der

sowohl Phosphonsdure- als auch Sulfonséure-Gruppen besitzt.

POaEtz PO‘3Et2 r r 03Na 03Na
P(OEt); Na,SO;
— >

PO3Et2 PO3Et2 Br Br SO3Na So:;Na

1. P(OEt),

2. Na2803

3. HCl,q

PO;H, O,H
z.B.

SOH  POH,
Abb. 16: Nucleophile Substitution von Tetrakis(orommethyl)benzol mit Triethylphosphit (links)**? bzw.

Natriumsulfit (rechts)™"! und die geplante Synthese eines Phosphosulfonsaure-Linkers (unten).
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2 Aufgabenstellung

Mit der oben beschriebenen Methode kénnen Phosphonséure- und Sulfonsaure-Gruppen tber
Methylen-Einheiten mit einem Benzol-Ring verknipft werden. Ein anderer Ansatz zur
Darstellung von Phosphosulfonsdure-Linkern ist die direkte Verknupfung von
Phosphonsaure- und Sulfonsaure-Gruppen mit einem Benzol-Ring. Im Rahmen dieser Arbeit
sollten  Synthesewege  zur  Darstellung von  tri- und  tetrasubstituierten

Phosphobenzolsulfonsaure-Linkern entwickelt werden.

X

,@ O
X X X X

X= P03H2 ’ SO3H

Abb. 17: Tri- und tetrasubstituierte Phosphobenzolsulfonsdure-Linker mit unterschiedlicher Anzahl und Position

von Phosphon- und Sulfonséure-Gruppen.

Eine weitere Moglichkeit, die Protonenleitfahigkeit eines MOFs zu verbessern, ist die
postsynthetische Implementierung von organischen S&uregruppen. Im Rahmen dieser Arbeit
sollten Methoden zur postsynthetischen Implementierung von Phosphonséure-Gruppen in Cr-
MIL-101-Derivate (Cr-MIL-101, Cr-MIL-101-Br, Cr-MIL-101-NH,) entwickelt werden. Cr-
MIL-101 wurde ausgewahlt, da sich dieser MOF sowohl durch hohe thermische und
chemische Stabilitdt auszeichnet als auch mit einer grofen Variation an funktionellen
Gruppen ausgestattet werden kann. Diese Eigenschaften sollten ein breites Spektrum an
postsynthetischen  Reaktionen zur Implementierung von  Phosphonsédure-Gruppen

ermoglichen.

& Cr

X = H, Br, NH,

Abb. 18: Postsynthetische Implementierung von Phosphonsaure-Gruppen direkt am Benzol-Ring oder (ber eine
funktionelle Gruppe (Y = z. B. NH, CH,).
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

3 Triazin-basierte MOFs: Pra- und postsynthetische
Modifikation

In diesem Kapitel wird die Synthese funktionalisierter Triazin-Linker und deren Einbau in
MOFs besprochen. Zunéchst wird in Kapitel 3.1 auf die Synthese und Erweiterung von
funktionalisierten HsTATB-Linkern eingegangen. In Kapitel 3.2 werden MOFs basierend auf
funktionalisierten H3TATB-Linkern vorgestellt. Postsynthetischen Modifikationen eines

funktionalisierten Bismut-MOF werden in Kapitel 3.2.3 besprochen.

Anmerkung: Verbindungen, die in einer Verdffentlichung oder in einem Manuskript
beschrieben sind, werden wie folgt benannt: VX-Y oder MX-Y. Mit dem Muster VX-Y
werden Verbindungen aus einer Verdffentlichung und mit MX-Y Verbindungen aus einem
Manuskript bezeichnet. X steht flr eine Zahl, die sich auf eine bestimmte Verdffentlichung
bzw. Manuskript bezieht. Fir die erstgenannte Veroffentlichung bzw. das erstgenannte
Manuskript wird das X durch eine 1 ersetzt (fur das zweitgenannte mit einer 2 usw.). Y steht
fur die Zahl, die die jeweilige Verbindung in der Veroffentlichung oder dem Manuskript hat.
V2-10 beispielsweise bezeichnet Verbindung 10 aus der zweiten in dieser Arbeit genannten

Veroffentlichung.
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

3.1 Synthese von funktionalisierten Triazin-Linkern

Die Erweiterung oder Funktionalisierung von bekannten Linkern konnte schon mehrfach zur
Darstellung neuer MOFs genutzt werden. Ein Beispiel ist die Erweiterung des H3TATB-
Linkers zum HsTAPB-Linker durch Einflihren eines weiteren Benzol-Rings zwischen dem
Triazin-Kern und der jeweiligen Carbonsaure-Gruppe.®” In der folgenden Verdffentlichung

wird die Synthese von funktionalisierten und erweiterten H3TAPB-Linkern beschrieben.
CO,H

®
CO,H O

N™ ~N
I P
N L N@
HO,C” : : “CO,H HO,C CO,H

HsTATB HsTAPB

Abb. 19: Triazin-basierte Linker H;TATB und H;TAPB.

Die Darstellung der funktionalisierten HsTAPB-Linker V1-17b, V1-17c, V1-17d und V1-17e

erfolgte ausgehend von den funktionalisierten Tribromtriazinen V1-3b und V1-3c.

O,H

C
o X 0 o,

X

X V1-15
vi3a|l H V1-17b | NO,
V1-3b| NO, V1-17¢ | OMe
V1-3¢| OMe V1-17d | NH,
V1-17e | OH

Abb. 20: Synthesetbersicht zur Darstellung der funktionalisierten HsTAPB-Linker V1-17b, V1-17¢c, V1-17d

und V1-17e.
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

Diese wurden jeweils in einer Suzuki-Kupplung mit drei Aquivalenten der Boronsaure V1-15
umgesetzt. Nach anschlielender Hydrolyse der Methylester-Gruppen konnten der
nitrofunktionalisierte HsTAPB-Linker V1-17b und der methoxyfunktionalisierte H3;TAPB-
Linker VV1-17c isoliert werden. Zur Darstellung des aminofunktionalisierten H;TAPB-Linker
V1-17d wurde die Nitrogruppe vor der Hydrolyse reduziert. Die Spaltung des Methylethers
zur Darstellung des hydroxyfunktionalisierten HsTAPB-Linker V1-17e erfolgte mit
Pyridinhydrochlorid.

In Anlehnung an dieses VVorgehen wurden drei erweitertere H;TAPB Linker V1-20a, V1-20b
und V1-20c mit drei Benzol-Ringen zwischen dem Triazin-Kern und der jeweiligen
Carbonséure-Gruppe synthetisiert. Die Darstellung erfolgte Gber eine Suzuki-Kupplung der
Tribromtriazine V1-3a, V1-3b und V1-3c mit jeweils drei Aquivalenten des
Biphenylboronsaureester V1-18. Nach anschliefender Hydrolyse der Methylester-Gruppen
bzw. Spaltung des Methylethers mit Pyridinhydrochlorid konnten die jeweiligen Triazin-
Linker V1-20a, V1-20b und V1-20c isoliert werden.

X
> @ ®
+ 3 — NTIN
SN — B
v (U
'B\O
Br Br
HO,C 2 CO,H
V118 X 2
V1-20a | H
V1-20b |NO,
Vv1-20c | OH

Abb. 21: Syntheseubersicht zur Darstellung der Triazin-Linker V1-20a, V1-20b und V1-20c.

Die Ergebnisse wurden veroffentlicht:

A. Klinkebiel, O. Beyer, B. Malawko, U. Luning, Beilstein J. Org. Chem. 2016, 12, 2267-
2273.

Bis auf die Synthesen der Molekule V1-16d, V1-17b und V1-17d wurden alle in der

Veroffentlichung beschriebenen Synthesen im Rahmen dieser Dissertation durchgefunhrt.
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

Zusétzlich ist die erstmalige Charakterisierung der Molekile V1-17e, V1-19a-c und V1-20a-c
Bestandteil dieser Dissertation. Die erstmalige Synthese und Charakterisierung der Molekiile
V1-3a, V1-3b, V1-16b-d und V1-17b-d wurde von ARNE KLINKEBIEL im Rahmen seiner

Dissertation durchgefiihrt.

Anmerkung: Die Daten der B3LYP//6-31G*-Rechnungen aus der Supporting Information
wurden dieser Arbeit aus Ubersichtsgriinden nicht beigefiigt. AuRerdem wurde die
Formatierung der Supporting Information geringfligig verandert, um sie auf die Formatierung

dieser Arbeit anzupassen. Dabei wurden keine Inhalte verandert.
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New triazine-based tricarboxylic acid linkers were prepared as elongated relatives of triazinetribenzoic acid (TATB). Additionally,
functional groups (NO,, NH,, OMe, OH) were introduced for potential post-synthetic modification (PSM) of MOFs. Functionali-
zed tris(4-bromoaryl)triazine “cores™ (3a,3b) were obtained by unsymmetric trimerization mixing one equivalent of an acid chlo-

ride (OMe or NO, substituted) with two equivalents of an unsubstituted nitrile. Triple Suzuki coupling of the cores 3 with suitable
phenyl- and biphenylboronic acid derivatives provided elongated tricarboxylic acid linkers as carboxylic acids 17 and 20 or their
esters 16 and 19. Reduction of the nitro group and cleavage of the methoxy group gave the respective amino and hydroxy-substi-

tuted triazine linkers.

Introduction

A typical building block for many metal-organic frameworks
(MOFs) [1-4] carries two functional groups such as carboxylic
acids or heterocycles resulting in a bridging ligand for the
metal-containing ,.edges™ of the porous structures. Linkers with
more than two ligating sites (carboxylic acids or heterocycles)
have also been used successfully. Tri- to hexatopic linkers are
also known. The prototype for a trivalent linker is 1,3,5-
benzenetricarboxylic acid. By elongating the .arms* of the
linkers, larger pores can be achieved, and often the MOF struc-
tures containing extended linkers resemble those obtained with
the smaller parent linker (isoreticular structures, see for instance

[5D).

In the case of the tritopic linker 1,3,5-benzenetricarboxylic acid
(BTC, forming HKUST-1 [6] in the presence of copper ions),
an obvious elongated building block is BTB (1,3,5-benzenetri-
benzoate, Figure 1, left) forming for instance MOF-14 [7]. But
this type of elongation has a drawback: the direct vicinity of the
aryl groups does not allow planarity due to the repulsion of the
ortho-hydrogen atoms in the biphenyl subunits. An exchange of
the central benzene ring by a 1,3,5-triazine (1,3,5-triazine-2.4,6-
tribenzoate, TATB, Figure 1, right), however, permits planarity.
The respective MOF from TATB and copper is PCN-6 [8].
While the orientation of the carboxylate plane relative to the
central six-membered ring is in the same plane in the TATB
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COOH

H

NN
I/
Hooc COOH

TATB

m..

Figure 1: Steric repulsion between ortho-hydrogen atoms in benzene-1,3,5-tribenzoic acid (BTB) leads to a non-planar structure (left). The exchange
of CH units by nitrogen atoms in the central six-membered ring allows a planar structure: 1,3,5-triazine-2,4 6-tribenzoic acid (TATB, right). The two

structures in the lower half have been calculated with B3LYP//6-31G*.

based MOF PCN-6, the BTB analogue MOF-14 shows a tilt
angle of ca. 35°. B3LYP//6-31G* calculations of the isolated
linkers in the gas phase result in dihedral angles of 38.5° for
BTB and 0.006° for TATB, respectively (for further informa-
tion see Supporting Information File 1). A detailed comparison
of triarylbenzene and triaryl-1,3,5-triazine based MOF's and a
discussion on the differences in sterical hindrance in benzene
and 1,3,5-triazine based structures has been undertaken for
tetrazol terminated linkers [9].

The properties of MOFs are determined by the nature of the
linker, the nature of the metal-containing secondary building
unit (SBU) and of course by the pore size. Additional proper-
ties are expected if other functional groups were present in the
pores. There are two general strategies to introduce additional
functional groups into a MOF: (1) by post-synthetic modifica-
tion, 1.e., a reaction of an assembled MOF with some added
reagent, or (i1) by the use of modified linkers in the synthesis of
the MOF hoping that functionalized linkers lead to isoreticular
structures.

It is obvious that the chance for isoreticular structures decreases
with the extend with which the linker is altered. Therefore, in
the case of tritopic linkers, it makes a difference whether one
additional functional group is introduced per linker or one per
.arm™. Also the issue of planarity discussed above is related to
the amount of additional substituents in the linker.

Indeed, when TATB 1a was substituted with only one substitu-
ent per linker, syntheses of isoreticular analogues of MOFs

were possible. Structures which are isoreticular to PCN-6 could
be synthesized with nitro and amino-substituted TATBs 1b—d
[10] (Figure 2).

COOH
RD
al|H H
R™ b|NO, H
| =N c|H NO,
HoOC COOH
1

Figure 2: Mono-substituted TATB linkers 1b—d were successfully em-
ployed in the isoreticular syntheses of PCN-6 MOFs [10].

How can this strategy be extended to even larger monofunction-
alized triazine linkers? Obviously by the introduction of an ad-
ditional benzene ring into each arm. Since some decades, palla-
dium-catalyzed cross coupling is the method of choice when
aryl-aryl bonds should be constructed, for instance by applying
the Suzuki-Miyaura coupling [11]. A retrosynthetic analysis
(Figure 3) of extended mono-functionalized triazinetricar-
boxylic acids 2 calls for tris(4-bromoaryl)-1,3,5-triazines 3 and
boronic acids 4 with an additional carboxylic acid functionality.
The respective methyl carboxylate of boronic acid 4 with # =1,
1.e. 15 (see below, Figure 7), is commercially available. In case
of the elongated methyl carboxylate of 4 with n = 2, the pinacol
boronate 18 (Figure 8) has been described in the literature [ 12].
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R COOH
T C :
.
b N02 R
n
¢ | OMe R COOH
d | NH,
|:> +

e| OH NTSN

N™=N 2 n

Nz N B(OH),

Br Br
O n 2 O 3 4

HooC 7COOH

Figure 3: Retrosynthetic analysis for extended TATBs 2: triple Suzuki coupling between tribromotriazines 3 and boronic acids 4.

Results and Discussion

Symmetric 1,3,5-triazines such as 3a are usually synthesized by
trimerization of respective nitriles [13]. Unsymmetric 1,3,5-tri-
azines 3 can be made by combining one equivalent of an acid
chloride with two equivalents of a nitrile [ 14-16] (for a recently
described alternative access to unsymmetrical 1,3,5-triazines;
see [17]). In the presence of a suitable Lewis acid such as anti-
mony(V) chloride, the acid chloride condenses with the nitriles
to form an oxadiazinium salt from which the triazine can be ob-
tained by reaction with ammonia (Figure 4).

The respective syntheses have successfully been carried out
with nitro and methoxy-substituted benzoyl chlorides 5b and
5¢. The resulting triazines 3b and 3¢ can then be coupled to
boronic acids or boronates to give substituted and elongated
triazine-based linkers. Furthermore, the reduction of the nitro
group or cleavage of the methoxy group will give additional
substituted linkers, amino and hydroxy-substituted ones (see
below).

Br

Br Br
R
E >/ E ; SbCl
+ 2 s
COcCl CN
5 6

The syntheses of larger linkers 2 therefore need: (i) substituted
4-bromobenzoic acid chlorides 5, 4-bromobenzonitrile (6) and
the methoxycarbonyl-substituted phenylboronic acid 15 (n = 1)
or pinacol biphenylboronate 18 (n = 2).

Syntheses

Four functional groups were chosen as additional substituents
in the extended triazine linkers 2: nitro, methoxy, amino and
hydroxy groups. An amino group can be obtained from a nitro
group by reduction, and a hydroxy group by cleavage of a me-
thoxy group. Therefore, it was sufficient to synthesize the nitro
and methoxy-substituted acid chlorides 5 for the unsymmetric
trimerization of the desired tribromotriazines 3.

The synthesis of 4-bromo-3-nitrobenzoyl chloride (5b) was
straightforward. Commercially available 4-bromobenzoic acid
(8) was nitrated according to a known procedure [ 18]. The reac-
tion with thionyl chloride provided then acid chloride 5b
(Figure 5).

Br

R R

b: R = NO,

c: R=0Me
SbClg™

N"o* NH3 NTSN
l A l o
N N
Br Br Br Br
7 3

Figure 4: Synthesis of unsymmetrically substituted 2,4,6-tris(bromoaryl)-1,3,5-triazines 3 from one equivalent of a substituted benzoyl chloride § and
two equivalents of benzonitrile 6. As intermediates, oxadiazinium salts 7 are formed. The reaction with ammonia yields the desired triazines 3 (overall

yields: 53% (3b), 61% (3c).
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Br Br Br

a ©/N02 B NO,
COOH COOH cocl
8 9 5b

Figure 5: Synthesis of 4-bromo-3-nitrobenzoyl chloride (5b). Condi-
tions: a) HNO3/H2SOy4, 3 h 0 °C, 2 h, room temperature, 98%,
b) SOCIy, 2 h reflux, not isolated.

In order to synthesize the respective methoxy compound Sc,
commercially available 3-hydroxybenzoic acid (10) was used as
starting material (Figure 6). Bromination introduced a bromine
atom into the 4 position (11) [19], then the phenol was turned
into its methyl ether. This methylation can be performed with
the free carboxylic acid 11 [20] or with ester 12 [21,22]. In
order to generate the methoxy-substituted benzoyl chloride Sc,
methoxy ester 13 was cleaved first [23] and the resulting acid
14 was reacted with thionyl chloride. All steps were known
from the literature and have been carried out on a multigram

scale.
Br Br
OH OH b OH
COOH COOH COOMe
10 1" 12
d c
Br Br Br
©/0Me f OMe e OMe
COcCl COOH COOMe
5c 14 13

Figure 6: Syntheses of 4-bromo-3-methoxybenzoyl chloride (5¢).
Conditions: a) Brz, EtOH/HOAc, 30 min, room temperature, 52%,

b) MeOH/H2SO4, MeOH, 16 h, reflux, 94%, c) Me2SO4, K2.CO3,
acetone, 3 h, reflux, quant., d) Mel, K2CO3, DMF, 16 h, room tempera-
ture, 83%, e) NaOH, H,O, MeOH, 6 h, room temperature, 66%,

f) SOClp, DMF (cat.), 2 h, reflux, not isolated.

Cyclotrimerization of one equivalent of an acid chloride 5b
or Sc¢ with two equivalents of 4-bromobenzonitrile (6) was
achieved using the Lewis acid antimony(V) chloride as depicted
in Figure 4. The resulting colourful oxadiazinium salts 7 were
mixed with aqueous ammonia solution resulting in the forma-

Beilstein J. Org. Chem. 2016, 12, 2267-2273.

tion of the desired triazines 3b and 3¢ in 53 and 61% yield. re-
spectively.

Following the synthetic plan of Figure 3, the tribromides 3b and
3¢ were used in the Suzuki couplings. In this and respective
following synthetic steps, optimization of the reaction condi-
tions was very important because each of the reactions had to be
performed three times with each triazine. Thus the total yield of
the final product depends on the yield of the single step to
the power of three. In a triple Suzuki coupling, 4-(methoxy-
carbonyl)phenylboronic acid (15) as the coupling partner
yielded elongated and monofunctionalized 1,3,5-triazines 16b
and 16c¢ carrying methyl ester groups at the end of each ,.arm™
(Figure 7). The yields of 90% (16b) and 73% (16¢) correspond
to 97% and 90% vield per coupling step, respectively.

By selective reduction, the nitro-substituted triester 16b could
be transferred into its amino derivative. The reaction time and
the hydrogen pressure had to be optimized. By heterogeneous
catalytic hydrogenation at 5 bar with a Pd/C catalyst, aminotri-
azine 16d was obtained in 77% yield after 5 days. Hydrolyses
of all three methy! esters 16b—d provided the tricarboxylic acids
17b—d in 96% to quantitative yields. Also the methoxy group
could be cleaved to yield a hydroxy-substituted elongated tri-
azine. In this case, four methoxy, three ester and one ether
group had to be cleaved leading to increasingly less soluble
products (carboxylic acids are less soluble than the respective
esters). In order to improve the yield, a methoxy cleaving proce-
dure which has been found to be effective in other demanding
demethylations [24] was used. In liquid pyridinium chloride
(which melts at 144 °C), apparently all intermediates were suffi-
ciently soluble and consequently all four methoxy groups of 16¢
could be cleaved in a one-pot reaction. The tetrafold cleavage
yielded hydroxytriazine 17e in 52% yield. All tricarboxylic
acids 17 are considerably less soluble in most solvents when
compared to the respective methyl esters 16. Nevertheless, they
are sufficiently soluble in, for instance, DMSO or in base to
allow proper analyses and future use in solvothermal syntheses
of MOFs.

Tribromotriazines 3 are not only good starting materials for the
syntheses of biphenyl-substituted triazine linkers 16 and 17.
Also longer terphenyl-substituted linkers can be obtained if the
same approach is chosen but a biphenylboronic acid derivative
such as boronate 18 [12] is used instead of the phenyl com-
pound 15.

As in the case of the biphenyl derivatives 16 and 17, the nitro
and the methoxy-substituted triazines 3b and 3¢ were used to
obtain the terphenyl-based nitro and methoxy-substituted
triesters 19b and 19¢ (Figure 8). But also the non-substituted
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COOR?

®

Br
R! R
COOMe O
a
NN 3 NN
| |
A o
N B(OH), O N O
= - C C
3 15 R200C COOR?
16 R2=Me 17 R2=H
b R'=NO, —%— b R'=NO,
b ¢ R'=OMe —%— ¢ R'=0Me
d R'=NH, —%—= d R'=NH,
¢ R'=0Me —9 ~ ¢ R'=0OH

Figure 7: Triple Suzuki-Miyaura coupling between tribromotriazines 3 and boronic acid 15 and subsequent hydrolyses of the esters 16. Conditions:
a) Pd(PPhg3)4, K3POy4, dioxane, H,0, 48 h, reflux, 16b: 90%, 16¢: 73%, b) Pd/C, Hy, 5 bar, CH,Cly, 5 d, room temperature, 16d: 77%. c) 17b: LiOH/
H;O/dioxane, 48 h, room temp, 96%; 17¢: LIOH/H,O/THF, 24 h, 60 °C, quant.; 17d: H,O/THF, 24 h, 60 °C, quant., d) pyridinium hydrochloride, 12 h,
200 °C, 17e: 52%.

COOR?

COOMe

Br
w ®

aVaW

T
P B. =
~ 7 SRS
g 4 C C
= " C
R200C COOR?

19 R?=Me 20 R2=H

aR=H —2+aR'=H

b R'=NO, —%— b R'=NO,

¢ R'=0Me —3—~ ¢ R'=0OH

Figure 8: Triple Suzuki coupling between tribromotriazines 3 and boronate 18. Conditions: a) 19a: Pd(PPh3)4, K3PO4, dioxane/H,0, 2 d, 120 °C,
24%; 19b: Pd(dppf)Cly, K3POy, dioxane/H20, 3 d, 120 °C, 16%; 19¢: Pd(PPh3)4, K3POy, dioxane/H;0, 2 d, 100 °C, 81%; b) LIOH/H,O/THF, 24 h,
120 °C, 20a: 99%; c) NaOH/H,O/dioxane, 24 h, 120 °C, 20b: 79%; d) pyridinium hydrochloride, 12 h, 200 °C, 20e: 62%.
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precursor 3a was coupled leading to the unsubstituted parent
compound 19a, a triester which has not been described vet.
Direct hydrolyses of triesters 19a and 19b gave the carboxylic
acids 20a and 20b.

Finally, a hydroxy-functionalized terphenyl-based linker was
synthesized from the methoxy-substituted triester 19¢. As suc-
cesstully applied for 16¢, molten pyridinium chloride was used
as the cleaving reagent and all four methoxy groups of 19¢
could be cleaved leading to the hydroxy-substituted triacid 20e
in 62% vyield.

All three triacids 20a, b and e precipitate from water with de-
creasing pH. In DMSO, they are soluble and consequently,
NMR analytics have been carried out in DMSO-dg

Conclusion

In conclusion, 13 new elongated relatives of TATB 16, 17, 19
and 20 have been synthesized in batch sizes up to several
grams, of which 11 were mono-substituted. Syntheses, purifica-
tions and solubilities are satisfying in the case of the biphenyl
derivatives 16 and 17. The handling of the terphenyl deriva-
tives 19, and especially 20, becomes more difficult due to a
lower solubility. If the solublities were not sufficient for the
solvothermal syntheses of MOFs, “discrete™ methylation [25]
could find a remedy.

Supporting Information

Supporting Information File 1
Experimental details.

| http://www beilstein-journals.org/bjoc/content/
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Experimental details

General Remarks: Antimony(V) chloride (99 %, Alfa Aesar), [1,1-
bis(diphenylphosphino)ferrocene]dichloro  palladium(ll) (99.9 %, ABCR), 4-
bromobenzoic acid (98 %, Sigma-Aldrich), 4-bromobenzonitrile (99%, Sigma-Aldrich),
3-hydroxybenzoic acid (97%, Sigma-Aldrich), 4-(methoxycarbonyl)phenylboronic acid
(97 %, ABCR), palladium on charcoal (10%, Alfa Aesar) and
tetrakis(triphenylphosphine)palladium(0) (99 %, ABCR) were purchased and used
without further purification. Methyl 4’-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
1,1’-biphenyl-4-carboxylate (18) was synthesized as described./¥! Dry solvents were
obtained with suitable desiccants. Other solvents were distilled before use. Column

chromatography was carried out with silica gel (Macherey-Nagel, particle size 0.04—
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0.063 mm). Melting points were measured with a Gallenkamp MPD350.BM2.5
instrument. NMR spectra were recorded with a Bruker AC 200, DRX 500 or Avance
600 instrument at 300 K. Assignments are supported by COSY, HSQC, and HMBC.
In some cases, not all *C signals could be found in the 1D *C NMR spectra. In
these cases, the listed chemical shifts have been extracted from the 2D spectra.
Even when obtained by DEPT, the type of *3C signal is always listed as singlet,
doublet, etc. All chemical shifts are referenced to tetramethylsilane or the residual
proton or carbon of the solvent. The NMR signals of atoms in the different arms of the
triazines are assigned by using for instance Ar2 for atoms which are part of an
benzene ring in the substituent at C-2 of the triazine. Aromatic rings within a biphenyl
or terphenyl carry ’ or ” according to the biphenyl or terphenyl nomenclature. EI/CI
mass spectra were recorded with a Finnigan MAT 8200, MAT 8230 or JEOL
AccuTOF GCV 4G the latter one being used for HRMS as well. ESI mass spectra
were recorded with an Applied Biosystems Mariner 5280. MALDI-TOF mass spectra
were recorded with a Bruker-Daltronics Biflex Il with CI-CCA (4-chloro-a-cyano-
cinnamic acid) as matrix. IR spectra were recorded with a Perkin-Elmer Spectrum
100 spectrometer equipped with a Golden Gate Diamond ATR unit A-531-G.
Elemental analyses were carried out with a Euro EA 3000 Elemental Analyzer from

Euro Vector.
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2-(4-Bromo-3-nitrophenyl)-4,6-bis(4-bromophenyl)-1,3,5-triazine (3b)

Under nitrogen and at 0 °C, antimony(V) chloride

Br
(5.23 mL, 40.8 mmol) was added to a solution of NO,
crude 4-bromo-3-nitrobenzoyl chloride (5b,
8.86 g, max. 33.5 mmol) and p-bromobenzonitrile NN
(6, 12.5 g, 68.7 mmol) in dry chloroform (120 mL). I N/
The mixture was stirred for 1 h at room temp. and g, Br

for 16 h at reflux. A yellow solid formed which was filtered off and washed with
chloroform. At 0 °C, aq. ammonia (390 mL, 28 %) was added in portions to the
residue and the suspension was stirred for 2 h at room temp. The solid changed its
color from yellow to white. After filtration, the product was separated from insoluble
side products by a Soxhlet extraction (chloroform, 48 h). Yield: 10.3 g (17.6 mmol,
53%). M. p.: >300 °C. *H NMR (500 MHz, CDCl3 323 K): & = 9.11 (d, 1H, “J = 1.8 Hz,
2-Ar-H-2), 8.74 (dd, 1H, 3J = 8.4 Hz, ] = 1.8 Hz, 2-Ar-H-6), 8.58 (d, 4H, %J = 8.5 Hz,
4,6-Ar-H-2,6), 7.98 (d, 1H, 3J = 8.4 Hz, 2-Ar-H-5), 7.72 (d, 4H, 3J = 8.5 Hz, 4,6-Ar-H-
3,5) ppm. 3C NMR (125 MHz, CDCls 323 K): 6 = 171.7 (s, triazine-C-4,6), 169.4 (s,
triazine-C-2), 150.5 (s, 2-Ar-C-3), 136.7 (s, 2-Ar-C-4), 135.3 (d, 2-Ar-C-5), 134.4 (s,
4,6-Ar-C-4), 132.6 (d, 2-Ar-C-6), 132.3 (d, 4,6-Ar-C-3,5), 130.6 (d, 4,6-Ar-C-2,6),
128.4 (s, 4,6-Ar-C-1), 125.6 (d, 2-Ar-C-2), 118.8 (s, 2-Ar-C-1) ppm. MS (El, 70 eV):
m/z = 588/590/592/594 (34/100/90/33) [M]". MS (Cl, isobutane): m/z =
589/591/593/595 (34/100/87/43) [M + H]". IR (ATR): v»= 3082 (aryl-H), 1592, 1509,
1486 (arom. C=C, arom. C=N), 1578 (NO), 1350 (C-N-val.), 806 (1,4-disubst. aryl,
1,2,4-trisubst. aryl) cm™. HRMS (EI): m/z = calcd. 589.8411; found 589.8391 (A 3.43
ppm). Elemental analysis (C21H11BrsN4,O3) (591.05): calcd. C 42.67 H 1.88 N 9.48;

found C 42.67 H 1.77 N 9.07.
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2-(4-Bromo-3-methoxyphenyl)-4,6-bis(4-bromophenyl)-1,3,5-triazine (3c)

Under nitrogen, 4-bromo-3-methoxy-benzoyl Br

chloride [5¢c, crude, from 1.00 g (4.01 mmol) of OMe

14] and p-bromobenzonitrile (6, 1.46 g, 8.02

mmol) were dissolved in dry chloroform (25 mL). NT XN

At 0 °C, antimony(V) chloride (616 uL, 4.81 | NG

mmol) was added and the mixture was stirred for Br Br

1 h at room temp. followed by 16 h of reflux. The resulting red oxonium salt was
filtered off and washed with chloroform. At 0 °C, ag. ammonia (50 mL, 28 %) was
added to the residue and the suspension was stirred for 2 h at room temp. The solid
changed its color from yellow to white. After filtration, the product was filtered off and
was extracted for 24 h with chloroform (Soxhlet). After evaporation of the solvent, the
residue was recrystallized from a boiling mixture of chloroform and petrol ether (30 -
60 °C) yielding a colourless solid. Yield: 1.41 g (2.45 mmol, 61 %). M. p.: 203 °C. *H
NMR (500 MHz, CDCls): & = 8.57 (m. (d), 4H, 3J = 8.7 Hz, 4,6-Ar-H-2,6), 8.23 (d, 1H,
43 = 1.8 Hz, 2-Ar-H-2), 8.21 (dd, 1H, %3 = 8.2 Hz, *J = 1.8 Hz, 2-Ar-H-6), 7.72 (d, 1H,
8 = 8.2 Hz, 2-Ar-H-5), 7.70 (m (d), 4H, 3J = 8.7 Hz, 4,6-Ar-H-3,5), 4.09 (s, 3H,
OCHs) ppm. *C NMR (125 MHz, CDCls): 6 = 171.1 (s, triazine-C-4,6), 171.0 (s,
triazine-C-2), 156.3 (s, 2-Ar-C-3), 136.4 (s, 2-Ar-C-1), 134.7 (s, 4,6-Ar-C-1), 133.6 (d,
2-Ar-C-5), 132.0 (d, 4,6-Ar-C-3,5), 130.4 (d, 4,6-Ar-C-2,6), 127.8 (s, 4,6-Ar-C-4),
122.5 (d, 2-Ar-C-6), 117.3 (s, 2-Ar-C-4), 111.6 (d, 2-Ar-C-2), 56.4 (g, OCHz) ppm. MS
(El, 70 eV): miz = 572/574/576/578 (34/100/96/34) [M]*, 180 (85)
[M - C1sH10BrNoOJ*. IR (ATR): v»= 3033 (aryl-H), 1598, 1505, 1485 (arom. C=C,
arom. C=N), 1414 (C-N-val.), 1251 (aryl-OCH3), 831 (1,4-disubst. aryl, 1,2,4-trisubst.

aryl) cm™. HRMS (El): m/z = calcd. 578.8625; found 578.8608 (A 3.12 ppm).
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Elemental analysis (C22H14BrsN3s0) (576.08): calcd. C 45.87 H 2.45 N 7.29; found C
46.09 H 2.46 N 6.94.

858
1.8.56
7.72
771
769

4,09

Jl M L J|L_o_._
A A
[ Y ) ™ M
— - — =
T T T
8.4 8.2 8.0 78

v - ' v
5.0 4.8 4.6 4.4 4.2 4.0

34



Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

T
175

171.08
171.03

<

T
170

T
165

O oo I @
& o33<gs & B o
U= ot moeloMol M~ — A
("] Mmooy N — — w
I A | I
| |
1
1
| B L 0 L s B S B S B S S S B A B S
160 155 150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55

(ppm)

35



3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

4-Bromo-3-nitrobenzoyl chloride (5b)

A solution of 4-bromo-3-nitrobenzoic acid (9, 4.00 g, 80.0 mmol) in Ox ¢!
thionyl chloride (24 mL) was heated to reflux for 2 h. Removal of excess

thionyl chloride in vacuo yielded a yellow oil which was used without Br "o
futher purification. *H NMR (500 MHz, CDCls): & = 8.54 (d, 1H, *J = 2.2 Hz, Ar-H-2),
8.13 (dd, 1H, %J = 8.5 Hz, *J = 2.2 Hz, Ar-H-6), 7.94 (d, 1H, 3J = 8.5 Hz, Ar-H-5) ppm.
13C NMR (125 MHz, CDCls): & = 166.0 (s, COCI), 150.2 (s, Ar-C-3), 136.2 (d, Ar-C-
6), 134.2 (d, Ar-C-5), 133.6 (s, Ar-C-1), 127.7 (d, Ar-C-2), 122.6 (s, Ar-C-4) ppm. MS
(El, 70 eV): m/z = 264/262 (14/11) [M]*, 229/227 (96/100) [M - CII*. MS (ClI,

isobutane): m/z = 265/263 (100/94) [M + H]*, 229/227 (45/40) [M - CIJ*.

4-Bromo-3-methoxy-benzoyl chloride (5¢)

N,N-Dimethylformamide (10 pL) was added to a mixture of 4-bromo- O Cl
3-methoxy-benzoic acid (14, 1.00 g, 4.01 mmol) and thionyl chloride

(5 mL). After heating to reflux for 2 h, excess thionyl chloride was OMe
distilled off and the crude colourless solid was used without further Br
purification. *H NMR (500 MHz, CDCls): & = 7.70 (d, 1H, 3J = 8.3 Hz, Ar-H-5), 7.63
(dd, 1H, 33 = 8.3 Hz, “J = 2.0 Hz, Ar-H-6), 7.54 (d, 1H, *J = 2.0 Hz, Ar-H-2), 3.97 (s,
3H, OCHs) ppm. *C NMR (125 MHz, CDCls): & = 167.7 (s, COCI), 156.3 (s, Ar-C-3),
133.8 (d, Ar-C-5), 133.5 (s, Ar-C-1), 125.0 (d, Ar-C-6), 120.9 (s, Ar-C-4), 113.0 (d, Ar-

C-2), 56.5 (g, OCH3z) ppm.
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4-Bromo-3-nitrobenzoic acid (9)

p-Brombenzoic acid (8, 5.00 g, 24.9 mmol) was slowly added in portions o.__oH
to a cold mixture (0 °C) of conc. nitric acid (6.2 mL, 0.15 mmol) and conc.

sulfuric acid (15.2 mL, 300 mmol). The addition was performed in such a Ne2

Br
way that the temperature did not exceed 5 °C. After stirring for 3 h at 0 °C and 2 h at
room temp., the mixture was poured on ice-containing water. The resulting colourless
solid was filtered off and washed extensively with water. Yield: 6.00 g (24.4 mmol,
98%) (ref.Z: 96 %), m. p. 202 °C. *H NMR (200 MHz, DMSO-dg): & = 8.46 — 8.42 (m,
1H, Ar-H-2), 8.09-8.05 (m, 2H, Ar-H-5,6) ppm. **C NMR (50 MHz, DMSO-dg): & =
165.0 (s, CO,H), 149.7 (s, Ar-C-3), 135.4 (d, Ar-C-6), 132.4 (d, Ar-C-5), 131.7 (s, Ar-
C-1), 125.9 (d, Ar-C-2), 118.0 (Ar-C-4) ppm. MS (El, 70 eV): m/z = 245/247 (95/100)
[M]". MS (ClI, isobutane): m/z = 246/248 (100/99) [M + H]". IR (ATR): vi:= 3082 (aryl-
H), 2820 (br., OH), 1684 (C=0), 1595 (arom. C=C), 1530, 1303 (NO,), 1034 (aryl-Br),

907, 809 (1,2,4-trisubst. aryl) cm™.

4-Bromo-3-hydroxybenzoic acid (11)

To a solution of 3-hydroxybenzoic acid (10, 15.0 g, 109 mmol) in a CO,H
mixture of ethanol (60 mL) and acetic acid (30 mL), bromine (11.2 mL,

218 mmol) was added slowly and dropwise. After stirring for 30 min at OH
room temp., ag. sodium thiosulfate solution (90 mL) was added and o
ethanol was removed in vacuo. The remaining aq. layer was extracted with ethyl
acetate (5 x 200 mL) and the combined organic layer was dried with magnesium

sulfate. After removal of the solvent, the crude product was recrystallized from boiling

water and a colourless solid was obtained. Yield: 12.19 g (56.2 mmol, 52 %) (ref."!
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40 %). M. p.: 225 — 227 °C. 'H NMR (500 MHz, DMSO-dg): & = 13.04 (br. s, 1H,
CO,H), 10.62 (s, 1H, OH), 7.59 (d, 1H, 3J = 8.3 Hz, Ar-H-5), 7.51 (d, 1H, *J = 2.0 Hz,
Ar-H-2), 7.28 (dd, 1H, 3J = 8.3 Hz, *J = 2.0 Hz, Ar-H-6) ppm. *C NMR (125 MHz,
DMSO-dg): 6 = 167.2 (s, CO;H), 154.6 (s, Ar-C-3), 133.5 (d, Ar-C-5), 131.8 (s, Ar-C-
1), 121.6 (d, Ar-C-6), 117.1 (d, Ar-C-2), 115.0 (s, Ar-C-4) ppm. MS (El, 70 eV): m/z =

216/218 (100/97) [M]*, 199, 201 (73, 70) [M — OHJ".

Methyl 4-bromo-3-hydroxybenzoate (12)

Conc. sulfuric acid (12 mL) was added to a suspension of 4-bromo-3- CO,Me
hydroxybenzoic acid (11, 12.2 g, 56.2 mmol) in methanol (120 mL).

After heating to reflux for 16 h, the solution was neutralized with sat. ag. OH
sodium bicarbonate solution and methanol was distilled off in vacuo. o

The remaining aq. phase was extracted with ethyl acetate (3 x 100 mL) and the
combined organic layer was dried with magnesium sulfate. Filtration and removal of
the solvent in vacuo yielded a colourless solid. Yield: 12.2 g (52.7 mmol, 94%) (ref.!!:
no yield given). M. p.: 124 °C (ref.!l; 120 — 122 °C). 'H NMR (500 MHz, CDCls): 6 =
7.68 (d, 1H, 43 = 2.0 Hz, Ar-H-2), 7.54 (d, 1H, 3J = 8.3 Hz, Ar-H-5), 7.48 (dd, 1H, 3J =
8.3 Hz, *J = 2.0, Ar-H-6), 5.75 (br. s, 1H, OH), 3.91 (s, 3H, CO,CHs) ppm. *C NMR
(125 MHz, CDCls): & = 166.2 (s, CO,CHs), 152.4 (s, Ar-C-3), 132.2 (d, Ar-C-5), 131.3
(s, Ar-C-1), 122.7 (d, Ar-C-6), 117.1 (d, Ar-C-2), 115.6 (s, Ar-C-4), 52.4 (g, CO,CHa)

ppm. MS (El, 70 eV): m/z = 230, 232 (63, 60) [M]*".
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Methyl 4-bromo-3-methoxy-benzoate (13)

Method A: Potassium carbonate (4.56 g, 33.0 mmol) was added to a CO,Me
solution of methyl 4-bromo-3-hydroxybenzoate (12, 6.24g,

27.0 mmol) in acetone (40 mL). Dimethyl sulfate (3.03 mL, 32.0 mmol) OMe
was added and the mixture was heated to reflux for 3 h. At room Br
temp., deionized water was added (5 mL) and acetone was distilled off in vacuo. The
remaining aqg. phase was extracted with dichloromethane (3 x 100 mL), the combined
organic layer was dried with magnesium sulfate, filtered and the solvent was

removed in vacuo yielding a colourless solid. Yield: 6.59 g (26.9 mmol, >99 %) (ref.?:

99 %).

Method B: Potassium carbonate (2.54 g, 18.4 mmol) was added to a solution of 4-
bromo-3-hydroxybenzoic acid (11, 1.00 g, 4.61 mmol) in N,N-dimethylformamide
(20 mL). Methyl iodide (863 pL, 13.8 mmol) was added and the mixture was stirred
for 16 h at room temp. Deionized water (50 mL) was added and the ag. phase was
extracted with tert-butyl methyl ether (3 x 100 mL). The combined organic layer was
washed with brine (100 mL) and dried with magnesium sulfate. After filtration, the
solvent was evaporated in vacuo yielding a colourless solid. Yield: 938 mg

(3.83 mmol, 83 %) (ref.l”: 91 %).

M. p. 53 °C. *H NMR (500 MHz, CDCls): & = 7.61 (d, 1H, 3J = 8.2 Hz, Ar-H-5), 7.55
(d, 1H, % = 1.8 Hz, Ar-H-2), 7.51 (dd, 1H, %J = 8.2 Hz, *J = 1.8 Hz, Ar-H-6), 3.95 (s,
3H, OCHg), 3.92 (s, 3H, CO,CH3) ppm. *C NMR (125 MHz, CDCls): & = 166.4 (s,
CO,Me), 155.9 (s, Ar-C-3), 133.3 (d, Ar-C-5), 130.6 (s, Ar-C-1), 122.9 (d, Ar-C-6),
117.5 (s, Ar-C-4), 112.4 (d, Ar-C-2), 56.4 (g, OCHs), 52.4 (g, CO,CHs) ppm. HRMS

(EI): m/z = calcd. 243.9735; found 243.9744 (A 4.01 ppm).
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4-Bromo-3-methoxy-benzoic acid (14)

Ag. sodium hydroxide (2 m, 40 mL) was added to a solution of methyl 5 54
4-bromo-3-methoxy-benzoate (13, 6.52 g, 27.1 mmol) in methanol

(200 mL) and the mixture was stirred for 6 h at room temp. Deionized o
water (100 mL) was added and methanol was distilled off in vacuo. Br )
The remaining aq. phase was washed with dichloromethane (3 x 100 mL) and
acidified with hydrochloric acid (6 M). The precipitate was filtered off and was washed
thoroughly with water yielding a colourless solid. Yield: 4.10 g (17.8 mmol, 66 %)
(ref.b: 89 %). M. p.: 220 °C. *H NMR (500 MHz, DMSO-dg): & = 13.21 (br. s, 1H,
CO,H), 7.71 (d, 1H, 3J = 8.2 Hz, Ar-H-5), 7.54 (d, 1H, “J = 1.8 Hz, Ar-H-2), 7.46 (dd,
1H, 3J = 8.2 Hz, “J = 1.8 Hz, Ar-H-6), 3.91 (s, 3H, OCHa3) ppm. *C NMR (125 MHz,
DMSO-dg): & = 167.1 (s, CO,H), 155.9 (s, Ar-C-3), 133.6 (d, Ar-C-5), 132.1 (s, Ar-C-
1), 123.2 (d, Ar-C-6), 116.5 (s, Ar-C-4), 113.0 (d, Ar-C-2), 56.8 (q, OCHs) ppm. MS

(El, 70 eV): m/z = 230/232 (100/98) [M]"".
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

2,4-Bis[4’-(methoxycarbonyl)-biphenyl-4-yl]-6-[4’-(methoxycarbonyl)-2-nitro-
biphenyl-4-yl)-1,3,5-triazine (16b)

Under nitrogen, 2-(4- CO,Me
bromo-3-nitrophenyl)- | X
4,6-bis(4- Z
bromophenyl)-1,3,5- | X
o Z
triazine (3b, 3.00g,

5.08 mmol), 4- NN

| ~
methoxycarbonyl- O N O
phenylboronic acid (15, O O
MeO,C CO,Me

4.10 g, 22.8 mmol),

potassium  phosphate (7.00 g, 33.0 mmol) and tetrakis(triphenylphosphine)
palladium(0) (300 mg, 260 pmol) in a mixture of 1,4-dioxane (300 mL) and deionized
water (20 mL) were heated to reflux for 48 h. Conversion was checked by TLC (silica
gel, cyclohexane/ethyl acetate, 1:1, R; = 0.69). After evaporation of the 1,4-dioxane in
vacuo, chloroform (150 mL) was added and the organic layer was washed with
deionized water (2 x 100 mL) and brine (50 mL). The organic layer was dried with
magnesium sulfate. After filtration and evaporation of the solvent in vacuo, the crude
product was dissolved in chloroform, activated charcoal was added, and after
filtration, the product was recrystallized from chloroform yielding a colourless solid.
Yield: 3.46 g (4.57 mmol, 90 %). M. p.: 174 °C. *H NMR (500 MHz, CDCl;): & = 9.22
(d, 1H, 4] = 1.7 Hz, 6-Ar-H-3), 8.96 (dd, 1H, 3J = 8.0 Hz, *J = 1.7 Hz, 6-Ar-H-5), 8.81
(me (d), 4H, 33 = 8.6 Hz, 2,4-Ar-H-2,6), 8.15 (m. (d), 4H, 3J = 8.6 Hz, 2,4-Ar'-H-3,5),
8.13 (M (d), 2H, 3J = 8.6 Hz, 6-Ar-H-3,5), 7.81 (m. (d), 4H, 3J = 8.6 Hz, 2,4-
Ar-H-3,5), 7.74 (m. (d), 4H, 3J = 8.6 Hz, 2,4-Ar-H-2,6), 7.61 (d, 1H, 3J = 8.0 Hz, 6-

Ar-H-6), 7.44 (m¢ (d), 2H, 3J = 8.6 Hz, 6-Ar-H-2,6), 3.97 (s, 9H, OCHs) ppm. *C
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

NMR (125 MHz, CDCl3): 6 = 171.6 (s, triazine-C-2,4), 169.3 (s, triazine-C-6), 166.8
(s, 2,4-Ar-CO,Me), 166.5 (s, 6-Ar-CO,Me), 149.6 (s, 6-Ar-C-2), 144.4 (s, 2,4-Ar-C-
1), 144.3 (s, 2,4-Ar-C-4), 141 4 (s, 6-Ar'-C-1), 138.8 (s, 6-Ar-C-1), 137.3 (s, 6-Ar-C-4),
135.2 (s, 2,4-Ar-C-1), 132.2 (d, 6-Ar-C-5), 132.1 (d, 6-Ar-C-6), 130.4 (s, 6-Ar-C-4),
130.3 (d, 2,4-Ar-C-3,5), 130.1 (d, 2,4-Ar-C-3,5), 129.7 (s, 2,4-Ar-C-4), 129.7 (d, 6-
Ar-C-2,6), 128.0 (d, 2,4-Ar'-C-2,6), 127.6 (6-Ar-C-3,5), 127.2 (d, 2,4-Ar-C-2,6), 124.6
(d, 6-Ar-C-3), 52.3 (q, 6-Ar'-CO,CHj3), 52.2 (q, 2,4-Ar'-CO,CH3) ppm. MS (MALDI, ClI-
CCA): m/z = 757 [M + H]*, 767 [M + Na]*, 776 [M + K]". IR (ATR): vi:= 3076, 3006
(aryl-H), 2951, 2895 (CH-val.), 2844 (OCHj3), 1717 (C=0), 1607, 1580, 1563, 1506
(arom. C=C, arom. C=N), 1535, 1314 (NO2), 1434 (CH-Def.), 1357 (C-N-val.), 1257,
1105 (CO,Me), 813 (1,4-disubst. aryl, 1,2,4-trisubst. aryl) cm™. MS (El, 70 eV): m/z
(%) = 756 (65) [M]", 726 (100) [M — CH30 + H]", 238 (61) [(M — C15H10N204.)/2]*, 206
(70) [(M — C15H1oN204)/2 — CH30]", 178 (63) [(M — C15H10N204)/2 — C,H30]". HRMS
(El): m/z = calcd. 756.2219; found 756.2191 (A 3.9 ppm). Elemental analysis

(C45H32N40g) (756.76): calcd. C 71.42 H 4.26 N 7.40; found C 71.54 H 4.16 N 7.32.
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

2,4-Bis[4’-(methoxycarbonyl)-biphenyl-4-yl]-6-[2-methoxy-4’-

(methoxycarbonyl)-biphenyl-4-yl]-1,3,5-triazine (16c)

To a mixture of 2-(4- CO,Me
bromo-3-

methoxyphenyl)-4,6-
OMe

-0

bis(4-bromophenyl)-

2

1,3,5-triazine (3c,

100 mg, 174 pmol), N

4-methoxycarbonyl-

phenylboronic acid (15, O O
COzMe

130 mg, 783 pmol) and MeO,C

7

potassium phosphate (250 mg, 1.18 mmol) in 1,4-dioxane (10 mL) and deionized
water (1 mL) under nitrogen, tetrakis(triphenylphosphine)palladium(0) (19 mg, 16
pmol) was added. The mixture was stirred for 48 h at 100 °C, the solvent was
evaporated in vacuo, the residue was dissolved in chloroform (50 ml) and washed
with deionized water (3 x 25 mL) and brine (25 mL). The organic layer was dried with
magnesium sulfate and heated after activated charcoal had been added. After
filtration through celite, the solvent was evaporated in vacuo and the crude product
was recrystallized from a boiling mixture of toluene and n-heptane. A colourless solid
was obtained. Yield: 94 mg (127 pmol, 73 %). M. p.: 203 °C. *H NMR (500 MHz,
CDCl;): 6 = 8.85 (d, 4H, 3J = 8.5 Hz, 2,4-Ar-H-2,6), 8.47 (dd, 1H, 33 =7.9Hz, “J=15
Hz, 6-Ar-H-5), 8.40 (d, 1H, 3J = 1.5 Hz, 6-Ar-H-3), 8.16 (d, 4H, 3J = 8.5 Hz, 2,4-Ar'-H-
3,5), 8.12 (d, 2H, 3J = 8.5 Hz, 6-Ar'-H-3,5), 7.83 (d, 4H, 3J = 8.5 Hz, 2,4-Ar-H-3,5),
7.76 (d, 4H, %3 = 8.5 Hz, 2,4-Ar-H-2,6), 7.70 (d, 2H, 3J = 8.5 Hz, 6-Ar'-H-2,6), 7.54 (d,

1H, 3] = 7.9 Hz, 6-Ar-H-6), 4.04 (s, 3H, OCHs), 3.97 (s, 6H, 2,4-Ar'-CO,CHs), 3.96 (s,
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

3H, 6-Ar-CO,CH3) ppm. *C NMR (125 MHz, CDCls): 6 = 171.2 (s, triazine-C-2,4),
171.2 (s, triazine-C-6), 167.0 (s, 2,4-Ar-CO,Me), 166.9 (s, 6-Ar'-CO,Me), 156.8 (s, 6-
Ar-C-2), 144.6 (s, 2,4-Ar-C-1), 144.0 (s, 2,4-Ar-C-4), 142.6 (s, 6-Ar-C-1), 137.2 (s, 6-
Ar-C-4), 135.8 (s, 2,4-Ar-C-1), 133.8 (s, 6-Ar-C-1), 131.0 (s, 6-Ar-C-6), 130.2 (d, 2,4-
Ar-C-3,5), 129.6 (d, 2,4-Ar-C-2,6), 129.6 (d, 6-Ar-C-2,6), 129.5 (s, 2,4-Ar-C-4),
129.4 (d, 6-Ar-C-3,5), 129.0 (s, 6-Ar-C-4), 127.5 (d, 2,4-Ar-C-3,5), 127.2 (d, 2,4-Ar'’-
C-2,6), 121.9 (d, 6-Ar-C-5), 111.4 (d, 6-Ar-C-3), 55.8 (g, OCH3), 52.2 (q, 2,4-Ar-
CO,CHg), 52.1 (g, 6-Ar'-CO,CH3) ppm. MS (El, 70 eV): m/z = 741 (100) [M]", 238
(69) [M — C31H23N20s]". IR (ATR): viz= 3005 (aryl-H), 2954, 2878, 2840 (CH-val.),
1715 (C=0), 1607, 1582, 1508, 1419 (arom. C=C, arom. C=N), 1434 (CH-Def.), 1360
(C-N-val.), 1273 (aryl-OCHs), 812 (1,4-disubst. aryl, 1,3,4-trisubst. aryl) cm™. HRMS
(El): m/z = calcd. 741.2475; found 741.2465 (A 1.42 ppm). Elemental analysis

(CasH3sN3O7) (741.79): calcd. C 74.48 H 4.76 N 5.66; found C 74.59 H 4.93 N 5.69.
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

2-[2-Amino-4’-(methoxycarbonyl)-biphenyl-4-yl]-4,6-bis[4’-(methoxycarbonyl)-

biphenyl-4-yl]-1,3,5-triazine (16d)

An autoclave was filled
with 2-[4'-

(methoxycarbonyl)-2- O

nitro-biphenyl-4-yl]-4,6-

NH,
bis[4’- O

h 1)-
(methoxycarbonyl) NT N

biphenyl-4-yl]-1,3,5- | N/

triazine (16b, 100 mg, O O

132 pmol) and MeO,C O O CO,Me
palladium on charcoal (45 mg, 10 %) in dichloromethane (5 mL). The apparatus was
evacuated five times and refilled with hydrogen (5 bar). After stirring under a 5 bar
hydrogen atmosphere for 5 d at room temp., the mixture was filtered through celite
and the solvent was evaporated in vacuo. The crude product was recrystallized from
a boiling mixture of toluene and n-heptane yielding a yellow solid. Yield: 77 mg
(0.11 mmol, 77 %). M. p.: 225 °C. *H NMR (600 MHz, CDCls): & = 8.85 (d, 4H, 3J =
8.3 Hz, 4,6-Ar-H-3,5), 8.25 (dd, 1H, 3J = 8.0 Hz, *J = 1.3 Hz, 2-Ar-H-5), 8.20 (br. s,
1H, 2-Ar-H-3), 8.17 (d, 2H, 33 = 8.2 Hz, 2-Ar-H-3,5), 8.16 (d, 4H, %J = 8.4 Hz, 4,6-Ar-
H-3,5), 7.83 (d, 4H, 3J = 8.4 Hz, 4,6-Ar-H-2,6), 7.70 (d, 4H, 3J = 8.3 Hz, 4,6-Ar-H-
2,6), 7.64 (d, 2H, 3 = 8.2 Hz, 2-Ar-H-2,6), 7.34 (d, 1H, 3J = 8.0 Hz, 2-Ar-H-6), 3.97
(s, 3H, 2-Ar-CO,CHas), 3.96 (s, 6H, 4,6-Ar'-CO,CHs) ppm. **C NMR (150 MHz,
CDCl3): 6 = 1714 (s, triazine-C-2), 171.1 (s, triazine-C-4,6), 166.9 (s, 4,6-
Ar-CO,Me), 166.8 (s, 2-Ar'-CO,Me), 144.6 (s, 2-Ar-C-2), 143.8 (s, 2-Ar-C-1), 143.7

(s, 4,6-Ar-C-1), 143.7 (s, 4,6-Ar-C-1), 136.8 (s, 2-Ar-C-4), 135.9 (s, 4,6-Ar-C-4),
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

130.9 (d, 2-Ar-C-6), 130.7 (d, 4,6-Ar-C-3,5), 130.5 (s, 4,6-Ar-C-4), 130.2 (d, 2-Ar-C-
3,5), 130.0 (s, 2-Ar-C-1), 129.5 (d, 4,6-Ar-C-3,5), 129.3 (s, 2-Ar-C-4), 128.9 (d, 2-Ar-
C-2,6), 127.4 (d, 4,6-Ar-C-2,6), 127.2 (d, 4,6-Ar-C-2,6), 119.6 (d, 2-Ar-C-5), 116.1 (d,
2-Ar-C-3), 52.2 (g, 2-Ar-CO,CHs), 52.2 (g, 4,6-Ar-CO,CHz) ppm. MS (El, 70 eV):
m/z = 726 (100) [M]". IR (ATR): vi»= 3350 (NH,), 3001 (aryl-H), 2954, 2846 (CH-
val.), 1715 (C=0), 1607, 1582, 1507, 1419 (arom. C=C, arom. C=N), 1434 (CH-Def.)
1360 (C-N-val.), 812 (1,4-disubst. aryl, 1,3,4-trisubst. aryl) cm™. HRMS (El): m/z =
calcd. 726.2478; found 726.2465 (A 1.78 ppm). Elemental analysis (CssH34N4Og)
(726.77): calcd. C 74.73 H 7.71 N 4.72; (CasH3sN4Og-1.3H,0-0.5C7Hg) (796.26):

calcd. C 73.16 H 5.14 N 7.04; found C 73.27 H 5.46 N 7.35.
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

2,4-Bis(4’-carboxy-biphenyl-4-yl)-6-(4’-carboxy-2-nitro-biphenyl-4-yl)-1,3,5-

triazine (17b)

Lithium hydroxide
monohydrate (5.12 g, 122
mol) was added to 2-[4’-
(methoxycarbonyl)-2-nitro-
biphenyl-4-yl]-4,6-bis[4’-
(methoxycarbonyl)-
biphenyl-4-yl]-1,3,5-
triazine  (16b, 3.30gq,

4.36 mmol) in a mixture of

CO,H

NO,

oV Y

tetrahydrofuran (430 mL) and deionized water (45 mL). After stirring for 48 h at room

temp., the solvent was evaporated in vacuo, the yellow residue was dissolved in

water and acidified with hydrochloric acid (3 m). The yellow precipitate was filtered off

and washed with deionized water and chloroform. Yield: 2.99 g (4.18 mmol, 96%). M.

p.: >300 °C. *H NMR (500 MHz, DMSO-dg): & = 8.99 (d, 1H, *J = 1.4 Hz, 6-Ar-H-2),

8.77 (dd, 1H, 3J = 7.9 Hz, *J = 1.4 Hz, 6-Ar-H-6), 8.58 (d, 4H, 3J = 8.3 Hz, 2,4-Ar-H-

2,6), 8.00 (d, 4H, %J = 8.3 Hz, 2,4-Ar-H-3,5), 7.98 (d, 2H, %J = 8.3 Hz, 6-Ar-H-3,5),

7.82 (d, 4H, 3] = 8.3 Hz, 2,4-Ar-H-3,5), 7.77 (d, 4H, 3J = 8.3 Hz, 2,4-Ar-H-2,6), 7.64

(d, 1H, 3J = 7.9 Hz, 6-Ar-H-5), 7.38 (d, 2H, 3J = 8.3 Hz, 6-Ar-H-2,6) ppm. *C NMR

(125 MHz, DMSO-dg): 6 = 171.1 (s, triazine-C-2,4), 169.1 (s, triazine-C-6), 167.4 (s,

2,4-Ar-CO,H), 167.2 (s, 6-Ar-CO,H), 149.2 (d, 6-Ar-C-3), 143.7 (s, 2,4-Ar-C-1),

143.4 (s, 2,4-Ar-C-4), 141.1 (s, 6-Ar-C-1), 138.4 (s, 6-Ar-C-4), 136.7 (s, 6-Ar-C-1),

134.9 (s, 2,4-Ar-C-1), 132.9 (s, 6-Ar-C-4), 132.7 (d, 6-Ar-C-6), 131.3 (s, 2,4-Ar-C-4),

130.8 (d, 6-Ar-C-5), 130.4 (d, 2,4-Ar-C-3,5), 130.0 (d, 2,4-Ar-C-3,5), 129.7 (d, 6-Ar-
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

C-2,6), 129.0 (d, 2,4-Ar-C-2,6), 127.7 (6-Ar-C-3,5), 127.4 (d, 2,4-Ar-C-2,6), 124.3 (s,
6-Ar-C-2) ppm. MS (MALDI, CI-CCA): m/z = 715 [M + H]". IR (ATR): vi>= 3400 (br.,
OH), 3005 (aryl-H), 1714 (C=0), 1607, 1582, 1506, 1419 (arom. C=C, arom. C=N),
1510, 1316 (NO,), 1359 (C-N-val.), 813 (1,4-disubst. aryl, 1,3,4-trisubst. aryl) cm™.
Elemental analysis (C42H26N4Og) (714.69): calcd. C 7058 H 3.67 N 7.84;
(C42H26N403-1.35H,0) (738.99): calcd. C 68.69 H 3.91 N 7.58; found C 68.69 H 4.35

N 7.36.
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

2,4-Bis(4’-carboxy-biphenyl-4-yl)-6-(4’-carboxy-2-methoxy-biphenyl-4-yl]-1,3,5-

triazine (17c¢)

A suspension of CO,H
2,4-bis[4’-(methoxy- |)§
carbonyl)biphenyl-4-yl]-6- NP
oM
[2-methoxy-4 - l/%/ ©
(methoxycarbonyl)- NF
biphenyl-4-yl]-1,3,5- NN
I ~
N

triazine  (16¢, 50 mg, O O
67.5umol) and lithium O O
HO,C CO,H

hydroxide mono-hydrate

(201 mg, 2.41 mmol) in a mixture of tetrahydrofuran (10 mL) and deionized water
(2.5 mL) was stirred at 60 °C for 24 h. After removal of the tetrahydrofuran in vacuo,
the ag. layer was diluted slightly and acidified with hydrochloric acid (3 M). The
precipitate was filtered off and washed thoroughly with deionized water and
chloroform. Yield: 47 mg (67 pmol, >99 %). M. p.: >300 mg. *H NMR (500 MHz,
DMSO-dg): & = 13.01 (br. s, 3H, CO,H), 8.74 (d, 4H, 3J = 8.4 Hz, 2,4-Ar-H-3,5), 8.36
(M (dd), 1H, J = 7.9 Hz, *J = 1.2 Hz, 6-Ar-H-5), 8.29 (m. (d), 1H, ] = 1.2 Hz, 6-Ar-H-
3), 8.05 (d, 4H, %J = 8.4 Hz, 2,4-Ar-H-3,5), 8.00 (d, 2H, 3J = 8.4 Hz, 6-Ar-H-3,5), 7.94
(d, 4H, 3J = 8.4 Hz, 2,4-Ar-H-2,6), 7.86 (d, 4H, 3J = 8.4 Hz, 2,4-Ar'-H-2,6), 7.67 (d,
2H, 3J = 8.4 Hz, 6-Ar-H-2,6), 7.56 (d, 1H, 3J = 7.9 Hz, 6-Ar-H-6), 3.95 (s, 3H, OCHa)
ppm. *C NMR (125 MHz, DMSO-dg): & = 171.0 (s, triazine-C-2,4), 170.9 (s, triazine-
C-6), 167.6 (s, 6-Ar-CO,H), 167.5 (s, 2,4-Ar-CO,H), 156.9 (s, 6-Ar-C-2), 143.6 (br. s,
2,4-Ar-C-1, 2,4-Ar-C-1), 142.1 (s, 6-Ar-C-1), 136.9 (s, 6-Ar-C-4), 135.4 (s, 2,4-Ar-C-

4), 133.6 (s, 6-Ar-C-1), 131.7 (d, 6-Ar-C-6), 130.8 (s, 2,4-Ar-C-4), 130.5 (d, 2,4-Ar-C-
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

3,5), 130.1 (s, 6-Ar'-C-4), 129.9 (d, 6-Ar-C-2,6), 129.8 (d, 2,4-Ar-C-3,5), 129.5 (d, 6-
Ar'-C-3,5), 127.9 (d, 2,4-Ar-C-2,6), 127.5 (d, 2,4-Ar-C-2,6), 121.9 (d, 6-Ar-C-5), 111.5
(d, 6-Ar-C-3), 56.1 (g, OCHz) ppm. MS (MALDI, CI-CCA): m/z = 700 [M + H]". IR
(ATR): v»= 3100 (br., OH), 1684 (C=0), 1605, 1581, 1505, 1417 (arom. C=C, arom.
C=N), 1357 (C-N-val.), 1231 (aryl-OCHj3), 813 (1,4-disubst. aryl, 1,3,4-trisubst. aryl)
cm™. Elemental analysis (CasH2oN3O7) (699.70): calcd. C 73.81 H 4.18 N 6.01;
(C43H29N307-0.4H,0:0.25CHCI3) (738.99): calcd. C 70.51 H 4.11 N 5.70; found C

70.47 H4.11 N 5.73.
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

2-(2-Amino-4’-carboxy-biphenyl-4-yl)-4,6-bis(4’-carboxy-biphenyl-4-yl)-1,3,5-

triazine (17d)

Lithium hydroxide mono CO,H
hydrate (101 mgq, |
241 mmol) and 2-[2-

AN
=
NH,
amino-4’-carboxy- | N
=

biphenyl-4-yl]-4,6-bis[4’-

carboxy-biphenyl-4-yl]- NI N

=
1,3,5-triazine (16d, 50 mg, O N O
69 pmol) in a mixture of O O

HO,C CO,H

tetrahydrofuran (430 mL)

and deionized water (45 mL) were stirred at 60 °C for 48 h. After evaporation of the
solvent in vacuo, the yellow residue was dissolved in deionized water and acidified
with hydrochloric acid (3 M). The yellow precipitate was filtered off and washed with
deionized water and chloroform. Yield: 47 mg (68 umol, >99 %). M. p.: >300 °C. 'H
NMR (500 MHz, DMSO-dg): & = 13.02 (br. s, 3H, CO,H), 8.81 (d, 4H, 3J = 8.5 Hz,
4,6-Ar-H-3,5), 8.25 (d, 1H, “J = 1.6 Hz, 2-Ar-H-3), 8.08 (d, 4H, %J = 8.5 Hz, 4,6-Ar-H-
3,5), 8.05 (d, 2H, 3J = 8.4 Hz, 2-Ar-H-3,5), 8.03* (dd, 1H, “J = 1.6 Hz, 2-Ar-H-5), 8.01
(d, 4H, 33 = 8.5 Hz, 4,6-Ar'-H-2,6), 7.93 (d, 4H, %J = 8.5 Hz, 4,6-Ar-H-2,6), 7.66 (d,
2H, 33 = 8.4 Hz, 2-Ar-H-2,6), 7.29 (d, 1H, %J = 8.0 Hz, 2-Ar-H-6) ppm. *signal
overlaps with adjacent one unabling the determination of all coupling constants. **C
NMR (125 MHz, DMSO-dg): 6 = 171.1 (s, triazine-C-2), 171.0 (s, triazine-C-4,6),
167.6 (s, 2-Ar-CO,H), 167.5 (s, 4,6-Ar-CO,H), 146.2 (s, 2-Ar-C-2), 144.0 (s, 2-Ar'-C-
1), 143.7 (s, 4,6-Ar-C-1), 143.7 (s, 4,6-Ar'-C-1), 136.1 (s, 2-Ar-C-4), 135.7 (s, 4,6-Ar-

C-4), 131.2 (d, 2-Ar-C-6), 130.8 (s, 4,6-Ar-C-4), 130.5 (d, 4,6-Ar-C-3,5), 130.3 (d, 2-
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

Ar-C-3,5), 129.9 (s, 2-Ar-C-4), 129.8 (d, 4,6-Ar-C-3,5), 129.4 (s, 2-Ar-C-1), 129.2 (d,
2-Ar-C-2,6), 127.9 (d, 4,6-Ar-C-2,6), 127.6 (d, 4,6-Ar-C-2,6), 117.7 (d, 2-Ar-C-5),
116.2 (d, 2-Ar-C-3) ppm. MS (MALDI, CI-CCA): m/z = 686 [M + HJ". IR (ATR): v:=
3100 (br., OH, NH,), 1684 (C=0), 1606, 1581, 1507, 1419 (arom. C=C, arom. C=N),
1561 (NHy), 1434 (CH-Def.) 1360 (C-N-val.), 810 (1,4-disubst. aryl, 1,3,4-trisubst.
aryl) cm™. Elemental analysis (CsH1sN4Og) (684.69): calcd. C 73.68 H 4.12 N 8.18;
(C42H18N406-0.4CHCI3-0.2H,0) (753.89): calcd. C 69.19 H 3.94 N 7.61; found C

69.41 H3.91 N 7.31.
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

2,4-Bis(4’-carboxy-biphenyl-4-yl)-6-(4’-carboxy-2-hydroxy-biphenyl-4-yl)-1,3,5-

triazine (17€)

2,4-Bis[4’-(methoxy- COOH
carbonyl)-biphenyl-4-yl]- | N
6-[2-methoxy-4'- Z
(methoxycarbonyl)- (\/OH
biphenyl-4-yl]-1,3,5- Z

\
Y
z

triazine (16c, 300 mg, N

400 ymol) and pyridine O O
hydrochloride  (3.60 g, O O
HOOC COOH

31.2 mmol) were mixed

Z
\

and stirred for 12 h at 200 °C. After cooling to room temp., sodium hydroxide (2 M)
was added to the solution until pH = 14 was reached. After stirring for 12 h at 120 °C,
the reaction mixture was acidified with conc. hydrochloric acid and the precipitate
was filtered off. Washing with water and drying gave a dark brown solid. Yield: 143
mg (209 umol, 52%). M. p.: > 300 °C. *H NMR (500 MHz, DMSO-dg): & = 12.99 (br. s,
3H, COOH), 10.18 (s, 1H, OH), 8.70 (d, 4H, 3J = 7.6 Hz, 2,4-Ar-H-3,5), 8.33 (s, 1H, 6-
Ar-H-3), 8.18 (d, %3 = 7.8 Hz, 1H, 6-Ar-H-5), 8.05 (d, J = 8.0 Hz, 4H, 2,4-Ar-H-3,5),
8.00 (d, %J = 8.2 Hz, 2H, 6-Ar-H-3,5), 7.92 (d, 3J = 7.6 Hz, 4H, 2,4-Ar-H-2,6), 7.86 (d,
83 =8.0Hz, 4H, 2,4-Ar-H-2,6), 7.74 (d, %J=8.2 Hz, 2H, 6-Ar-H-2,6), 7.50 (d,
8)=7.8 Hz, 1H, 6-Ar-H-6) ppm. *C NMR (125 MHz, DMSO-dg): & = 171.1 (s,
triazine-C-6), 170.9 (s, triazine-C-2,4), 167.7 (s, 6-Ar-COOH), 167.5 (s, 2,4-Ar'-
COOH), 155.3 (s, 6-Ar-C-2), 143.6 (s, 2,4-Ar-C-1, 2,4-Ar'-C-1), 142.6 (s, 6-Ar-C-1),
136.6 (s, 6-Ar-C-4), 135.5 (s, 2,4-Ar-C-4), 131.4 (s, 6-Ar-C-1), 131.2 (d, 6-Ar-C-6),

130.8 (s, 2,4-Ar-C-4), 130.4 (d, 2,4-Ar-C-3,5), 129.8 (d, 6-Ar-C-2,6), 129.7 (d, 2,4-
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

Ar-C-3,5), 129.7 (s, 6-Ar-C-4), 129.5 (d, 6-Ar-C-3,5), 127.8 (d, 2,4-Ar-C-2,6), 127.5
(d, 2,4-Ar-C-2,6), 120.5 (d, 6-Ar-C-5), 116.5 (d, 6-Ar-C-3) ppm. MS (MALDI, Cl-
CCA): m/z = 686 [M + HJ". IR (ATR): v = 3050 (OH), 1681 (C=0), 1606, 1580, 1562,
1504 (arom. C=C, arom. C=N), 1418 (CH-Def.), 1360 (O-H-Def.), 1238, 1175, 1101
(C-0), 852, 813, 772 (1,4-disubst. aryl, 1,2 4-trisubst. aryl) cm™. Elemental analysis
(Ca2H27N3O7) (685.18): calcd. C 73.57 H 3.97 N 6.13; (CaH»7N307-H,0) (703.20):

calcd. C 71.69 H 4.15 N 5.97; found C 71.47 H 3.95 N 5.91.
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

2,4,6-Tris[4’-(methoxycarbonyl)-1,1’:4’,1”’-terphenyl-4-yl]-1,3,5-triazine (19a)

COzMe

OaOa®

MeOZC COZMG

A suspension of 2,4,6-tris(4-bromophenyl)-1,3,5-triazine (3a, 413 mg, 758 pmol),
methyl 4’-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,1’-biphenyl-4-carboxylate
(18, 1.00g, 2.96 mmol), potassium phosphate (1.449g, 6.82 mmol) and
tetrakis(triphenylphosphine)palladium(0) (79 mg, 68 pmol) in a mixture of 1,4-dioxane
(70 mL) and deionized water (15 mL) was stirred under nitrogen for 2 d at 120 °C.
Deionized water (50 mL) was added to the reaction mixture. The precipitate was
filtered off and washed with water. The crude product was recrystallized from
chloroform. A colourless solid was obtained. Yield: 174 mg (185 pmol, 24 %). M. p.:
> 300 °C. *H NMR (600 MHz, CDCl3): 6 = 8.90 (d, 3J = 8.3 Hz, 6H, Ar-H-3,5), 8.15 (d,

3J = 8.3 Hz, 6H, Ar’-H-3,5), 7.88 (d, 3J = 8.3 Hz, 6H, Ar-H-2,6), 7.83 (d, %J = 8.3 Hz,
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

6H, Ar-H-2,6), 7.78 (d, 3J = 8.3 Hz, 6H, Ar-H-3,5), 7.74 (d, %J = 8.3 Hz, 6H, Ar’-H-
2,6), 3.97 (s, 9H, CO,CH3) ppm. *C NMR (150 MHz, CDCls): 6 = 171.4 (s, triazine-
C-2,4,6), 167.0 (s, CO.CHa), 145.0 (s, Ar’-C-1), 144.4 (s, Ar-C-1), 140.1 (s, Ar-C-1),
139.6 (s, Ar-C-4), 135.5 (s, Ar-C-4), 130.2 (d, Ar’-C-3,5), 129.6 (d, Ar-C-3,5), 129.1
(s, Ar’-C-4), 127.8 (d, Ar-C-2,3,5,6), 127.3 (d, Ar-C-2,6), 127.0 (s, Ar’-C-2,6), 52.2
(g, CHs) ppm. MS (MALDI, CI-CCA): m/z = 940 [M + HJ". IR (ATR): vi>= 2950 (CH-
val.), 1716 (C=0), 1606, 1581, 1552, 1505 (arom. C=C, arom. C=N), 1434 (CH-Def.),
1361 (C-N-val.), 1272, 1184, 1108 (C-0O), 808, 773 (1,4-disubst. aryl) cm™. Elemental
analysis (Cg3H45N306) (939.33): calcd. C 80.49 H 4.82 N 4.47; found C 80.15 H 4.74

N 4.27.
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

2-[4”-(Methoxycarbonyl)-2-nitro-1,1’:4’,1”’-terphenyl-4-yl]-4,6-bis[4"’-

(methoxycarbonyl)-1,1’:4’,1”-terphenyl-4-yl]-1,3,5-triazine (19b)

CO,Me

M602C COzMe

A mixture of 2-(4-bromo-3-nitrophenyl)-4,6-bis(4-bromophenyl)-1,3,5-triazine (3b,
500 mg, 846 ymol), methyl 4’-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,1’-
biphenyl-4-carboxylate (18, 1.12 g, 3.30 mmol), potassium phosphate (1.62 g,
7.61 mmol) and [1,1"-bis(diphenylphosphino)ferrocene]dichloropalladium(ll) (62.0 mg,
84.6 umol) in a mixture of 1,4-dioxane (100 mL) and deionized water (10 mL) was
stirred under nitrogen for 3 d at 120 °C. The solvent was evaporated in vacuo, the
residue was dissolved in chloroform (2 L) and washed with deionized water (3 x 250
mL) and brine (250 mL). The organic layer was evaporated in vacuo until 1 L was left.
Charcoal (5 g) was added and the solution was heated to 80 °C. The hot suspension

was filtered through celite and the colourless filtrate was evaporated in vacuo. After
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

the addition ethyl acetate (50 mL), the undissolved solid was filtrated and dried to
obtain the slightly yellow product. Yield: 132 mg (134 pmol, 16 %). M. p.: > 300 °C.
'H NMR (500 MHz, CDCls): 6 = 9.28 (d, *J=1.4Hz, 1H, 2-Ar-H-3), 9.06 (dd,
3 =8.1 Hz, “J=1.4 Hz, 1H, 2-Ar-H-5), 8.90 (d, %J = 8.5 Hz, 4H, 4,6-Ar-H-3,5), 8.15
(d, 33 = 8.5 Hz, 6H, 2,4,6-Ar’-H-3,5), 7.90 (d, J = 8.5 Hz, 4H, 4,6-Ar-H-2,6), 7.84 (d,
%) = 8.5 Hz, 4H, 4,6-Ar-H-2,6), 7.78 (d, %) = 8.5 Hz, 4H, 4,6-Ar’-H-3,5), 7.77-7.70
(m, 9H, 2,4,6-Ar’-H-2,6, 2-Ar-H-6, 2-Ar’-H-3,5), 7.53 (d, 3) = 8.3 Hz, 2H, 2-Ar’-H-2,6),
3.97 (s, 9H, CO,CHs) ppm. *3C NMR (125 MHz, CDCls): 6 = 171.5 (s, triazine-C-4,6),
169.5 (s, triazine-C-2), 166.9 (s, CO,CHg), 149.9 (s, 2-Ar-C-2), 144.9 (s, 4,6-Ar-C-1),
144.8 (s, 2,4,6-Ar’-C-1), 140.5 (s, 2-Ar-C-4), 139.8 (s, 4,6-Ar-C-1), 139.7 (s, 4,6-Ar-
C-4), 139.1 (s, 2-Ar-C-1), 137.6 (s, 2-Ar-C-4), 136.5 (s, 2-Ar-C-1), 134.9 (s, 4,6-Ar-C-
4), 132.4 (d, 2-Ar-C-6), 132.0 (d, 2-Ar-C-5), 130.2 (d, 2,4,6-Ar’-C-3,5), 129.7 (d, 4,6-
Ar-C-3,5), 129.1 (s, 2,4,6-Ar"-C-4), 128.4 (d, 2-Ar-C-2,6), 127.9 (d, 4,6-Ar-C-3,5),
127.8 (d, 4,6-Ar-C-2,6), 127.4 (d, 4,6-Ar-C-2,6), 127.1 (d, 2-Ar-C-3,5), 126.9 (d,
2,4,6-Ar’-C-2,6), 124.6 (d, 2-Ar-C-3), 52.1 (g, CO,CHz) ppm. MS (MALDI, CI-CCA):
m/z = 986 [M + H]*. IR (ATR): v»= 2952 (CH-val.), 1718 (C=0), 1606, 1572 (arom.
C=C, arom. C=N), 1508 (asymm. N=0), 1400, 1433 (CH-def.), 1357 (symm. N=0),
1274, 1184, 1108 (C-O), 810, 771 (1,4-disubst. aryl, 1,2 4-trisubst. aryl) cm™.
Elemental analysis (Cg3H44N4Og) (985.05): calcd. C 76.82 H 4.50 N 5.69; found C

77.04 H4.83 N 5.38.
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

2,4-Bis[4”-(methoxycarbonyl)-1,1’:4’,1”-terphenyl-4-yl]-6-[2-methoxy-4"’-

(methoxycarbonyl)-1,1’:4’,1”-terphenyl-4-yl]-1,3,5-triazine (19c)

CO,Me

M602C COzMe

A mixture of 2-(4-bromo-3-methoxyphenyl)-4,6-bis(4-bromophenyl)-1,3,5-triazine (3c,
102 mg, 180 umol), methyl 4’-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,1’-
biphenyl-4-carboxylate (18, 269 mg, 796 pmol), potassium phosphate (259 mg,
1.22 mmol) and tetrakis(triphenylphosphine)palladium(0) (19.4 mg, 17.0 ymol) in a
mixture of 1,4-dioxane (15 mL) and deionized water (1 mL) was stirred under
nitrogen for 3 d at 100 °C. The solvent was evaporated in vacuo, the residue was
dissolved in chloroform (50 mL) and washed with deionized water (3 x 25 mL) and
brine (25 mL). The organic layer was dried with magnesium sulfate and the solvent
was evaporated in vacuo. The crude product was recrystallized from a mixture of

toluene and n-heptane. A colourless solid was obtained. Yield: 140 mg (144 pmol,
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3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

81 %). M. p.: > 300 °C. *H NMR (500 MHz, CDCls): & = 8.87 (d, %J = 8.4 Hz, 4H, 2,4-
Ar-H-3,5), 8.51 (dd, 33 = 7.9 Hz, *J = 1.5 Hz, 1H, 6-Ar-H-5), 8.44 (d, *J = 1.5 Hz, 1H,
6-Ar-H-3), 8.14 (d, 3J = 8.4 Hz, 4H, 2,4-Ar’-H-3,5), 8.13 (d, 3J = 8.4 Hz, 2H, 6-Ar’-H-
3,5), 7.87 (d, J = 8.4 Hz, 4H, 2,4-Ar-H-2,6), 7.82 (d, J = 8.4 Hz, 4H, 2,4-Ar-H-2,6),
7.78-7.71 (m, 14H, 2,4,6-Ar-H-3,5, 6-Ar-H-2,6, 2,4,6-Ar’-H-2,6), 7.59 (d,
3 = 7.9 Hz, 1H, 6-Ar-H-6), 4.08 (s, 3H, OCHjg), 3.962 (s, 6H, 2,4-Ar’-CO,CHjz), 3.960
(s, 3H, 6-Ar’-CO,CHs) ppm. *C NMR (125 MHz, CDCls): 6 = 171.32 (s, triazine-C-
2,4), 171.29 (s, triazine-C-6), 167.0 (s, 6-Ar’-CO,CHs), 166.9 (s, 2,4-Ar"-CO,CHs),
156.9 (s, 6-Ar-C-2), 145.3 (s, 6-Ar’-C-1), 144.9 (s, 2,4-Ar’-C-1), 144.4 (s, 2,4-Ar"-C-
4), 140.1 (s, 2,4-Ar-C-1), 139.6 (s, 2,4-Ar-C-4), 139.0 (s, 2,4-Ar'-C-1), 136.9 (s, 6-Ar"-
C-1), 135.8 (s, 6-Ar-C-4), 135.3 (s, 2,4-Ar-C-4), 134.2 (s, 6-Ar-C-1), 130.9 (d, 6-Ar-C-
6), 130.21 (d, 2,4-Ar’-C-3,5), 130.16 (d, 6-Ar"-C-3,5), 130.1 (d, 2,4-Ar-C-3,5), 129.0
(s, 6-Ar’-C-4), 128.2 (d, 6-Ar-C-2,6), 127.8 (d, 2,4-Ar-C-3,5), 127.76 (d, 2,4-Ar'-C-
2,6), 127.2 (d, 2,4-Ar-C-2,6), 127.0 (d, 6-Ar-C-3,5), 126.9 (d, 2,4,6-Ar’-C-2,6, 6-Ar-
C-4), 122.0 (d, 6-Ar-C-5), 111.3 (d, 6-Ar-C-3), 55.9 (g, OCHs), 52.2 (g, 2,4-Ar’-
CO,CHg), 52.1 (g, 6-Ar’-CO,CHz) ppm. MS (MALDI, CI-CCA): m/z = 971 [M + H]*. IR
(ATR): v = 3030, 3001 (aryl-H), 2949, 2842 (CH-val.), 1715 (C=0), 1605, 1582,
1505, 1403 (arom. C=C, arom. C=N), 1434 (CH-Def.), 1360 (C-N-val.), 1272 (Aryl-
OCHs), 807 (1,4-disubst. aryl, 1,24-trisubst. aryl) cm™. Elemental analysis

(CeaH47N307) (970.07): calcd. C 79.24 H 4.88 N 4.33; found C 79.10 H 5.11 N 4.02.
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2,4,6-Tris(4’-carboxy-1,1":4’,1”-terphenyl-4-yl)-1,3,5-triazine (20a)

H

OaO=Cs

HO,C a a CO,H

Lithium hydroxide monohydrate (733 mg, 17.5 mmol) was added to 2,4,6-tris[4”-
(methoxycarbonyl)-1,1":4’,1”-terphenyl-4-yl]-1,3,5-triazine (19a, 587 mg, 624 ymol) in
a mixture of tetrahydrofuran (100 mL) and deionized water (10 mL). After stirring for
24 h at 120°C, the solvent was evaporated in vacuo and enough sodium hydroxide
(2 M) was added to the residue to dissolved it. Then it was acidified with conc.
hydrochloric acid. The precipitate was filtered off and washed with deionized water
and chloroform. A white solid was obtained. Yield: 555 mg (618 pmol, 99 %). M. p.:
> 300 °C.*H NMR (600 MHz, DMSO-dg): 6 = 8.89 (d, 6H, 3J = 8.1 Hz, Ar-H-3,5), 8.10
— 8.05(m, 12H, Ar’-H-3,5, Ar-H-2,6), 7.99 (d, 3J = 8.3 Hz, 6H, Ar-H-2,6), 7.94 (d,
3) = 8.3 Hz, 6H, Ar-H-3,5), 7.91 (d, 3J = 7.9 Hz, 6H, Ar’-H-2,6) ppm. **C NMR (150

MHz, DMSO-d): & = 171.2 (s, triazine-C-2,4,6), 167.6 (s, COOH), 144.1 (s, Ar-C-1),
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143.8 (s, Ar’-C-1), 139.3 (s, 6-Ar'-C-4), 139.2 (s, Ar'-C-1), 135.0 (s, Ar-C-4), 130.6 (s,
Ar’-C-4),130.5 (d, Ar’-C-3,5), 129.9 (d, Ar-C-3,5), 128.1 (d, Ar'-C-2,3,5,6), 127.6 (d,
Ar-C-2,6), 127.2 (s, Ar’-C-2,6) ppm. MS (MALDI, CI-CCA): m/z = 898 [M + H]". IR
(ATR): v>= 1683 (C=0), 1605, 1580, 1504 (arom. C=C, arom. C=N), 1404 (CH-Def.),
1359 (C-N-val.), 1283, 1182 (C-O), 808, 773 (1,4-disubst. aryl) cm™. Elemental
analysis (CeoHasN3Os) (897.28): calcd. C 80.25 H 4.38 N 4.68; (CgoHagN3zOs-0.66

H,0) (909.29): calcd. C 79.19 H 4.47 N 4.62; found C 78.97 H 4.57 N 4.66.
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2-(4”-Carboxy-2-nitro-1,1",4’,1”-terphenyl-4-yl)-4,6-bis(4”’-carboxy-1,1’:4’,1"’-

terphenyl-4-yl)-1,3,5-triazine (20b)

COOH

NO,

<O~

CRAC
e e

To a mixture of 1,4-dioxane (10 mL) and sodium hydroxide (6 M, 50 mL) was added
2-[4”-(methoxycarbonyl)-2-nitro-1,1:4’,1”-terphenyl-4-yl]-4,6-bis[4 -

(methoxycarbonyl)-1,1":4’,1”-terphenyl-4-yl]-1,3,5-triazine  (19b, 93 mg, 94 umol).
After stirring for 24 h at 120 °C the solvent was evaporated in vacuo. The residue
was dissolved in 10 mL water and acidified with conc. hydrochloric acid. The
precipitate was filtered off and washed with deionized water. A yellow solid was
obtained. Yield: 70 mg (74 pmol, 79 %). M. p.: > 300 °C. *H NMR (600 MHz, DMSO-
de): & = 13.0 (br.s, 3H, COOH), 9.27 (d, “J=1.3 Hz, 1H, 2-Ar-H-2), 9.10 (d,
%) = 8.0 Hz, 1H, 2-Ar-H-5), 8.90 (d, 3J = 8.3 Hz, 4H, 4,6-Ar-H-3,5), 8.12 — 8.04 (m,
10H, 2,4,6-Ar’-H-3,5, 4,6-Ar-H-2,6), 7.98 (d, 3J = 8.3 Hz, 4H, 4,6-Ar-H-2,6), 7.96 —

74



3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

7.88 (m, 13H, 4,6-Ar-H-3,5, 2,4,6-Ar’-H-2,6, 2-Ar-H-6, 2-Ar-H-3,5), 7.60 (d,
%) =8.1 Hz, 2H, 2-Ar-H-2,6) ppm. *C NMR (150 MHz, DMSO-dg): & = 170.9 (s,
triazine-C-4,6), 169.0 (s, triazine-C-2), 167.2 (s, CO,H), 149.5 (s, 2-Ar-C-2), 143.9 (s,
4,6-Ar-C-1), 143.3 (s, 2,4,6-Ar’-C-1), 139.3 (s, 2-Ar-C-4), 138.8 (s, 4,6-Ar-C-1),
138.7 (s, 4,6-Ar-C-4), 138.0 (s, 2-Ar-C-1), 137.5 (s, 2-Ar-C-4), 136.3 (s, 2-Ar-C-1),
134.1 (s, 4,6-Ar-C-4), 133.7 (d, 2-Ar-C-6), 132.6 (d, 2-Ar-C-5), 130.4 (d, 2,4,6-Ar"-C-
3,5), 130.0 (d, 4,6-Ar-C-3,5), 129.8 (s, 2,4,6-Ar"-C-4), 129.0 (d, 2-Ar'-C-2,6), 128.0
(d, 4,6-Ar-C-2,6), 127.9 (d, 4,6-Ar-C-3,5), 127.6 (d, 4,6-Ar-C-2,6), 127.3 (d, 2-Ar'-C-
3,5), 127.3 (d, 2,4,6-Ar"-C-2,6), 124.4 (d, 2-Ar-C-3) ppm. MS (MALDI, CI-CCA): m/z
= 944 [M + H]". IR (ATR): v&»= 3031 (aryl-H), 1684 (C=0), 1605, 1571 (arom. C=C,
arom. C=N), 1506 (asymm. N=0), 1424, 1401 (CH-Def.), 1356 (symm. N=0), 1272,
1182, 1110 (C-0), 811, 773 (1,4-disubst. aryl, 1,2,4-trisubst. aryl) cm™. Elemental
analysis (CgoHzsN4Os) (942.97): calcd. C 76.42 H 4.06 N 5.94; (CeoH3sN4Og:0.5 H,0)

(951.96): calcd. C 75.70 H 4.13 N 5.89; found C 75.43 H 4.06 N 5.87.
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Triazin-basierte MOFs
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2-(4”-Carboxy-2-hydroxy-1,1":4’,1"-terphenyl-4-yl)-4,6-bis(4”’-carboxy-1,1":4’,1"-

terphenyl-4-yl)-1,3,5-triazine (20e)

HOOC ! ! COOH

2,4-Bis[4”-(methoxycarbonyl)-(1,1":4’,1”-terphenyl)-4-yl]-6-[2-methoxy-4"-

(methoxycarbonyl)-(1,1:4’,1”-terphenyl)-4-yl]-1,3,5-triazine (19c, 109 mg, 113 umol)
and pyridine hydrochloride (1.80 g, 15.6 mmol) were mixed and stirred for 12 h at
200 °C. After cooling to room temp., sodium hydroxide (2 M) was added to the
solution until pH = 14 was reached. The reaction mixture was stirred for 12 h at
120 °C before it was acidified with conc. hydrochloric acid and the resulting
precipitate was filtered off. Washing with water and drying gave a dark red solid.
Yield: 64 mg (70.0 pmol, 62 %). M. p.: > 300 °C. *H NMR (600 MHz, DMSO-dg): 6 =
12.99 (br.s, 3H, COOH), 10.09 (s, 1H, OH), 8.63 (d, 3J = 7.7 Hz, 4H, 4,6-Ar-H-3,5),
8.31 (s, 1H, 2-Ar-H-3), 8.11 (d, %J = 7.6 Hz, 1H, 2-Ar-H-5), 8.06 - 7.99 (m, 6H, 4,6-
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Ar’-H-3,5, 2-Ar’-H-3,5), 7.86 (d, 3) = 7.7 Hz, 4H, 4,6-Ar-H-2,6), 7.82 - 7.75 (m, 14H,
2-Ar’-H-2,6, 4,6-Ar-2,3,5,6, 4,6-Ar’-2,6), 7.74 — 7.68 (m, 4H, 2-Ar-H-2,3,5,6), 7.44
(d, 3 = 7.6 Hz, 1H, 2-Ar-H-6) ppm. *C NMR (150 MHz, DMSO-dg): & = 170.5 (s,
triazine-C-2), 170.4 (s, triazine-C-4,6), 167.2 (s, 2-Ar’-COOH), 167.1 (s, 4,6-Ar’-
COOH), 154.8 (s, 2-Ar-C-2), 143.9 (s, 2-Ar’-C-1), 143.4 (s, 4,6-Ar-C-1), 143.3 (s, 4,6-
Ar’-C-1), 138.8 (s, 4,6-Ar-C-1), 138.6 (s, 4,6-Ar-C-4), 137.6 (s, 2-Ar-C-4), 137.5 (s,
2-Ar-C-1), 135.7 (s, 2-Ar-C-4), 134.6 (s, 4,6-Ar-C-4), 131.4 (s, 2-Ar’-C-4), 131.2 (s,
2-Ar-C-1), 130.4 (d, 2-Ar-C-6), 130.0 (d, 2-Ar"-C-3,5, 4,6-Ar’-C-3,5), 129.8 (d, 2-Ar-
C-2,6), 129.6 (s, 4,6-Ar’-C-4), 129.1 (d, 4,6-Ar-C-3,5), 127.5 (d, 2-Ar’-C-2,6, 4,6-Ar"-
C-2,6), 126.8 (d, 4,6-Ar-C-2,6), 126.6 (d, 4,6-Ar-C-2,3,5,6), 126.4 (d, 2-Ar'-C-3,5),
120.0 (d, 2-Ar-C-5), 115.9 (d, 2-Ar-C-3) ppm. MS (MALDI, CI-CCA): m/z = 914 [M +
H]'. IR (ATR): v&= 2925 (O-H), 1682 (C=0), 1605, 1572, 1504 (arom. C=C, arom.
C=N), 1407 (CH-Def.), 1361 (O-H-Def.), 1251, 1180, 1100 (C-O), 808, 773 (1,4-
disubst. aryl, 1,2,4-trisubst. aryl) cm™. Elemental analysis (CgoH3oN3O7) (913.28):
calcd. C 78.35 H 4.30 N 4.60; (CgoH39N307:2.5 H,0) (958.31): calcd. C 75.14 H 4.62

N 4.38; found C 75.23 H 4.29 N 4.35.
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3.2 MOF-Synthese und postsynthetische Modifikation

Das Konzept der ,,retikularen Synthese* nutzt das Wissen iiber die Eigenschaften von SBUs
und Linkern zur gezielten Synthese eines MOFs mit ausgewdhlter Topologie. Sind die
Eigenschaften fur einen bestimmten Linker bekannt, kann dieses Konzept genutzt werden, um
funktionelle Gruppen in ein MOF-Gerlst einzufuhren. Dafiir wird an Stelle des bekannten
Linkers eine funktionalisierte Variante in der MOF-Synthese eingesetzt. Hat die funktionelle
Gruppe nur einen geringen Einfluss auf die koordinativen Eigenschaften des Linkers, kann im
Idealfall ein MOF mit der gewinschten Topologie erhalten werden. Durch die
Implementierung von funktionellen Gruppen in einen MOF kénnen dessen chemische und
physikalische Eigenschaften verandert werden. Zusétzlich kénnen die funktionellen Gruppen

eine postsynthetische Modifikation des MOFs ermdglichen.

In den folgenden Kapiteln wird die Synthese, Charakterisierung und postsynthetische

Modifikation von MOFs basierend auf funktionalisierten H;TATB-Linkern beschrieben.
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3.2.1 Funktionalisierte PCN-6-MOFs

Zur Darstellung von isoretikularen PCN-6-MOFs wurden drei funktionalisierte H3TATB-
Linker synthetisiert. Da die Anzahl an funktionellen Gruppen am H3TATB-Linker einen
Einfluss auf die MOF-Synthese haben kann, wurde ein Syntheseweg gewahlt, der das

Einflhren nur einer funktionellen Gruppe pro Triazin-Linker ermdglicht.

CO,H CO,H CO,H
NO,
NO, NH,
NN NN NN
» » »
N N N

HO,C CO,H HO.C CO,H HO,C CO,H

V2-5a V2-5b V2-5¢

Abb. 22: Funktionalisierte H;TATB-Linker.

Zwei Nitro-H3;TATB-Linker (ortho V2-5a und meta VV2-5b) und ein Amino-HzTATB-Linker
(meta VV2-5c¢) wurden analog einer Synthese von ZHOU™ mit Cu(NO3)2*3H,0 umgesetzt. Die
erhaltenen PCN-6-R-MOFs (R = 0-NO,, m-NO,, m-NH,) zeigen groRe Unterschiede in ihren
Eigenschaften. Wéhrend PCN-6-NO, (meta) und PCN-6-NO, (ortho) bis 175 °C stabil sind,
zersetzt sich PCN-6-NH, schon beim Aufheizprozess. Aulerdem hat die Position der

Nitrogruppe einen Einfluss auf die Oberflache und die Farbe des jeweiligen MOFs.
Die Ergebnisse wurden veroffentlicht:

E. Mdihlbauer, A. Klinkebiel, O. Beyer, S. Wuttke, U. Luning, T. Bein, Microporous
Mesoporous Mater. 2015, 216, 51-55.

Die Reduktion des Nitro-H3TATB-Linker V2-5b zum Amino-H3sTATB-Linker V2-5¢ unter
Verwendung von Natriumdithionit ist Bestandteil dieser Dissertation. Die Synthese und
Charakterisierung der H3TATB-Linker V2-5a-d wurde von ARNE KLINKEBIEL im Rahmen
seiner Dissertation durchgefihrt. Die Darstellung und Charakterisierung der PCN-6-MOFs
wurde von ERIKA VIRMANI (geb. MUHLBAUER) und STEFAN WUTTKE an der Ludwigs-

Maximilian-Universitat Minchen durchgefihrt.
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Reprinted from Microporous Mesoporous Materials, Vol. 216, E. Mihlbauer, A. Klinkebiel,
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Mono-substituted triangular linker molecules for metal-organic frameworks (MOFs) based on triazine-
2,4,6-triyl-tribenzoate (TATB) were successfully synthesized with a nitro group in ortho (5a) and in meta
(5b) position, as well as with an amino group (5¢) in meta positon to the carboxylic acid. The synthetic
route starts from substituted benzoyl chlorides 2 and the corresponding unsubstituted nitriles 1.
Furthermore, the novel functionalized TATB-R linkers 5a-c were successfully used for the synthesis of

microporous metal-organic frameworks based on the PCN-6 structure. Powder X-ray diffraction revealed

Keywords:
Metal organic frameworks — MOFs .
of the linker.

identical high crystallinity of the PCN-6-R [R = —H, —NO3 (ortho or meta), -NHz (meta))] structures, These
MOF structures were found to exhibit different porosity, stability and color depending on the substitution

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Metal-organic frameworks (MOFs) have shown to be promising
candidates for gas storage and separation | 1], catalysis [ 2], chemical
sensing [3], and drug delivery [4]. MOFs are crystalline materials
constructed of metal ions or metal clusters joined by organic
linkers. On the one hand, the compositional and structural variety
of MOFs is due to the great diversity of possible secondary building
units (SBU) of different metals ranging from three up to twenty-two
points of extensions [5]. On the other hand, there is a wide variety
of possible organic linker molecules that can be incorporated into
MOFs, ranging from ditopic to hexatopic with different lengths and
geometries [1]. A common concept for tuning the pore size of MOFs
is the isoreticular expansion of known topologies by using elon-
gated and/or modified organic linker molecules [G]. The isoreticular
chemistry of MOFs has been shown for HKUST-1 (HKUST stands for
Hong Kong University of Science and Technology), which is one of
the benchmark MOFs and is already being produced on an indus-
trial scale [7]. The SBU of this structure is a dicopper tetracarbox-
ylate paddlewheel with axial aqua ligands. In HKUST-1 the organic
linker is the trivalent benzene-1,3,5-tricarboxylic acid. This linker

* Corresponding authors.
E-mail addresses: luening@oc.uni-kiel.de (U. Lining), bein@lmu.de (T. Bein).
! These authors contributed equally.

I]LL]):Q,"dx,dm,m'gﬁ 10.1016/j.micromeso.2015.06.007
1387-1811/@ 2015 Elsevier Inc. All rights reserved.

can be elongated to BTB (BTB stands for 1,3,5-benzenetribenzoate)
containing aryl—aryl subunits, This leads to 120° angles between
the arms, but due to the repulsion of the ortho hydrogen atoms in a
biphenyl moiety, the BTB building block is not entirely planar,
resulting in a topology that is different from the one found in
HKUST-1 [6]. We note that by changing the synthesis conditions
Klein et al. |8] were able to obtain a similar topology as HKUST-1
with the BTB linker.

Planarity can be enhanced through substituting the central
benzene ring of BTB by a 1,3,5-triazine [9]. The synthesis of MOFs
with the triazine-2,4,6-triyl-tribenzoate (TATB) linker and copper
ions results in an isoreticular structure of HKUST-1, named PCN-6
[9,10]. This material exhibits a permanent high porosity and a
remarkable volumetric storage capacity for hydrogen [10]. To
further functionalize this MOF structure and possibly enhance its
gas storage capacity, the design of linkers with different functional
groups would be desirable. Despite the richness of different
structures using tritopic carboxylate linkers, examples for func-
tionalized versions of such linkers are surprisingly rare [11—13].
Additional functional groups at the linker molecules can be used as
anchoring points for the covalent attachment of further moieties. In
this context, amino groups are particularly suitable for post-
synthetic modifications {PSM), and a multitude of such reactions
with amino groups have been reported so far [14—16]. Therefore,
trivalent linkers with additional reactive substituents would be
attractive synthetic targets.
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Here we report on the synthesis of novel MOFs having the PCN-6
topology with functionalized TATB linkers. As mentioned above,
TATB is more planar than BTB. However, additional substituents on
TATB will start to disturb planarity. We therefore decided to only
introduce one additional functional group per TATB linker. In the
case of mono-substituted TATBs 5a-c, two regioisomers are
conceivable: substitution ortho or meta to one of the carboxylates.
Neither of these molecules has been prepared yet. The novel TATB
linkers were used to synthesize the corresponding PCN-G struc-
tures. Furthermore, the influence of the functional substituents on
the material properties was studied.

2. Experimental
2.1. Linker synthesis

Three mono-substituted TATB linkers 5a-c were synthesized. A
nitro group was introduced by using nitrosubstituted benzoyl
chlorides 2a or 2b in the synthesis of an unsymmetric TATB pre-
cursor 3, while amino substituted TATB 5c was obtained by
reduction of nitro-TATB 5b (see Scheme 1). For further synthesis
details see Supplementary Information.

2.2. MOF synthesis

The PCN-6-R [R = —H, -NO; (ortho or meta) or—NHy (meta))
materials were synthesized in a 100 mL Schott-Duran glass bottle
with a PBT cap equipped with a Teflon seal. Cu(NO3);-3H,0 and the
functionalized TATB-R linkers |[R = —H, —NO; (ortho or meta)
or—NHz (meta)] were dissolved in 15 mL of DMF by ultrasonic
treatment. The reaction mixture was heated within 1 h—75 °C, held
at this temperature for 48 h, and was afterwards cooled to room
temperature within 24 h. The resulting colored powder was
collected by centrifugation {10 min, 20 000 rpm), washed three
times with DMF and dried under reduced pressure at room tem-
perature. For further synthetic details see Supplementary
Information.

2.3. Characterization

Wide-angle X-ray diffraction (XRD) data were recorded in
transmission mode on a STOE Stadi MP diffractometer with a Cu Ky
radiation source (A = 1.54060 A) operating at 40 kV and 40 mA. The
diffractometer was equipped with a DECTRIS MYTHEN 1K solid-
state strip detector. Nitrogen sorption isotherms were measured
at 77 K with a Quantachrome AUTOSORB-1 instrument. Prior to
measurement, the sample was degassed at 120 °C for 12 h in vac-
uum. BET surface areas were calculated from the relative pressure
range of p/po 0.005 to 0.01, and Langmuir surface areas were
calculated in the range of p/pg 1-10~° to 0.05. Pore size distributions
were calculated by employing a quenched solid state functional
theory (QSDFT) model supplied by Quantachrome. UV—Vis spectra
were recorded using a Perkin Elmer Lambda 1050 spectrometer
equipped with a 150 mm integrating sphere. Measurements of
powder samples were carried out in reflection geometry using a
Praying Mantis (Harrick) accessory and were referenced to barium
sulfate serving as white standard. For further characterization of
the materials see Supplementary Information.

3. Results and discussion

Scheme 1 shows the syntheses of mono-substituted TATBs 5a-c
containing the substituent ortho or meta to the carboxylic acid. Two
substituents R with considerably different electronic effects were
selected: nitro (Hammett value: oy, = 0.71) and amino (Hammett

value: o, = —0.16). While symmetrical 1,3,5-triazines can be syn-
thesized by trimerization of nitriles [ 1721/, a modified synthetic
route must be chosen for mono-substituted triazines [22,23]. The
substituted arm is introduced as an acid chloride (2), while the two
unsubstituted ones are derived from the respective nitrile (1), Tri-
merization syntheses of triazines use rather acidic reaction condi-
tions, thus requiring robust protecting groups. In the case of TATBs,
methyl groups are unaffected by the reaction conditions, never-
theless they allow subsequent oxidation to the respective carbox-
ylic acids. Another advantage of introducing the carboxylic acid
groups later in the synthesis is the improved solubility, an impor-
tant feature in handling and purification of polycarboxylates. Using
a 2:1 mixture of nitrile 1 and nitro substituted acid chloride 2a or
2b together with antimony(V) chloride as a Lewis acid, the yellow
oxonium salt 3a or 3b was generated, which was converted to the
nitro-triazine 4a or 4b with 59% or 54% total yield, respectively.
Oxidation of all three methyl groups generates nitro-substituted
TATBs 5a or 5b. Initially, chromium(VI) oxide was used as
oxidant, yielding 86% of nitrotriazine 5b. The less toxic perman-
ganate can also be used as the oxidant if pyridine-soluble tetra-
butylammonium permanganate (BuyN MnOQy) is used instead of
KMnQy4 [24]. This synthetic alternative produces triacid 5b in 91%
isolated yield, which relates to 97% yield per oxidized methyl group
of 4b. In case of the ortho variant 5a, the triple oxidation of 4a could
be performed in 85% isolated yield.

Although numerous reagents exist that are able to reduce nitro
groups to amino groups, many of them cannot be employed for the
reduction in these systems. First, triacids 5 contain free carboxylic
acids (not allowing hydrides as reducing agents). Second, their
solubility is low even in polar solvents. Tin(Il) chloride in acetic
acid/ethanol proved to be the first successful reagent for the
reduction of meta-nitrotriazine 5b, and 5¢ could be isolated in gram
quantities with 64% yield. Alternatively, sodium dithionite can be
used for the reduction (79% yield, half gram scale).

The crystalline PCN-6 structure with the composition
Cuy(TATB)2(H20)3 was synthesized according to Zhou et al. | 10| in a
solvothermal reaction of Cu(NOs3)z - 3H,0 with TATB (5d) in DMF at
75 °C. The high crystallinity of the structure was confirmed by
PXRD measurements and compared to the theoretical diffracto-
gram (Fig. 1A). In a similar solvothermal reaction of Cu{NOs)z -
3H,0 with nitro or amino functionalized TATBs 5a-c in DMF at
75 °C, highly crystalline PCN-6-NO; (ortho or meta) and PCN-6-NH3
(meta) structures were obtained (Fig. 1A). The PXRD patterns of all
four PCN-6-R structures [R = —H, —NOz (ortho or meta), -NHz
(meta)] are very similar and match the theoretical structure of PCN-
6. Pawley refinement of the obtained XRD patterns {Fig. S11)
revealed virtually identical cell parameters a and b (3.32 nm), but a
slight variation in the length of the crystallographic c-axis. Both
NO,-functionalized MOFs exhibit a slightly longer c-axis (8.23 nm
and 8.24 nm for the ortho and meta variants, respectively) than
their unfunctionalized and amino-functionalized counterparts.
Temperature-dependent PXRD measurements confirmed that the
PCN-6-R frameworks are stable up to temperatures of 175 °C for
PCN-6-NO;z (ortho or meta) and of 250 °C for PCN-6 (Fig. S5 — S7).
The PCN-6-NH, (meta) framework (Fig. S8) was found to be
significantly less temperature-stable; i.e., decomposition starts by
heating the sample. These temperature stabilities were also
confirmed in TGA measurements (Fig. S1). Due to the low thermal
stability of PCN-6-NH3 (meta), nitrogen sorption measurements
were not possible, but the other three PCN-6-R MOFs exhibit high
permanent porosities as confirmed by nitrogen sorption at 77 K
(Fig. 1B). For the three PCN-6-R [R = —H and —NO» (ortho or meta)]
structures, the nitrogen sorption isotherms exhibit a type [ shape
that is characteristic for microporous materials. PCN-6 has a
Langmuir surface area of 3758 m?/g, in agreement to the reported
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one [10] for PCN-6 (3800 m?/g), and a BET surface area of 3231 n12[
g, in reasonable agreement with the Connolly surface area of
3670 m?/g derived from the theoretical PCN-6 structure. For PCN-6-
NOz {meta) and PCN-6-NO; (ortho), Langmuir surface areas of
3892 m?/g and 2036 m?/g and BET surface areas of 3354 m?fg and
1797 m?/g were obtained, respectively. The BET surface area of the
NO3z (meta)-functionalized MOF is in excellent agreement with the
Connolly surface of 3350 rnz,fg. The NO, (ortho)-functionalization,
however, leads to a lower surface area than expected (Connolly
surface 3390 m?/g).

The values for the total pore volumes obtained from N3 sorption
are 131 cm®/g (PCN-6), 136 cm?/g [PCN-6-NO, (meta)] and
0.71 cm®/g [PCN-6-NO; (ortho)] and are consistent with the pore
volume of 1.45 cm?/g reported by Zhou et al. [ 10] Hence, the surface
area of the PCN-6 framework is strongly affected by the position of
the functional group on the triangular linker molecule. The nitro
functional group in meta position has no noticable effect, while the
nitro group in ortho position drastically decreases the resulting
surface area. The pore size distributions (Fig. 1C) for these three
materials were evaluated from nitrogen sorption isotherms using
the QSDTF method based on slit-like and cylindrical pores, showing
one sharp single pore size of 1.0 nm. These micropores of 1.0 nm
represent the triangular channels of the framework, which occur
due to the interpenetration of two identical networks as reported in
the literature for PCN-6 [10].

One important aspect of our functionalized TATB linkers is the
influence of the position of the functional group on the material
properties. To investigate this aspect, the PCN—NO; (ortho or meta)
structures were exposed to 60% humidity at room temperature.
XRD patterns recorded after different duration of exposure confirm
that both frameworks are stable under these conditions for up to
8 h (Fig. S9 and S10). The stability towards moist air thus seems
unaffected by the position of the nitro group.

Notably, the synthesized PCN-6-R structures are powders of
different colors, depending on the functionality of the organic
linker molecule used. In comparison, the colors of the linker mol-
ecules themselves range from white [TATB (5d)] to yellow [TATB-
NOz (ortho or meta) (5a-b) and TATB-NHz (meta) (5¢)| (Fig. S12).
The colors of the MOFs are turquoise for unfunctionalized PCN-6,
turquoise-green in the case of the nitro functionalization in the
meta position [PCN-6-NO, (meta)|, green-blue for the nitro func-
tionalization in the ortho position [PCN-6-NO; (ortho)| and green
for the amino functionalized [PCN-6-NHz {meta)] sample {Fig. 2A).
The corresponding diffuse reflectance spectra of the MOFs follow
the absorption spectra of the triazine linkers in the UV and blue
spectral region and feature an additional absorption band extend-
ing from 600 to 1200 nm, which we attribute to metal-to-ligand
charge transfer (Fig. 2B and Fig. S13). The maximum of this
charge transfer absorption varies only slightly depending on the
position of the functional group, indicating a relatively similar co-
ordination environment of the copper SBU in all four MOFs
(Fig. S14).

4. Conclusion

We have successfully synthesized mono-substituted TATB
linkers bearing a nitro group in ortho or meta position to the car-
boxylic acid (5a-b), as well as with an amino group in meta positon
(5¢). The chosen synthetic route starts from a substituted benzoyl

Scheme 1. Syntheses of substituted TATBs 5 (R°, R™ = —NO; and —NH, (meta)): a}
SbCls, CHCly; b) NH40H, 59% (4a), 54% (4b) {two steps); ¢) CrOs, Acz0, H504, 86% (5b);
or: BuyNMnQs, pyridine, 85% (5a), 91% (5b}); d) SnClz, 2 M HOAc, EtOH, 63%; or:
Na;5;04, EtOH/H20, 79%.
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Fig. 1. (A) PXRD patterns of the different functionalized PCN-6 structures (black: theoretical PCN-6 [10]; red: PCN-6; cyan: PCN-6-NO, (meta); blue: PCN-6-NO; (ortho) and green:
PCN-6-NH; (meta)). (B) N2 sorption isotherms of PCN-6 (red), PCN-6-NO; (meta) {cyan) and PCN-6-NO; (ortho) (blue) at 77 K. Adsorption is denoted by filled symbols and
desorption by empty symbols. (C) Pore size distributions calculated with the QSDFT model using slit-like and cylindrical pores (red: PCN-6; cyan: PCN-6-NO,, (meta) and blue: PCN-
6-NO> (ortho)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Differently colored powders (A) of the functionalized PCN-6-R structures and corresponding powder UV—Vis spectra (B) (red: PCN-6; cyan: PCN-6-NO, (meta); blue: PCN-6-
NO, (ortho) and green: PCN-6-NH; (meta)). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

chloride 2 and by choosing substituents other than nitro, additional
mono-functionalized TATBs are anticipated to be accessible (for
example halogeno or alkoxy substituted ones). Furthermore, we
successfully used the novel functionalized TATB-R linkers 5a-c for
the synthesis of microporous metal-organic frameworks based on
the PCN-6 structure. Powder X-ray diffraction confirmed the suc-
cessful synthesis of the PCN-6-R [R = —H, -NO, (ortho or meta),
-NHy (meta)| structures. These MOF structures exhibit different
temperature stabilities depending on the nature of the functional
group. The position of the functional group also has a strong in-
fluence on the resulting surface area. While a meta nitro substitu-
tion has no impact on the surface area, ortho nitro substitution
strongly decreases it. The PCN-6-NHj (meta) structure is not very
stable and further post-synthetic modification of this framework
was not possible. Depending on the substitution of the linker, the
powders show different colors. The absorption that is responsible
for the copper SBU (600—850 nm) is slightly affected by the posi-
tion of the functional group, rather than by its nature. All in all, this
work illustrates the strong influence of functional groups on linker
molecules on the resulting material properties of MOFs.
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1. Materials

4-Methyl-2-nitrobenzoic acid (2b, 97 %, Aldrich), 4-methylbenzonitrile (1, 98 %, Aldrich), acetic acid (p.a.),
acetic anhydride (>99 %, Carl Roth), acetone (99 %, in-house chemical supply), ammonia solution (2 M, in-
house chemical supply), barium sulfate (99.99 %, Aldrich), chromium(VI)-oxide (99.5 %, Acros), copper (1)
nitrate trihydrate (99 %, Fluka), hydrochloric acid (2 M, in-house chemical supply), N,N-dimethylformamide
(anhydrous, synthesis grade, Fischer Scientific), palladium on activated charcoal (Alfa Aesar), sodium hydroxide
solution (2 M, in-house chemical supply), sulfuric acid (96 %, in-house chemical supply), tetrabutylammonium
bromide (98 %, Aldrich), toluene (technical, in-house chemical supply), trifluoromethanesulfonic acid (99 %,

Apollo Scientific) were used without further purification.

2. Characterization

X-ray diffraction (XRD): Wide-angle X-ray diffraction data were recorded in transmission geometry using a
STOE Stadi MP diffractometer with a Cu K, radiation (A = 1.54060 A) source operating at 40 KV and 40 mA
and a Ge(111) single crystal monochromator. The diffractometer was equipped with a DECTRIS MYTHEN 1K
strip solid-state detector. Diffraction patterns were collected with an omega—2-theta scan using a step size of
4.71° and a counting time of 60 s or 180 s per step. Temperature stability measurements were performed using a
Bruker D8 Discover with Ni-filtered Cu K, radiation and a LynxEye position-sensitive detector. The sample
was heated from 25 °C to 300 °C in steps of 25 °C and equilibrated for 10 min prior to measurement. Pawley
refinements of the powder patterns were performed using the Reflex module of the Accelrys Materials Studio

software package.

Nitrogen sorption: Nitrogen sorption isotherms were measured at 77 K with a Quantachrome AUTOSORB-1.
About 35 mg of sample material was degassed at 120 °C in high vacuum for at least 12 h prior to measurement.
Evaluation of sorption data was carried out using the ASiQwin™ software suite (Version 3.0, Quantachrome
Instruments). BET surface areas were calculated employing the linearized form of the BET equation with 10 data
points (p/p, = 0.005, 0.008, 0.010, 0.015, 0.02, 0.03, 0.04, 0.05, 0.07 and 0.01) in the range from p/p, = 0.005 to
0.01, according to Quantachrome recommendations for microporous materials.[1] For all samples the correlation
coefficient was higher than 0.999. Langmuir surface areas were calculated employing data points in the range
form p/p, 1 10 to 0.05. Adsorption isotherms were used to calculate the pore size distribution by employing
quenched solid state functional theory (QSDFT, N, at 77 K on carbon, slit/cylindrical pore equilibrium model).
Total pore volumes were calculated at p/p, 0.20. The Connolly surface areas were simulated using the Accelrys
Materials Studio software package and applying modified and Pawley-refined models of the PCN-6 crystal

structure.

UV-Vis spectroscopy: UV-Vis measurements were carried out using a Perkin Elmer Lambda 1050 UV-Vis-NIR
spectrometer equipped with a 150 mm InGaAs integrating sphere. Diffuse reflectance spectra were collected

with a Praying Mantis (Harrick) accessory and were referenced to barium sulfate.
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Infrared (IR) spectroscopy: Infrared spectroscopy was performed on a Perkin Elmer Spectrum BX Il FT-IR
system equipped with a diamond total reflection (ATR) unit in a scan range from 650 cm™ to 4000 cm™or a
Perkin-Elmer Paragon 1000/Perkin-Elmer Spectrum 100 fitted with an MKIl Golden Gate™ Single Reflection
ATR unit.

Nuclear magnetic resonance (NMR) spectroscopy: NMR data were recorded on JEOL ECX-400, Bruker
DRX 500 and AV 600 spectrometers. All chemical shifts are referenced to the residual proton or carbon signal of
the solvent. Assignments are supported by COSY, HSQC, and HMBC. Even when obtained by DEPT, the type

of 3C signal is always listed as singlet, doublet, etc.

Mass spectrometry (MS): Electronspray ionization (ESI) mass spectroscopy was carried out with a Therom
Finnigan LTQ FT with Finnigan lonMax ion source. Electron ionization (EI) mass spectra were recorded with a
Finnigan MAT 8200 or MAT 8230. High-resolution mass spectra were recorded in the EI mode using a Jeol
Accu TOF GCV 4G instrument.

Elemental analysis: The elemental composition (C, H and N) was measured by combustion analysis with an

Elementar Vario Micro Cube or an Euro EA 3000 Elemental Analyzer from Euro Vector.

Thermogravimetric (TG) analysis: TG measurements were carried out using a Netzsch Jupiter ST 449 C
instrument equipped with a Netsch TASC 414/4 controller. The samples (10 mg to 15 mg) were heated in an

aluminum oxide crucible between 25 °C and 900 °C with a heating rate of 10 K/min.
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3. Experimental section

3.1.  Linker synthesis

Tetrabutylammonium permanganate was prepared from tetrabutylammonium bromide according to literature
procedures.[2]

4-Methyl-3-nitro-benzoyl chloride (2a)

NO,

N,N-Dimethylformamide (1 pl, ca. 15 umol) was added to a suspension of 4-methyl-3-nitro-benzoic acid
(1.00 g, 5.52 mmol) in thionyl chloride (5 mL) and the mixture was heated to reflux for 2 h. Excess thionyl
chloride was distilled off and the resulting yellow oil was used without further purification.

'H-NMR (500 MHz, CDCly): & = 8.69 (d, 1H, J = 1.9 Hz, Ar-H-2), 8.22 (dd, 1H, J = 8.1 Hz, J = 1.9 Hz, Ar-H-
6), 7.55 (d, 1H, J = 8.1 Hz, Ar-H-5), 2.71 (s, 3H, CH,) ppm.

BBC.NMR (125 MHz, CDCl): § = 166.45 (s, COCI), 149.42 (s, Ar-C-3), 141.20 (s, Ar-C-4), 134.35 (d, Ar-C-6),
133.71 (d, Ar-C-5), 132.43 (s, Ar-C-1), 127.42 (d, Ar-C-2), 20.75 (g, CH3) ppm.

MS (EI, 70 eV)): m/z (%) = 199 (100) [M]", 164 (52) [M — CI]".

MS (Cl, isobutane): m/z (%) = 200 (11) [M + H]", 183 (58) [M — O] ", 164 (100) [M — CI]".

4-Methyl-2-nitrobenzoyl chloride (2b)

NO,

4-Methyl-2-nitrobenzoy! chloride (2b) is commercially available, but has been prepared from the respective acid
by reaction with thionyl chloride. N,N-Dimethylformamide (1 pl, ca. 15 pmol) was added to a suspension of 4-
methyl-2-nitrobenzoic acid (5.00 g, 27.6 mmol) in thionyl chloride (20 mL) and the mixture was heated to reflux

for 2 h. Excess thionyl chloride was distilled off and the resulting oil was used without further purification.

'H-NMR (500 MHz, CDCly): & = 7.81 (m, (d), 1H, J = 0.7 Hz, Ar-H-3), 7.69 (d, 1H, J = 7.9 Hz, Ar-H-6), 7.55
(m¢ (d), 1H, J=7.9 Hz, J = 0.7 Hz, Ar-H-5), 2.53 (s, 3H, CH3) ppm.
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BC.NMR (125 MHz, CDCl): & = 165.46 (s, COCI), 146.24 (s, Ar-C-1), 144.91 (s, Ar-C-2), 133.89 (d, Ar-C-5),
129.24 (d, Ar-C-6), 128.81 (s, Ar-C-4), 124.86 (d, Ar-C-3), 21.42 (q, CHa) ppm.

2-(4-Methyl-3-nitrophenyl)-4,6-bis(4-methylphenyl)-1,3,5-triazine (4a)

CHj
NO,

N“ SN

At 0 °C, antimony(V) chloride (8.48 mL, 66.1 mmol) was carefully added to a solution of crude 4-methyl-
3-nitrobenzoic chloride (2a, 11.0 g, 55.0 mmol) and p-methylbenzonitrile (1, 12.9 g, 110 mmol) in chloroform
(100 mL). The mixture was heated to reflux for 16 h and the resulting yellow oxonium salt was filtered off. At
0 °C, it was added to 28 % aqueous ammonia (500 mL) in small batches. After 2 h of stirring at room
temperature, the colorless solid was filtered off and extracted with boiling chloroform (3 x 250 mL). The solvent

was evaporated in vacuo yielding 12.9 g (32.5 mmol, 59 %) of a colorless solid, m. p. 254 °C.

'H-NMR (500 MHz, CDCly): & = 9.24 (d, 1H, J = 1.7 Hz, Ar-H-2), 8.80 (dd, 1H, J = 8.0 Hz, J = 1.7 Hz, Ar-H-
6), 8.59 (M, (d), 4H, J = 8.1 Hz, Ar'-H-2,6), 7.49 (d, 1H, J = 8.0 Hz, Ar-H-5), 7.35 (m (d), 4H, J = 8.1 Hz, Ar-
H-3,5), 2.69 (s, 3H, Ar-CH,), 2.47 (s, 6H, Ar'-CHs) ppm.

BC-NMR (125 MHz, CDCl3): & = 171.70 (s, Tri-C-1), 169.33 (s, Tri-C-3,5), 149.86 (s, Ar-C-3), 143.39 (Ar'-C-
4), 137.33 (s, Ar-C-4), 135.93 (s, Ar-C-1), 133.11 (s, Ar'-C-1), 133.01 (d, Ar-C-5), 132.62 (d, Ar-C-6), 129.42
(d, Ar'-C-3,5), 128.99 (d, Ar'-C-2,6), 124.90 (d, Ar-C-2), 21.75 (q, Ar'-CHs), 20.61 (g, Ar-CHs) ppm.

IR (ATR): v = 3036, 3014 (aryl-H), 2982, 2922, 2852 (CH-val.), 1609, 1581, 1506, 1408 (arom. C=C, arom.
C=N), 1350 (C-N-val.), 1267 (aryl-NO,), 802 (1,4-disubst. aryl, 1,3,4-trisubst. aryl) cm™.

HRMS (EI): m/z = calcd. 396.1586; found 396.1577 (A 2.1 ppm).

Elemental analysis (C,4H2N40,) (396.44): calcd. C 72.71 H 5.08 N 14.13; found C 72.62 H 5.04 N 13.97.
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2-(4-Methyl-2-nitrophenyl)-4,6-bis(4-methylphenyl)-1,3,5-triazine (4b)

SN NO,

At 0°C, antimony(V) chloride (4.26 mL, 33.2 mmol) was carefully added to a solution of 4-methyl-
2-nitrobenzoic chloride (2b, 5.51 g, 27.6 mmol) and 4-methylbenzonitrile (1, 6.46 g, 55.2 mmol) in chloroform
(80 mL). After heating to reflux for 16 h, the resulting yellow oxonium salt was filtered off, added in portions to
aqueous ammonia (28 %, 250 mL) at 0 °C, and stirred for 16 h at room temperature. The colorless solid was
filtered off and separated from antimon oxide by Soxhlet extraction with chloroform for 15 h. Removal of the
solvent yielded 6.00 g (54 %) of a colorless solid, m.p. 160 °C.

FTIR (ATR): v = 3034, 3015 (aryl-C-H), 2917 (C-H), 1610, 1581, 1508, 1408 (arom. C=C, arom. C=N), 1362
(C-N), 1301 (CH), 1179 (aryl-NO,), 800 (1,4-disubst. aryl, 1,2,4-trisubst. aryl) cm™.

'H-NMR (500 MHz, CDCl): & = 8.52 (m (d), 4H, J = 8.1 Hz, Ar-H-2,6), 8.32 (d, 1H, J = 8.0 Hz, Ar-H-6),
7.54 (s, 1H, Ar-H-3), 7.49 (m (d), 1H, J = 8.0 Hz, Ar-H-5), 7.33 (m, (d), 4H, J = 8.1 Hz, Ar-H-3,5), 2.50 (s, 3H,
Ar-CHs), 2.44 (s, 6H, Ar'-CHs) ppm.

BC-NMR (125 MHz, CDCls): ¢ = 171.61 (s, Tri-C-4,6), 169.70 (s, Tri-C-2), 150.84 (s, Ar-C-2), 143.41 (s, Ar-
C-4), 143.03 (s, Ar-C-4), 133.02 (s, Ar'-C-1), 132.08 (d, Ar-C-5), 131.50 (d, Ar-C-6), 129.47 (d, Ar'-C-3,5),
129.09 (d, Ar'-C-2,6), 127.86 (s, Ar-C-1), 124.18 (d, Ar-C-3), 21.74 (g, Ar'-CHjy), 21.32 (g, Ar-CHs) ppm.

MS (El, 70 eV): m/z (%) = 396 (50) [M]*. HRMS (EI): m/z = calcd. 396.1586; found 396.1579 (A 2.0 ppm).

Elemental analysis Cy4H3N,O, (396.44): calcd. C 72.71, H 5.08, N 14.13; found C 72.84, H 5.07, N 14.04.
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2-(4-Carboxy-3-nitrophenyl)-4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5a)

CO,H
NO,

HO,C CO,H

Tetrabutylammonium permanganate (1.38 g, 3.81 mmol) was added to a solution of 2-(4-methyl-3-nitrophenyl)-
4,6-bis(4-methylphenyl)-1,3,5-triazine (4a, 250 mg, 635 umol) in pyridine (10 mL). The mixture was stirred for
24 h at 50 °C. Aqueous sodium hydroxide (2 M, 10 mL) was added to the resulting brown reaction mixture
followed by filtration. The filtrate was washed with tert-butyl methyl ether (3 x 25 mL) and acidified with conc.
hydrochloric acid. Filtration yielded 261 mg (540 umol, 85 %) of a slightly yellow solid, m. p. >300 °C.

'H-NMR (600 MHz, DMSO-dg): & = 9.06 (m (d), 1H, J = 0.9 Hz, Ar-H-2), 8.96 (m, (dd), 1H, J = 8.0 Hz, J =
0.9 Hz, Ar-H-6), 8.74 (d, 4H, J = 8.3 Hz, Ar'-H-3,5), 8.13 (d, 4H, J = 8.3 Hz, Ar'-H-2,6), 8.06 (d, 1H, J = 8.0 Hz,
Ar-H-5) ppm.

BC.NMR (150 MHz, DMSO-dg): & = 170.69 (s, Ar'-CO,H), 168.89 (s, Tri-C-2), 166.72 (s, Tri-C-4,6), 165.43
(s, Ar-CO,H), 148.80 (s, Ar-C-3), 138.60 (s, Ar-C-1), 138.46 (d, Ar-C-4), 138.36 (s, Ar'-C-4), 134.84 (s, Ar'-C-
1), 132.56 (d, Ar-C-6), 130.75 (d, Ar-C-5), 129.76 (d, Ar'-C-2,6), 128.94 (d, Ar'-C-3,5), 123.27 (d, Ar-C-2) ppm.

IR (ATR): v = 3072 (br., OH), 1697 (C=0), 1582, 1513, 1408 (arom. C=C, arom. C=N), 1356 (C-N-Val.),
1277 (aryl-NO,), 827 (1,4-disubst. aryl, 1,2,4-trisubst. aryl) cm™.

MS (EI, 70 eV): m/z (%) = 486 (5) [M]", 442 (97) [M — CO,]". HRMS (EI): m/z = calcd. 486.0811; found.
486.0796 (A 3.3 ppm).

Elemental analysis (C,4H14N4Og) (486.39): calcd. C 59.26 H 2.90 N 11.52; (C,4H14N,40g-H,0) (504.42): calcd.
C 56.95 H 3.25 N 11.07; found C 56.71 H 3.23 N 11.03.
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2-(4-Carboxy-2-nitrophenyl)-4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5b)

HO._O
N"SN  NO,
| —
N
o) o)
OH OH

Method A: A solution of chromium(V1) oxide (7.39 g, 73.9 mmol) in acetic anhydride (24 mL) was added to a
solution of 2-(4-methyl-2-nitrophenyl)-4,6-bis(4-methylphenyl)-1,3,5-triazine (4b, 2.20 g, 5.55 mmol) in 24 mL
of acetic acid and 5.2 mL of conc. sulfuric acid in such a way that the temperature did not exceed 50 °C. After
stirring for 16 h at room temperature, the brown reaction mixture was carefully poured on ice water. The
resulting precipitate was filtered off and washed intensively with water. After dissolution with aqueous sodium
hydroxide (2 M, 25 mL) and filtration, the filtrate was acidified with half conc. hydrochloric acid. The resulting
solid was recrystallized from N,N-dimethylformamide/water (2:1) yielding 2.31 g (4.75 mmol, 86 %) of a
slightly yellow solid.

Method B: Tetrabutylammonium permanganate[3] (12.9 g, 25.6 mmol) was added to a solution of 2-(4-methyl-
2-nitro)-4,6-bis(4-methylphenyl)-1,3,5-triazine (4b, 2.35 g, 5.93 mmol) in pyridine (50 mL). After stirring for
24 h at 50 °C, aqueous sodium hydroxide (2 M, 50 mL) was added and the mixture was filtered. The filtrate was
acidified with conc. hydrochloric acid, the resulting solid was filtered off and washed thoroughly with water.
2.63 g (5.41 mmol, 91 %) of 5 was obtained as a slightly yellow solid, m.p. >300°C.

IR (ATR): v = 3069 (br., OH), 1692 (C=0), 1580, 1513, 1408 (arom. C=C, arom. C=N), 1358 (C-N), 1238
(aryl-NO,), 828 (1,4-disubst. aryl, 1,2 4-trisubst. aryl) cm™.

IH-NMR (500 MHz, DMSO-d¢): 6 = 8.67 (m, (d), 4H, J = 8.4 Hz, Ar'-H-3,5), 8.52 (d, 1H, J = 8.0 Hz, Ar-H-6),
8.43 — 8.42 (m, 1H, Ar-H-3), 8.41 — 8.38 (m, 1H, Ar-H-5), 8.17 (m. (d), 4H, J = 8.4 Hz, Ar-H-2,6) ppm.

BC-NMR (125 MHz, DMSO-dg): 6 = 171.10 (s, Ar'-CO,H), 170.49 (s, Tri-C-2), 167.31 (s, Tri-C-4,6), 165.99
(s, Ar-CO,H), 150.27 (s, Ar-C-2), 139.40 (s, Ar-C-4), 138.50 (s, Ar'-C-1), 136.07 (s, Ar'-C-4), 133.14 (d, Ar-C-
5), 132.43 (d, Ar-C-6), 131.55 (s, Ar-C-1), 130.32 (d, Ar'-C-2,6), 139.34 (d, Ar'-C-3,5), 124.87 (d, Ar-C-3) ppm.

MS (El, 70 eV): m/z (%) = 486 (18) [M]". HRMS (EI): m/z = calcd. 486.0811; found 486.0797 (A 2.9 ppm).

Elemental analysis C,4H14N4Og (486.39): calcd. C 59.26, H 2.90, N 11.52; C,4H4,N,;Og-1.8H,0 (518.76): calcd.

C 55.57, H 3.42, N 10.80; found C 55.18, H 3.72, N 10.55.
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2-(2-Amino-4-carboxyphenyl)-4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5c)

HO.__O

N"SN  NH,

OH OH

Method A: A mixture of 2-(4-carboxy-2-nitrophenyl)-4,6-bis(carboxy-phenyl)-1,3,5-triazine (5b, 2.50 g,
5.18 mmol) and tin(Il) chloride-hydrate (11.7 g, 51.8 mmol) in aqueous acetic acid (2 M, 32.5 mL, 65.0 mmol)
and ethanol (250 mL) was heated to reflux for 48 h. After removal of the solvents in vacuo, distilled water was
added and aqueous sodium hydroxide (2 M) was added until pH =9.5 - 10.0 was reached. A yellow solid was
filtered off through Celite. The filtrate was acidified with conc. hydrochloric acid until pH =3.5-4.0 was
reached. The resulting solid was filtered off and washed thoroughly with water resulting in 1.49 g (3.27 mmol,
63 %) of a yellow solid, m.p. >300 °C.

Method B: 2-(4-Carboxy-2-nitrophenyl)-4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5b, 590 mg, 1.21 mmol) was
suspended in water (15 mL), and potassium carbonate was added until the entire solid was dissolved. Sodium
dithionite (1.05 g, 6.07 mmol) and ethanol (15 mL) were added and the mixture was stirred for 1 h at room
temperature Ethanol was removed under reduced pressure and the residue was poured into conc. hydrochloric

acid. The precipitate was washed with water and dried, to yield 440 mg (964 umol, 79 %) of a yellow solid.

IR (ATR): ¥ = 3300 (br., OH, NH), 1691 (C=0), 1619, 1581, 1499 (arom. C=C, arom. C=N), 1355 (C-N), 760
(1,4-disubst. aryl, 1,2 4-trisubst. aryl) cm™.

'H-NMR (600 MHz, DMSO-dg): 6 = 8.72 (m, (d)*, 1H, Ar-H-6), 8.71 (m. (d), 4H, J = 8.2 Hz, Ar'-H-2,6), 8.19
(m (d), 4H, J = 8.2 Hz, Ar'-H-3,5), 7.66 (br. s, 2H, NH,), 7.58 (d, 1H, J = 1.3 Hz, Ar-H-3), 7.22 (dd, 1H, J =84
Hz, J = 1.3 Hz, Ar-H-5) ppm. *overlapping signals, determination of J was not possible.

BC-NMR (150 MHz, DMSO-dq): 8 = 171.97 (s, Tri-C-2), 169.86 (s, Tri-C-4,6), 167.39 (s, Ar-CO,H), 167.21 (s,
Ar'-CO,H), 151.32 (s, Ar-C-2), 138.41 (s, Ar'-C-1), 136.57 (s, Ar-C-4), 136.22 (s, Ar-C-4), 131.06 (d, Ar-C-6),
129.81 (d, Ar'-C-3,5), 128.59 (d, Ar'-C-2,6), 118.55 (d, Ar-C-3), 116.93 (s, Ar-C-1), 115.38 (d, Ar-C-5) ppm.

HRMS (EI): m/z = calcd. 456.1070; found 456.1070 (A 0.0 ppm). C,,H1sN4Og (456.11): calcd. C 63.16, H 3.53,
N 12.28.
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Elemental analysis C,4H1gN4Og-H,O (474.42): calcd. C 60.77, H 3.82, N 11.82; found C 60.65, H 3.65, N
11.73.

2,4,6-Tris(4-methylphenyl)-1,3,5-triazine

N™ >N

4-Methylbenzonitrile (1, 10.0 g, 86.0 mmol) was slowly added to trifluoromethanesulfonic acid (20.9 mL,
236 mmol). After stirring at room temperature for 17 h, the yellow reaction mixture was poured on ice and
neutralized with aqueous ammonia solution (2 M). The white precipitate was filtered by suction filtration and
washed with water and acetone. Recrystallization from toluene gave 8.1 g of 2,4,6-tris(4-methylphenyl)-1,3,5-
triazine (23.0 mmol, 80 %) in form of white crystals.

IR (ATR): v = 1610 (m), 1583 (m), 1510 (vs), 1406 (m), 1370 (s), 1298 (w), 1178 (m), 1149 (w), 1111 (w),
1036 (), 1018 (w), 963 (W), 852 (), 833 (W), 797 (5), 772 (W), 712 (W), 642 (W).

IH-NMR (400 MHz, CDCl,): § = 8.63 (d, J = 8.0 Hz, 6 H), 7.34 (d, J = 8.0 Hz, 6 H), 2.46 (s, 9 H).
BC.NMR (100 MHz, CDCly):6 = 171.6, 143.1, 134.0, 129.1, 21.9 (3 X CHa).

HRMS (ESI*, [M+H]": calc. for [C,sH» N5 + H'T": 352.1808, found: 352.18055.

99



3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

4,4’,4°°-(1,3,5-Triazine-2,4,6-triyl)-tribenzoic acid (5d, TATB)

HO.__O
NN
| —
N
o 0
OH OH

A solution of 2,4,6-tris(4-methylphenyl)-1,3,5-triazine (7.92 g, 22.5 mmol), acetic acid (217 mL, 3.79 mol) and
sulfuric acid (12.5 mL, 234 mmol) was stirred, while chromium (VI1)-oxide (20.5g, 205 mmol) and acetic
anhydride (13.7 mL, 145 mmol) were added. The green slurry was stirred at room temperature for 72 h, then
poured into water (900 mL) under ice cooling, well mixed and filtered by suction filtration. The green solid was
washed with water and dissolved in aqueous sodium hydroxide solution (2 M, 500 mL). After filtration, the
solution was acidified with hydrochloric acid (2 M) obtaining a slightly green crude product. After
recrystallization from N,N-dimethylformamide, 7.37 g (16.7 mmol, 74 %) of as a white crystalline product was
obtained.

IR (ATR): v =1703 (vs), 1678 (w), 1626 (s), 1583 (s), 1516 (vs), 1437 (m), 1408 (m), 1379 (s), 1360 (s), 1303
(w), 1271 (vs), 1250 (w), 1175 (w), 1150 (w), 1117 (m), 1106 (m), 1066 (w), 1016 (m), 879 (m), 852 (w), 829
(m), 793 (w), 781 (s), 766 (vs), 691 (m), 670 (m).

'H-NMR (400 MHz, DMSO-dq): 6 = 13.31 (s, 3 H), 8.74 (d, J = 8.3 Hz, 6 H), 8.14 (d, J = 8.4 Hz, 6 H).
BC-NMR (100 MHz, DMSO-dg): 6 = 170.5, 166.8, 138.7, 134.6, 129.8, 128.8.

HRMS (ESI', [M+H]: calc. for [CasH1sNsOs — H']: 440.0888, found: 440.0886.
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3.2 MOF synthesis
PCN-6

PCN-6 was synthesized according to literature.[4] For the reaction, a 100 mL Schott-Duran glass bottle with a
PBT cap equipped with a Teflon seal was used. Cu(NO3),-3H,O (271 mg, 1.12 mmol) and 4,4°,4°°-(1,3,5-
triazine-2,4,6-triyl)-tribenzoic acid (5d, 100 mg, 0.227 mmol) were dissolved in 15mL of N,N-
dimethylformamide by ultrasonic treatment. The reaction mixture was heated within 1 h to 75 °C and held at this
temperature for 48 h and afterwards cooled to room temperature within 24 h. The resulting turquoise powder was
collected by centrifugation (10 min, 20 000 rpm) and washed three times with N,N-dimethylformamide and dried

under reduced pressure at room temperature.
PCN-6-NO; (meta)

A 100 mL Schott-Duran glass bottle with a PBT cap equipped with a Teflon seal was used. Cu(NOs),-3H,0
(217 mg, 1.12 mmol) and 2-(4-carboxy-2-nitrophenyl)-4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5b, 110 mg,
0.226 mmol) were dissolved in 15 mL of N,N-dimethylformamide by ultrasonic treatment. The reaction mixture
was heated within 1 h to 75 °C and held at this temperature for 48 h and afterwards cooled to room temperature
within 24 h. The resulting turquoise-green powder was collected by centrifugation (10 min, 20 000 rpm) and

washed three times with N,N-dimethylformamide and dried under reduced pressure at room temperature.
PCN-6-NO, (ortho)

A 100 mL Schott-Duran glass bottle with a PBT cap equipped with a Teflon seal was used. Cu(NOs),-3H,0
(217 mg, 1.12 mmol) and 2-(4-carboxy-3-nitrophenyl)-4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5a, 110 mg,
0.226 mmol) were dissolved in 15 mL of N,N-dimethylformamide by ultrasonic treatment. The reaction mixture
was heated within 1 h to 75 °C and held at this temperature for 48 h and afterwards cooled to room temperature
within 24 h. The resulting green-blue powder was collected by centrifugation (10 min, 20 000 rpm) and washed

three times with N,N-dimethylformamide and dried under reduced pressure at room temperature.

PCN-6-NH, (meta)

A 100 mL Schott-Duran glass bottle with a PBT cap equipped with a Teflon seal was used. Cu(NOs),-3H,0
(271 mg, 1.12 mmol) and 2-(2-amino-4-carboxyphenyl)-4,6-bis(4-carboxyphenyl)-1,3,5-triazine (5¢, 102 mg,
0.225 mmol) were dissolved in 15 mL of N,N-dimethylformamide by ultrasonic treatment. The reaction mixture
was heated within 1 h to 75 °C and held at this temperature for 48 h and afterwards cooled to room temperature
within 24 h. The resulting green powder was collected by centrifugation (10 min, 20 000 rpm) and washed three

times with N,N-dimethylformamide and dried under reduced pressure at room temperature.
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4. Further Characterization of PCN-6-R (R =-H, -NO; (meta or ortho)
and -NH; (meta))

TG measurements

100 1 —— PCN-6-NH,(meta)
90 _: — PCN-6-NO,(ortho)
80 —: PCN-6-NO (meta)

] —PCN-6
704

60
504
40 5
30
20 -
10

mass-%

100 200 300 400 500 600 700 800 900
temperature / °C

Figure S1: TGA curves of the synthesized PCN-6-R frameworks (red: PCN-6; cyan: PCN-6-NO, (meta); blue:
PCN-6-NO, (ortho); green: PCN-6-NH, (meta)) showing a decomposition of the framework structure ranging
from moderate temperatures (for PCN-6-NH, (meta)) and about 350 °C (for PCN-6-NO,(ortho)).
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Crystallinity and stability of the PCN-6-R frameworks after degassing of the sample at

120 °C and nitrogen sorption measurements

Intensity / a.u.

—— PCN-6 after N, measurement
—— PCN-6as synthesized

theoretical PCN-6

Figure S2: XRD measurements demonstrating the crystallinity and stability of the PCN-6 framework after

degassing the sample at 120 °C over night and following nitrogen sorption measurement. (Black: theoretical

PCN-6; red: PCN-6 as synthesized; violet: PCN-6 after N, measurement)

Intensity / a.u.

—— PCN-6-NO, (meta) after N, measurement

PCN-6-NO, (meta) as synthesized
theoretical PCN-6

/
Il
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10 15 20 25
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Figure S3: XRD measurement demonstrating the crystallinity and stability of the PCN-6-NO, (meta) framework

after degassing the sample at 120 °C over night and following nitrogen sorption measurement. (Black:

theoretical PCN-6; cyan: PCN-6-NO, (meta) as synthesized; violet: PCN-6-NO, (meta) after N, measurement)
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—— PCN-6-NO, (ertho) after N, measurement
—— PCN-6-NO, (ortho) as synthesized
theoretical PCN-6

Intensity / a.u.

S
MTC O

10 15 20 25 30
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Figure S4: XRD measurement demonstrating the crystallinity and stability of the PCN-6-NO, (ortho)
framework after degassing the sample at 120 °C over night and following nitrogen sorption measurement.
(Black: theoretical PCN-6; blue: PCN-6-NO, (ortho) as synthesized; violet: PCN-6-NO, (ortho) after N,

measurement)

104



3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

Temperature stability measurements
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Figure S5: Temperature stability of the PCN-6 examined by heating the sample on a D8 Bruker instrument

under air from 25 °C up to 300 °C. The framework is stable up to 250 °C before starting to decompose.
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Figure S6: Temperature stability of the MOF PCN-6-NO, (meta) measured by heating the sample at a D8
Bruker instrument in air from 25 °C up to 300 °C. The framework is stable up to 175 °C before starting to

decompose.
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Figure S7: Temperature stability of the MOF PCN-6-NO, (ortho) measured by heating the sample at a D8
Bruker instrument in air from 25 °C up to 300 °C. The framework is stable up to 175 °C before starting to

decompose.
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Figure S8: Temperature stability of the MOF PCN-6-NH, (meta) measured by heating the sample at a D8
Bruker instrument in air from 25 °C up to 200 °C. The framework is stable up to 75 °C before starting to

decompose.
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Humidity stability test of PCN-6-NO, (meta or ortho)
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Figure S9: XRD measurements of the MOF PCN-6-NO, (meta) after different times of exposure to a humidity

of 60 % at room temperature. The framework is stable under these conditions for up to about 8 h.
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Figure S10: XRD measurements of the MOF PCN-6-NO, (ortho) after different times of exposure to a humidity

of 60 % at room temperature. The framework is stable under these conditions for up to about 8 h.
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Pawley refinement of the PXRD patterns

a=b=3.32+0.01 nm
c=8.21+£0.01 nm

a=b=3.33+£0.01 nm
c=8.24+0.01 nm

a=b=3.32+0.01 nm
c=8.23+£0.01 nm

a=b=3.32+0.01 nm
c=8.21+£0.01 nm

Figure S11: Experimental (black) and Pawley-refined (red) powder XRD patterns, difference (cyan) and

observed reflections (green).

PCN-6-NH, (meta).

(a) PCN-6,

(b) PCN-6-NO, (meta),

(c) PCN-6-NO, (ortho), and (d)

Pawley refinements were carried out using a Pseudo-Voigt peak shape function and without accounting for the

asymmetry at low 20 values that is due to the experimental setup. Using an experimentally determined

instrumental broadening of 0.10 ° 26, we refined the crystallite size along the a, b and ¢ axis (Table S1).

Table S1. R-factors and refined crystallite sizes of the PCN-6 MOFs.

WR, / % Ry /% crystal size a, b / um crystal size ¢/ um
PCN-6 21.19 21.16 1.70 0.43
PCN-6-NO; (meta) 20.58 20.21 1.47 0.43
PCN-6-NO; (ortho) 16.17 17.58 1.45 0.66
PCN-6-NH; (meta) 20.51 23.66 2.76 0.88
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Pictures
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Figure S12: Differently colored triazine linkers (left: TATB-H (5d); middle left: TATB-NO, (meta) (5b) middle
right: TATB-NO, (ortho) (5a) and right: TATB-NH, (meta) (5¢)).

UV-Vis spectra of the triazine linkers
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Figure S13: UV-Vis spectra of the TATB-R linkers as 25 uM dioxane solutions; red: TATB-H (5d); cyan:
TATB-NO, (meta) (5b); blue: TATB-NO, (ortho) (5a); green: TATB-NH, (meta) (5c)).
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Figure S14: Selected region of the diffuse reflectance spectra of the unfunctionalized and functionalized MOFs
normalized to their respective maximum at around 730 nm; red: PCN-6; cyan: PCN-6-NO, (meta); blue:
PCN-6 -NO, (ortho); green: PCN-6-NH, (meta).
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3.2.2 Eisen(l11)-basierte Misch-Linker-MOFs mit MIL-143-Topologie

Durch Kombination von linearen und trianguléren Linkern konnten funf Eisen(I11)-MOFs mit
MIL-143-Topologie dargestellt werden. Als trianguldre Linker wurden sowohl der
unfunktionalisierte -Linker als auch die beiden nitrofunktionalisierten Linker
H3;TATB-NO;(meta) und H3TATB-NO,(ortho) verwendet. Diese wurden mit FeClz*6H,0
und Terephthalsdure (BDC) bzw. 2-Aminoterephthalsdure (BDC-NH,) zu sogenannten
Mischlinker-MOFs umgesetzt. Diese unterscheiden sich voneinander dadurch, dass sie nicht
funktionalisiert (Fe- -BDC-a), aminofunktionalisiert (Fe- -BDC-b),
nitrofunktionalisiert (Fe-TATB-BDC-c, Fe-TATB-BDC-d) oder sogar nitro- und
aminofunktionalisiert (Fe-TATB-BDC-e) vorliegen. Alle finf MOFs wurden vollstandig
charakterisiert, sowie die Stabilitat gegenliber Wasser, 1M Salzsédure und 1M Natronlauge
getestet. Wahrend sie in Wasser auch nach 14 Tagen noch stabil sind, wird sowohl unter

sauren als auch unter basischen Bedingungen eine Zersetzung der MOFs beobachtet.

FeCly + 6 H,0
+
Os.OH 0. _.OH O~ _OH
NO,
NO,
NTIN oder NTIN oder NTIN
I I I
N N N
HO (o} HO. (o] HO. (0]
o OH (o] OH o OH
+
HO._.O HO_ _.O
NH,
oder
0 “OH 0“ “OH
Fe-TATBE-BDC-a Fe-TATB-BDC-b Fe-TATB-BDC-c Fe-TATB-BDC-d Fe-TATB-BDC-e

Abb. 23: Syntheseubersicht zur Darstellung der funf Eisen(111)-MOFs.

Zusétzlich wurden Versuche zur Erweiterung der MOF-Struktur unternommen. Dafiir wurden

entweder die linearen Terephthalsaure-Linker durch den H,BPDC-Linker ersetzt oder die
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H3TATB-Linker durch den erweiterten H3TAPB-OMe-Linker. Auch die Darstellung eines
MOFs durch die Verwendung der beiden erweiterten Linker H,BPDC und H3TAPB-OMe
wurde versucht. Ausgehend vom H3;TAPB-OMe-Linker und Terephthalséure konnte auf diese
Weise der erweiterte MOF Fe-TAPB-BDC erhalten werden. Versuche mit dem H,BPDC-
Linker sowie mit beiden erweiterten Linkern H,BPDC und H3;TAPB-OMe waren nicht

erfolgreich.

CO,H

®

OMe
COH O
O N™ ~N
<@ e

H,BPDC H,TAPB-OMe

Abb. 24: Eingesetzte Linker zur Erweiterung der MIL-143-Struktur.
Die Ergebnisse sind zusammen gefasst:
E. Virmani, O. Beyer, T. Bein, U. Lining, U. Ruschewitz, S. Wuttke, 2017, in Vorbereitung.

Bestandteil dieser Dissertation ist die Synthese der nitrofunktionalisierten Linker H;TATB-
NO,(meta) und H3TATB-NO,(ortho) sowie des H3TAPB-OMe-Linkers. Die Darstellung
und Charakterisierung der beschriebenen MOFs wurde von ERIKA VIRMANI an der Ludwigs-
Maximilian-Universitat Minchen durchgefuhrt. Die Strukturaufklarung wurde von UWE
RUSCHEWITZ durchgefiihrt.
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Abstract

We report here the synthesis and characterization of a new series of mixed-linker
iron(lll)-based metal-organic frameworks (MOFs) consisting of dicarboxylate linkers
(1,4-benzendicarboxylic acid = BDC or its amino functionalized derivative) and
tricarboxylate linkers (4,4',4"-[1,3,5-triazine-2,4,6-triylJtribenzoic acid = TATB or its
nitro functionalized derivative). The resulting mesoporous MOFs with MIL-143
topology are stable under ambient water conditions for 14 d regardless of the
functionalization of the organic linkers. Powder X-ray diffractions reveal high
crystallinity of the materials. This structure type is very tolerant to variation in the
functional groups (e.g. nitro and/or amino) along the BDC and/or TATB linkers, but is
less tolerant to changes in the size of the linkers themselves. It was attempted to
replace linear BDC by biphenyl-4,4'-dicarboxylic acid (BPDC) and trigonal TATB by
2,4-bis(4’-carboxy-biphenyl-4-yl)-6-(4’-carboxy-2-methoxy-biphenyl-4-yl)-1,3,5-

triazine (TAPB). Of the three additional structures made possible by combinations of
these linkers (BDC/TAPB, BPDC/TATB, BPDC/TAPB), only one (BDC/TAPB) yields
a crystalline product which, like the BDC/TATB crystal, exhibits MIL-143 topology.
However, this material is not very stable and collapses upon guest removal. Our
results suggest that the incorporation of diverse functional groups on linkers with
different geometries in this new iron(lll)-based MOF series offers a simple method of
precisely tuning the chemical environment within the pores. More importantly, our
work expands the scope of mixed-linker MOFs to include a subset of multivariate

MOFs characterized by different functionalities in each type of linker.
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1. Introduction
Metal-organic framework (MOF) crystal engineering is based on the study of

periodically assembled metal ions or metal clusters (inorganic building units or IBUSs,
also known as secondary building units or SBUs) and organic linkers (organic
building units or OBUSs). This concept allows control over the structure of MOFs with
respect to their topology. This ability to control structure, composition, porosity, and
properties on the molecular level promises potential applications in gas storage!™™
and gas separation,® catalysis,”” & chemical sensing,”® ¥ and drug release!***,
However, all of these applications are dependent upon the presence of chemical
functionality either at the IBU and/or OBU.

Multivariate MOFs (MTV-MOFs) are constructed from a parent MOF structural
backbone along which different functionalities are distributed.™ ! The disordered
spatial arrangement of the functionalities allows the MTV-MOFs to create unique

[l The random arrangement of the functionalities makes it difficult

synergistic effects.
to draw conclusions about the relationship between structure, spatial arrangement
and performance of the MTV-MOFs. Determining the location of randomly dispersed
functionalities within MTV-MOFs is a huge scientific challenge that has recently been
addressed with a combination of multidimensional solid-state NMR and molecular
simulations.*®! This challenge, however, can be circumvented by deliberately placing
different functional linkers at specific, defined positions in the MOF scaffold.

By using the so-called mixed linker approach, two or more non-functionalized OBUs
can be precisely incorporated into a MOF scaffold with predetermined structural
topologies. Three approaches for synthesizing mixed linker MOFs are reported so
far. The first approach creates a MOF composed of linkers with different binding sites
(mostly carboxylic groups and electron donating nitrogen atoms), but the same linker
topology.*”*¥ The second approach creates a MOF that is built from different linker
topologies but the same binding sites.® 2 2) The third approach is a combination of
the previous two by using linkers with different binding sites and different
topologies.??

Interestingly, up to now only one functional group has been incorporated in MOFs
using the mixed linker approach and the functionalization occurs so far only at linear
dicarboxylic acid linkers. Therefore, the MOF is assembled by using one
functionalized dicarboxylic acid linker and one non-functionalized linker. In this way,

nitro, methyl, amino, fluoro, chloro, bromo, hydroxy, diacetoxy, sulfone, sulfonic
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acidband dioxole groups!?® 233 or different alkyloxy or alkyl groups and even alkyl
ether groups of the type —O-(CH,),-O-CH3**** have been successfully incorporated
into MOF scaffolds. The amino-functionalization of 1,4-benzendicarboxylic acid has
already been addressed through post-synthetic modification with acetic anhydride
and derivatives with different alkyl chain length.®” % Recently the Zhou group®®
reported a mixed linker MOF where methyl and amino functional groups had been
incorporated at two linker backbones. This MOF is constructed of three linear
dicarboxylic acid linkers of varied length (2-amino-1,4-dicarboxylate, 2,2’-
dimethylbiphenyl-4,4’-dicarboxylate and 2’,5’-dimethoxyterphenyl), and can only be
obtained through a multiple step synthesis protocol.

Herein we report the synthesis of new iron(lll)-based mixed linker MOFs exhibiting
OBUs with different geometries (i.e. linear and triangular) and functionalities (nitro
and/or amino). Using different combinations of functionalized and non-functionalized
1,4-benzendicarboxylic acid (BDC) and 4,4'.4"-(1,3,5-triazine-2,4,6-triyl)tribenzoic
acid (TATB) linkers, it was possible to synthesize MOFs exhibiting the mesoporous
MIL-143 topology. After the syntheses of the organic linkers and the corresponding
iron(lll)-based mixed linker MOFs, the materials were fully characterized in terms of
their crystal structure, morphology, porosity, thermal and water stability. In addition,
we describe the extension of either the linear BDC, by replacing it with biphenyl-4,4'-
dicarboxylic acid (BPDC) or the trigonal TATB linker by replacing it with 2,4-bis(4’-
carboxy-biphenyl-4-yl)-6-(4’-carboxy-2-methoxy-biphenyl-4-yl)-1,3,5-triazine  (TAPB)

which led to MOFs with reduced crystallinities and stabilities.

2. Experimental
2.1Linker synthesis
4,4'4"-(1,3,5-triazine-2,4,6-triyl)tribenzoic acid (TATB) and two mono-substituted

nitro-TATB linker versions were synthesized as described in the literature.”*” Figure 1
illustrates the synthesis in which the trimerization of one equivalent of a nitro-
substituted benzoyl chloride 1a or 1b with two equivalents of 4-methylbenzonitrile (2)
leads to nitro-triazines 3a or 3b. By oxidizing the methyl groups with tetra-n-
butylammonium permanganate, the respective nitro-TATB linkers 4a and 4b were

obtained.
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O~_ _OH
R® RO
1. SbCly R™ R
2. NH4OH Bu4NMn04
/[j/rt \J\[j\ “/©/NL \:L@ﬁ(o
1a: R°=NO;, R™=H 2 3a: R°=NO,;, R™=H 4a:R°=NO,, R™ = H
1b: R®=H, R™ = NO, 3b: R°=H, R" = NO, 4b:R°=H,R™ = NO,

Figure 1: lllustration of the modified synthetic route to obtain mono-substituted nitro-
functionalized triazine-based trigonal linkers for the synthesis of iron(lll)-based MOFs
exhibiting different linker topologies.

Precursor 5 for the mono-substituted methoxy-TAPB linker 8 was obtained in a
similar way. 4-Bromo-3-methoxy-benzoyl chloride was synthesized and used in the
trimerization with two equivalents of 4-bromobenzonitrile to obtain tribromo-triazine
54 (for the synthetic route see supporting information Figure S1). Triple Suzuki
coupling with 4-(methoxycarbonyl)-phenylboronic acid (6) and alkaline hydrolysis of
the methyl ester groups in 7 led to the desired methoxy-TAPB linker 8 (Figure 2). In
this paper, the synthesis was performed on a multigram scale with modifications in

the last two steps (for further information see Sl).

RO o
Os__OMe O
é i OMe
B(OH)Z
N \N N NN
Br Br O O
5
TR Me
NaOH
8R=H

Figure 2 lllustration of the synthesis of the mono-subsituted methoxy-functionalized elongated triazine
based linker (TAPB) for the synthesis of iron(lll)-based MOFs exhibiting different linker topologies.

2.2 MOF synthesis
The Fe-TATB-BDC MOFs were synthesized in 5 mL Schott Duran culture tubes with

a PBT cap equipped with a Teflon seal. FeCl3-6H,0 (0.222 mmol) was dissolved in
1 mL DMF via ultrasonication. 4,4',4"-(1,3,5-triazine-2,4,6-triyhtribenzoic acid (TATB,
0.110 mmol) and 1,4-benzenedicarboxylic acid (BDC, 0.220 mmol), or their
functionalized derivatives, were added and dissolved by ultrasonication. The reaction
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mixture was heated within 1 h to 150 °C, held at this temperature for 20 h and was
afterwards cooled to room temperature within 1 h. The resulting powders were
collected by centrifugation (5 min, 7830 rpm), washed three times with DMF and
dried under reduced pressure at room temperature. The samples were afterwards
extracted with methanol in a Soxhlet device for 72 h, dried again under reduced
pressure and stored under nitrogen atmosphere at room temperature. For further
synthetic details and the synthesis of the other iron(lll)-based mixed linker MOF
structures (Fe-TATB-BPDC, Fe-TAPB-BDC, Fe-TAPB-BPDC and Fe-BTB-BDC), see
Sl.

2.3 Characterization
Powder X-ray diffraction (PXRD) data were recorded on a STOE Stadi MP

diffractometer in transmission mode. The Cu Kg4 radiation source (A = 1.54060 A)
was operating at 40 kV and 40 mA and the scattered X-rays were recorded on a
DECTRIS MYTHEN 1K solid state detector. High-resolution synchrotron powder
diffraction data were recorded at the Swiss Norwegian BeamLine (SNBL BMO01B) at
the European Synchrotron at Grenoble/France (ESRF).*? The wavelength was
calibrated with a Si standard NIST 640c to 0.504477 A. The diffractometer is
equipped with five counting channels, delivering five complete patterns collected
simultaneously with a small 1.1° offset in 26. A Si(111) analyzer crystal was mounted
in front of each Nal scintillator/photomultiplier detector. Data were collected at room
temperature (Fe-TATB-BDC-a, -b, -c, -e) and 100 K (Fe-TATB-BDC-a, -e) between
0° and 20°/25° in 26 with steps of 0.002° and 100 ms integration time per data point
(approx. 20 min for one scan). This scanning procedure was repeated several times
and the resulting data from all detectors and measurements were averaged into one
pattern (Table S8, and Figure S33) with local software. Quantachrome AUTOSORB-
1 or AUTOSOR-IQ instruments were used for measuring nitrogen sorption isotherms.
The samples were degassed prior to the measurement at 120 °C for 12 h in vacuum.
The calculation of the BET surface area was carried out in the p/po range of 0.005 to
0.01. A quenched solid state functional theory (QSDFT) was employed for calculating
the pore size distribution. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) measurements were determined in parallel using a Netzsch Jupiter
ST 449 C instrument equipped with a Netsch TASC 414/4 controller. Scanning
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electron microscopy (SEM) images were recorded with a FEI Helios G33 UC. For

further characterization of the materials see Sl.

3. Results and Discussion
3.1Different functionalized Fe-TATB-BDC MOFs
In this work five different functionalized iron(lll)-based MOF structures exhibiting two

different linker geometries were synthesized. Figure 3A Iillustrates the different
functionalized linkers and the five combinations tested. Either 1,4-benzendicarboxylic
acid (BDC,; red) or its amino-functionalized version (brown) were used as the linear
linkers, and 4,4',4"-(1,3,5-triazine-2,4,6-triyl)tribenzoic acid (TATB; turquois) or its
nitro-functionalized version (violet for meta position and blue for ortho position) were
used as the trigonal linker.

While the BDC linkers are commercially available, the TATB ones had to be
synthesized. The symmetrical functionalization of triazine-base materials can be
easily achieved by a trimerization of nitriles. A modified synthetic route was chosen
for the introduction of only one nitro group per linker molecule (Figure 1). The nitro
group was placed at different positions to investigate the effect on the resulting MOF

structure and its properties.
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Figure 3: A) Schematic representation of triazine-based trigonal linker TATB (turquois) and its mono-
substituted nitro-functionalized version, in meta (violet) or ortho (blue) position to the connecting
carboxylic acid group. The reactions of iron chloride hexahydrate with one TATB linker in combination
with one of the two linear BDC linkers used (1,4-benzendicarboxylic acid, illustrated in red and its
amino-functionalized version illustrated in brown) result in different possible Fe-TATB-BDC MOF
frameworks. Five different combinations were tested, resulting in the Fe-TATB-BDC structures
indicated. B) Presentation of the MIL-143 framework of Fe-TATB-BDC-a along [001] with FeOg
octahedra shown in purple, carbon as grey spheres, oxygen as red spheres, and nitrogen as blue
spheres. Hydrogen atoms have been omitted for clarity. Note: the positional parameters have not been
refined, but were taken from the literature.® The cubic lattice constant was taken from our Le Bail fits
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and three carbon atoms of the benzene ring of the BTB linker were replaced by nitrogen atoms to
obtain the TATB linker.

The key to success in the synthesis of the five new iron(lll)-based mixed linker
compounds was the adaption of the synthesis protocol reported by Chevreau et al.**!
In this report, they were able to synthesize MOFs with the MIL-142 and MIL-143
topologies for the first time. MOFs with the MIL-143 topology can be regarded as
mesoporous zeolytic solids based on the B-christobalite topology, and the related
MIL-142 topology is best described as a microporous interpenetrated structure similar
to the ReO; topology. The MIL-142 and MIL-143 structures are built up by the same
linkers (BDC and BTB and their respective derivatives), but with different linker ratios
(BDC to BTB is 3:4 for MIL-142, while for MIL-143 the ratio is 3:2).[*) Our goal was to
synthesize MOFs exhibiting only the mesoporous MIL-143 topology (pore diameters:
2.0 nm and 2.4 nm; window sizes: 1.6 nm and 1.8 nm) as the synthesis of robust
mesoporous MOFs is still a great challenge.

For the successful synthesis, FeCl3-6H,0, trigonal TATB and linear BDC linkers were
dissolved in DMF and the reaction mixture was heated at 150 °C for 20 h. The
reaction mixture was purified by centrifugation, washing with DMF, and Soxhlet-
extraction with methanol, which has proven to be much more effective in removing
guest molecules - such as DMF - than washing alone."*¥ We also synthesized MIL-
142 (hereafter called Fe-BTB-BDC with BTB = 4,4',4"-benzene-1,3,5-triyl-tris(benzoic
acid), see Sl and Figure S2) according to our new synthesis protocol, to compare the
chemical properties with the new Fe-TATB-BDC structures. The key difference
between the Fe-BTB-BDC and the Fe-TATB-BDC structures is the trigonal linker, as
the core of the trigonal linker in Fe-BTB-BDC is based on a benzene ring and not a
triazine ring, as for Fe-TATB-BDC. Therefore, we were curious whether the
enhancement of planarity through the substitution of the central benzene ring in BTB
with a triazine core in the TATB linker would influence the properties (e.qg.

crystallinity, porosity, thermal and water stability) of the resulting MOF scaffold.
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Figure 4. PXRD patterns of the five different functionalized Fe-TATB-BDC structures in comparison to
the calculated pattern of the MIL-143 topology.*

The PXRD patterns (Figure 4) of the Fe-TATB-BDC structures indicate that the
products are highly crystalline materials. The similarities between the PXRD patterns
allow us to conclude that all five MOF samples crystallize in the same MOF topology.
Comparison with calculated PXRD patterns based on the reported crystallographic
data®® clearly prove that the MIL-143 topology is formed in all Fe-TATB-BDC
compounds. Chevreau et al.*®! were able to achieve the MIL-142 and MIL-143
topologies for combinations of BTB and BDC linkers by changing the relative
amounts of starting materials as well as synthesis conditions. As we only obtained
the MIL-143 topology, we assume that the trigonal linker based on a triazine core
favors the formation of the non-interpenetrating MIL-143 topology, while the trigonal
linker based on a benzene core favors the MIL-142 structure (Figure S27).

The PXRD patterns shown in Figure 4 were recorded on samples after Soxhlet-
extraction, but exposure to air and moisture thereafter. To get more structural
information high-resolution synchrotron powder diffraction data of selected
compounds (Fe-TATB-a, -b, -c, and -e) were recorded at the European Synchrotron
at Grenoble/France. Here the samples were activated (2 h at 5-102 mbar, 100 °C)
and sealed in glass capillaries (& = 1.0 mm) to prevent the uptake of any water from
the atmosphere.

A visual inspection and comparison with calculated PXRD patterns again confirmed
the MIL-143 topology of these four compounds. But even with these high quality data

no stable Rietveld refinement was achieved. Therefore, Le Bail fits in space group
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F23 using the GSAS software!® were conducted to obtain the cubic lattice
parameters a for all compounds. The results of these fits (synchrotron data and
laboratory X-ray data) are summarized in Table S8 and depicted in Figures S32 and
S33. The quality of the Le Bail fits of the synchrotron data is not as good as that of
the STOE data. This is probably due to the fact that the synchrotron profiles cannot
be accurately modelled with the functions implemented in GSAS. Nonetheless, these
fits allow us to draw clear conclusions. All compounds Fe-TATB-BDC crystallize in
the MIL-143 topology; the unit cell volume is not significantly influenced by changes
in the functionalized linkers. Compounds Fe-TATB-BDC-b-d appear to be single-
phase samples, whereas in the PXRD patterns of compounds Fe-TATB-BDC-a and -
e small amounts of some MIL-142 impurity can be spotted. On the other hand, Fe-
BTB-BDC gives a very good Le Bail fit in space group R3c with lattice parameters
similar to those obtained in the original paper.*®) No additional reflections that would
suggest a MIL-143 impurity are observed. Another remarkable finding is the
shrinkage of the unit cell volume upon activation (Table S8). This shrinkage accounts
for 1.5-2.7% of the original unit cell volume, indicating a remarkable degree of
flexibility in the MIL-143 framework. Another noteworthy finding is the increase of the
unit cell volume of the non-functionalized compound Fe-TATB-BDC-a upon cooling.
Such a negative thermal expansion (NTE) of coordination polymers and MOFs is not
rare and has already been reported before.[*648!

In Figure 5, the PXRD pattern collected for Fe-TATB-BDC-b (STOE Stadi P data) is
compared with a pattern calculated from the lattice parameter of the Le Bail fit (Table
S8) and the positional parameters given for MIL-143 in the literature.*¥ The
agreement is reasonable thus confirming the MIL-143 topology of this compound.
Differences in the intensities especially at higher 26 angles can be attributed to the
fact that the theoretical pattern was only calculated with framework atoms, while the
measurement was recorded on an as-synthesized sample with guest molecules in its
pores. In Figure 6, the recorded pattern of Fe-BTB-BDC is compared with a
theoretical pattern of MIL-142 calculated as described above for MIL-143. Here, the
similarity of both patterns is obvious thus confirming the MIL-142 topology of this

compound.
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Figure 5: Comparison of the PXRD pattern recorded for Fe-TATB-BDC-b (STOE Stadi P, CuKoy
radiation, MYTHEN detector, background subtracted and zero shift corrected) with the pattern
calculated from the refined lattice parameters of Fe-TATB-BDC-b (Le Bail fit) and the atomic
coordinates of MIL-143 taken from the literature.® The good agreement between the patterns
confirms the MIL-143 topology of Fe-TATB-BDC-b.
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Figure 6: Comparison of the PXRD pattern recorded for Fe-BTB-BDC (STOE Stadi P, CuKay
radiation, MYTHEN detector, background subtracted and zero shift corrected) with the pattern
calculated from the refined lattice parameters of Fe-BTB-BDC (Le Bail fit) and the atomic coordinates
of MIL-142 taken from the literature.”® The good agreement between the patterns confirms the MIL-
142 topology of Fe-BTB-BDC.

The SEM images of the Fe-TATB-BDC samples (Figure S8, S11, S14, S17 and S20)
show intergrown aggregates with undefined particle shapes. However, on some
images crystallites are visible and the sizes of the individual particles range from less
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than 100 nm to about 10 um. Fe-BTB-BDC (Figure S30), in contrast, appears to be
composed of plate-like hexagonal shaped crystals which is expected due to the
rhombohedral space group R3c. The plates have similar sizes of approximately 400

nm thickness with edges lengths of 1.3-2.3 um.
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Figure 7: A) Nitrogen isotherms of Fe-TATB-BDC measured at 77 K. The adsorption and desorption
are shown with filled and empty symbols, respectively. B) Pore size distributions calculated using a
QSDFT model with cylindrical and spherical pores in the adsorption branch. C) Table summarizing the
calculated BET surface area in the range of p/po from 0.005 to 0.01 and the pore volume, measured at
p/po 0.19.

Figure 7A presents the nitrogen isotherms of the Fe-TATB-BDC materials, which
exhibit a type IV(b) shape, except Fe-TATB-BDC-b which exhibits a type | shape,
according to IUPAC.1® %% The type IV(b) isotherm, which had been recently added to
the categorization of isotherms by IUPAC,"® is typical for mesoporous materials with
pores smaller than 4 nm, while the type | isotherm is typical for microporous
materials. This type IV(b) shape is in good agreement with the MIL-143 structure
type, as the network is mesoporous and exhibits two different pore sizes of 2.0 nm
and 2.8 nm. The presence of these two different pore widths is observed in the
calculated pore size distribution, which shows two defined peaks (Figure 7B). For all
samples, except Fe-TATB-BDC-b, the pore size distribution indicates well-defined
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dimensions of about 1.6 nm and 2.8 nm, while Fe-TATB-BDC-b shows only one
prominent pore with a diameter of 1.6 nm. One drastic difference in the pore size
distributions of the MOFs is the relative amplitude of the second peak, which
corresponds to the larger pores. This peak is significantly larger in the samples
containing a nitro-functionalization at the trigonal TATB linker (Fe-TATB-BDC-c, -d,
and -e).

The BET surface areas of the five Fe-TATB-BDC materials fall within the same
range: 1470 — 1560 m2 g* (Figure 7C) regardless of which functional group is added
or whether or not the linker is functionalized at all. Saturation of all isotherms was
reached at p/po of 0.19, therefore this data point was used for the calculation of the
pore volume. The pore volumes of the five Fe-TATB-BDC frameworks are also very
similar at approximately 0.64 cm? g™. In comparison, for the Fe-BTB-BDC network,
crystallizing in the MIL-142 topology, a BET surface area of 1585 m2 g* was
observed (Figure S28). This is in a good agreement with the reported value of
1580 m? g.¥! The pore volume (0.62 cm3 g*) was also calculated using a p/po value
of 0.19 and is also in accordance with the value in the literature of 0.70 cm3 g™.1**!
The shape of the isotherm of Fe-BTB-BDC (Figure S28) is a type |, according to
IUPAC,® % which is typical for microporous materials and consistent with the
structure of MIL-142.*%1 The pore size distribution (Figure S28) is narrow with a
maximum at 1.4 nm, slightly above the theoretical pore size (0.8 nm) of the MIL-142
topology.

Thermogravimetric analysis (TGA) was applied to determine the thermal stability and
composition of the Fe-TATB-BDC frameworks (Figure S7, S10, S13, S16 and S19).
The TGA curve indicates that the frameworks with unmodified linear BDC linkers (Fe-
TATB-BDC-a, -c and -d; Figure S7, S13 and S16) are stable up to approximately
300 °C, while the frameworks containing an amino-functionalization (Fe-TATB-BDC-b
and -e; Figure S10 and S19) are only stable up to 270 °C. These thermal stability
value fits well with the stability of MIL-143 and the Fe-BTB-BDC framework (Figure
S29), which are stable up to 315 °C."¥ Hence, the triazine core of the trigonal linker
has little influence on the resulting thermal stability of the framework. The main
weight loss processes depicted in the TGA curves are more or less the same. The
first main weight loss process is attributed to the removal of guest molecules. For Fe-
TATB-BDC-a (Figure S7) the weight loss occurs until 315 °C and consists of two

separated steps. These two steps of the curve indicate that the framework hosts two
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species of guest molecules, in this case water and DMF. In comparison, the TGAs of
Fe-TATB-BDC-b (Figure S10) and -e (Figure S19) show a single weight loss step for
the guest molecules up to 270 °C. Similarly, Fe-TATB-BDC-c (Figure S13) and -d
(Figure S16) have a single weight loss step up to 300 °C. All of the MOFs also
experience a second weight loss at higher temperatures, which can be attributed to
the combustion of the organic linker. For Fe-TATB-a (Figure S7), -c (Figure S13) and
-d (Figure S16) the weight loss process occurs in a single step that is finished at 410
°C, 400 °C and 430 °C, respectively. The TGA curves of Fe-TATB-b (Figure S10)
and -e (Figure S19) indicate that bimodal linker decomposition occurs until
approximately 480 °C. This can be attributed to the presence of amino groups at the
linear BDC linker. The position of the nitro-functionalization seems to have a small
effect on the thermal stability of the network, while the amino-functionalization has
only an impact on the linker decomposition, but not on the thermal stability of the
networks. In comparison, Fe-BTB-BDC (Figure S29) exhibits a defined two-step
weight loss process in agreement with reported values of MIL-142.1) The first step
(between 25 °C and 315 °C) can be attributed to the removal of guest molecules,
while the second step (between 315 °C and 360 °C) can be attributed to the
decomposition of the linkers. Assuming that at higher temperatures the residue only
consisting of Fe,O3 and the molecular formula of MIL-143 to
[FesO(Cl)(H.0)2(BDC)32(TATB)], the compositions of the Fe-TATB-BDC materials
can be calculated (Table S1-S5). Comparison of these calculated compositions of the
Fe-TATB-BDC MOFs with the data obtained from the TGA measurements (where an
ideal network without guest molecules is denoted as guest-free) shows that the
theoretical and experimental values agree and discrepancies fall within the range of
accuracy of TGA measurements (1%). The same is true for Fe-BTB-BDC if the
molecular formula is assumed to be [FezO(CI)(H.0).(BDC)(BTB)43] (Table S7).
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Figure 8: PXRD patterns of the different functionalized Fe-TATB-BDC MOFs after varied time periods
of exposure to water, acid or base. (A: Fe-TATB-BDC-a, B: Fe-TATB-BDC-b, C: Fe-TATB-BDC-c, D:
Fe-TATB-BDC-d and E: Fe-TATB-BDC-e). F: Schematic representation of the procedure for testing
the stability of the iron(lll)-based MOFs exhibiting two different linker topologies in water, 1 M
hydrochloric acid, or 1 M sodium hydroxide. The sample was suspended in one of the solvents and
shaken for different times. Afterwards, the samples were centrifuged and dried at 100 °C before PXRD
measurement was recorded.

The stability of each MOF structure was tested in water and acidic or basic media.
The samples were immersed in either Millipore water, 1 M hydrochloric acid, or 1 M
sodium hydroxide. After different times of exposure, the MOF samples were then
collected by centrifugation and dried at 100 °C before PXRD measurements were
recorded. The PXRD data shown in Figure 8 indicate that all five Fe-TATB-BDC
frameworks are stable in water up to 14 d (Figure 8, blue and green curves) but
decompose under acidic (Figure 8, red curves) and basic (Figure 8, purple curves)
conditions within one day. After the treatment under acidic conditions, BDC was
detectable via PXRD for Fe-TATB-BDC-a, -c and -d (Figure 8A, 8C and 8D,
respectively). BDC was identified by comparing the reflections with theoretical
patterns of BDC, shown as black line diagram in the PRXD plots (Figure 8). This
proves that the new synthesized iron(lll)-based mix linker MOFs display similar
chemical stability regardless of the functionalization of the organic linker. In most
studies, iron(lll)-based MOFs are members of the MIL (Matériaux de ['Institut
Lavoisier) family and the framework stability in water increases from MIL-101(Fe),*
52 to MIL-88(Fe),® % further to MIL-53(Fe)®> *®! and MIL-100(Fe).***® The newly
synthesized iron(lll)-based mixed linker MOFs exhibit a stability comparable to MIL-

53(Fe) and MIL-100(Fe). MIL-53(Fe)™ is a flexible microporous material (with pores
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whose diameters range from 0.4 nm and 0.85 nm in the closed and opened form,
respectively), while MIL-100(Fe)* is a mesoporous material exhibiting pores of
2.5 nm and 2.9 nm. Compared to the newly synthesized iron(lll)-based mixed linker
materials, the surface and pores of MIL-100(Fe) are slightly larger. MIL-100(Fe) is
constructed of benzene-1,3,5-tricarboxylic acid as the OBU and thus no
functionalized MIL-100(Fe) network has been reported so far. In addition, the
chemical stability of the Fe-TATB-BDC series is comparable to the Fe-BTB-BDC
framework exhibiting a MIL-142 topology. The Fe-BTB-BDC framework (Figure S31)

also decomposes under acidic and basic conditions, but is stable in water up to 14 d.

3.2Elongation of the Fe-TATB-BDC network
In addition to the challenges associated with functionalizing the pore, developing a

system to systematically expand the pore size of any given MOF structure is a
daunting undertaking, but one that is crucial for making the MOF’s surface accessible
for large organic, inorganic, and biological molecules. Therefore, we tried to elongate
the Fe-TATB-BDC framework by extending the length of both linkers (Figure S2).
First, we extended the linear linker BDC by replacing it with biphenyl-4,4'-dicarboxylic
acid (BPDC) to achieve a Fe-TATB-BPDC framework. All our attempts led to a less
crystalline material (Figure S21), but the PXRD pattern may indicate some first
reflections of the Fe-TATB-BPDC framework. We then turned our attention to the
elongation of the trigonal TATB linker by replacing it with 2,4-bis(4’-carboxy-biphenyl-
4-yl)-6-(4’-carboxy-2-methoxy-biphenyl-4-yl)-1,3,5-triazine (TAPB). The respective
MOF (Fe-TAPB-BDC) was obtained as a crystalline material (Figure S22) that also
exhibits the MIL-143 topology. This was verified by a Le Bail fit in space group F23
leading to the cubic lattice parameter a = 50.910(8) A. Attempts to obtain a structural
model of Fe-TAPB-BDC failed due to the only modest data quality. It is remarkable
that no interpenetration, that would stabilize the MOF structure, was observed. It
seems that the triazine core of the TATB linker hinders interpenetration even when
the networks are elongated, in contrast to the behavior of MOFs incorporating BTB
linker.

To our knowledge, this is the first time that an elongation of a MIL-143 structure type
has been reported. Unfortunately, Soxhlet extraction with methanol led to an
amorphous material (Figure S22, dark cyan curve). Removing guest molecules in

high vacuum at 120 °C or 50 °C for 12 h led to a collapse of the structure (Figure
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S22, dark/light grey curves). Increasing the length of the organic linker is known to
decrease the stability of a MOF structure.®® TGA was also used to determine the
thermal stability of the framework, therefore the as-synthesized material was used.
The curve shown in Figure S23 indicates that multiple weight loss processes
occurred. In comparison to the Fe-TATB-BDC networks, the first two weight loss
steps (up to 315 °C) can be attributed to guest molecule removal. The third and
fourth weight loss steps (up to 510 °C) can be attributed to the combustion of the
linkers. The ideal composition of Fe-TAPB-BDC was calculated assuming the
molecular formula to be [FezO(CI)(H20)2(BDC)32(TAPB)] (Table S6). Based on these
calculations the MOF framework seems to exhibit many defects (such as missing
linkers), which could account for some of the observed reduced framework stability.
SEM images (Figure S24) reveal intergrown octahedral shaped crystals with sizes of
around 300 nm.

To complete our study, we also tried to elongate the network by extending both
linkers at the same time. Instead of the desired Fe-TAPB-BPDC network, an
amorphous material was obtained with only two broad reflections in the PXRD

pattern (Figure S25).

4. Conclusion
In conclusion, five new mesoporous iron(lll)-based mixed linker MOF materials

exhibiting the non-interpenetrated MIL-143 topology were synthesized. Through the
replacement of the central benzene ring of a BTB linker by a triazine core, the
interpenetration of the network was avoided. As the MIL-143 topology is constructed
from two different linker types, we were able to successfully synthesize MOFs that
were functionalized by amino (linear BDC linker) or nitro groups (trigonal TATB
linker). In the end, we were able to create a multivariate MOF with both amino and
nitro groups by combining two differently functionalized linkers.

All mesoporous iron(lll)-based MOFs exhibit high thermal stability up to 300 °C. The
water-stability is remarkable and comparable to the mesoporous MIL-100(Fe)
structure. The frameworks are very crystalline and defect free, and the porosity is not
affected by the functionalization of the linker molecules. We also demonstrated that
the framework can be elongated by substituting the trigonal linker, but elongation of

the linear linker leads to a less crystalline material. The resulting elongated
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framework of MIL-143, which has not been reported before, is unstable upon removal
of guest molecules.

Apart from expanding the scope of mesoporous iron(lll)-based MOFs, the strategy
developed herein to synthesize multivariate mixed-linker MOFs, in which each linker
can be functionalized separately, could lead to a better understanding of the
relationship between functionality, arrangement, and performance of the MOF

material.

Acknowledgement

We want to thank Tina Reuther (University of Munich) for nitrogen sorption and TGA/DSC
measurements and Heidi Schwartz (University of Cologne) for preparing the samples for the
investigations with synchrotron radiation as well as Dr. Hermann Emerich for support at the
SNBL beamline.

Appendix A. Supplementary data

Detailed experimental procedures, additional material characterization for the linkers and the
MOFs can be found in the Supplementary Information.
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1. Characterization Techniques

Powder X-ray diffraction (PXRD): On a STOE Stadi MP diffractometer, the X-ray diffraction
data were recorded using the transmission geometry mode. The X-ray was Ge-filtered Cu
Ka1 (A = 1.54060 A) and generated at 40 kV and 40 mA. A DECTRIS MYTHEN 1K strip solid-
state detector was used to detect the reflections. The sample was placed in the sample
holder between two 0.014 mm thick acetate-foils (ultraphan) in the sample holder. In an
omega-2-theta scanning mode, the diffraction patterns were collected using a step size of
4.71° and a counting time of 60 s per step between 2.00 — 44.375°. For the refinement, the
diffraction pattern was also collected in an omega-2-theta scanning mode with a step size of
4.71° and a counting time of 60 s per step between 2.000 — 91.400°, 2.005 — 91.405° and
2.010 — 91.410°. Afterwards the patterns were merged together.

Synchrotron PXRD: High-resolution synchrotron powder diffraction data were recorded at
the Swiss Norwegian BeamLine (SNBL BMO01B) at the European Synchrotron at
Grenoble/France (ESRF).™ The wavelength was calibrated with a Si standard NIST 640c to
0.504477 A. The diffractometer is equipped with five counting channels, delivering five
complete patterns collected simultaneously with a small 1.1° offset in 26. A Si(111) analyzer
crystal was mounted in front of each Nal scintillator/photomultiplier detector. Data were
collected at room temperature (Fe-TATB-BDC-a, -b, -c, -e) and 100 K (Fe-TATB-BDC-a, -€e)
between 0° and 20°/25° in 26 with steps of 0.002° and 100 ms integration time per data point
(approx. 20 min for one scan). This scanning procedure was repeated several times and the
resulting data from all detectors and measurements were averaged into one pattern (Table
S8, and Figure S33) with local software. Samples were after activation sealed in glass

capillaries (& 1.0 mm) in an argon atmosphere.

Analysis of PXRD data: Rietveld refinements of the resulting PXRD data with the published
structural data of MIL-142 and MIL-143% as starting parameters turned out to be unstable.
This is not surprising for the laboratory PXRD data, as the non-activated samples contain
electron density within their pores, which is always difficult to be modelled. But also for the
synchrotron data recorded on activated samples no stable refinements were obtained
obviously due to the large unit cells and relatively low statistics of the measurements, which
seems to be reasonably lower than that given by Chevreau et al.”! for MIL-143. Therefore
only Le Bail fits were performed in space group F23 (MIL-143 topology) or R3c (MIL-142
topology) using the GSAS software.® The published lattice parameters of MIL-142 and MIL-
143 were used as starting values, the resulting lattice parameters are summarized in Table

S8. The respective Le Bail fits are depicted in Figures S32 and S33. After these refinements
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it was possible to look for possible impurity phases by visual inspection of the resulting fits.
This is mainly the MOF of the other topology. This information has also been added to Table
S8.

The pattern of as-synthesized Fe-TAPB-BDC (Figure S22) was indexed using the TREOR
algorithm allowing only cubic unit cells.”! The resulting lattice parameter a was used as
starting value for a Le Bail fit in F23. The good agreement between the recorded and the
calculated pattern confirms the MIL-143 topology also for this compound.

Nitrogen sorption: Prior to the measurement, the materials were degassed at 120 °C in
high vacuum for at least 12 h. Nitrogen sorption isotherms were recorded at 77 K with a
Quantachrome AUTOSORB-IQ or AUTOSORB-1 instrument. Evaluation of sorption data
was carried out using ASiQwin™ software suite (Version 3.0, Quantachrome Instruments).
Brunauer-Emmett-Teller (BET) surface areas were calculated in the p/po range from 0.005 to
0.01, according to Quantachrome recommendations,™ ® as in this region the linearized form
of the BET equation is valid. The total pore volumes were calculated at p/pg 0.19 and the
pore size distributions were calculated from the adsorption isotherms by employing a
guenched solid state functional theory (QSDFT, N, at 77 K on carbon, slit/cylindrical pore in

the adsorption branch).

Scanning electron microscopy (SEM): First the samples were mounted onto an aluminum
cylinder with a carbon sticky tape. Secondly the samples were coated with a thin carbon
layer by carbon fiber flash evaporation under high vacuum. SEM images were recorded on a
FEI Helios G33 UC. The acceleration voltage of 2 kV was produced by a field emission gun.

Thermal properties: Thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) measurements were determined in parallel using a Netzsch Jupiter ST 449 C
instrument equipped with a Netsch TASC 414/4 controller. The samples were loaded into an
aluminum oxide crucible and heated from 25 °C to 900 °C with a heating rate of 10 °C min™

under a synthetic air flow (20.5% oxygen in nitrogen from Air Liquide supplier).
Nuclear magnetic resonance (NMR) spectroscopy: 'H-NMR data were recorded on a

Bruker DRX 500 spectrometer. The chemical shifts are referenced to the residual proton

signal of the solvent.
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2. Experimental

2.1 General

[1,1"-Bis(diphenylphosphino)ferrocene]dichloro palladium(ll) (99.9 %, ABCR); 2-amino-1,4-
benzenedicarboxylic acid (99%, Sigma Aldrich); 4-(methoxycarbonyl)phenylboronic acid (97
%, ABCR); biphenyl-4,4'-dicarboxylic acid (97%, Sigma Aldrich); iron(lll) chloride
hexahydrate (FeCl; « 8 H,O, analysis grade, in-house supply); methanol (anhydrous, 99.8%,
Sigma Aldrich); N,N-dimethylformamide (anhydrous, synthesis grade, Fischer Scientific); 1,4-
benzendicarboxylic acid (98%, Sigma Aldrich).

2.2 Linker synthesis

2-(4-Bromo-3-methoxyphenyl)-4,6-bis(4-bromophenyl)-1,3,5-triazine: 2-(4-Bromo-3-
methoxyphenyl)-4,6-bis(4-bromophenyl)-1,3,5-triazine  was prepared according to the
literature procedure.!”

r

OMe

2
r r r ! é
H OH OMe Me soc! Me an
Br, Mel NaOH 2 Sn
1.SbClg N7
o OH 0 OH o OMe O OH o cl 2. NH,O0H
Br Br

Figure S15: lllustration of the synthetic route to obtain mono-substituted methoxy-functionalized
triazine-based trigonal linker for the synthesis of the elongated version of TATB.

2,4-Bis[4’-(methoxycarbonyl)-biphenyl-4-yl]-6-[2-methoxy-4’-(methoxycarbonyl)-
biphenyl-4-yl]-1,3,5-triazine (7)

)
. OO OO |

OMe OMe
Under nitrogen atmosphere, 2-(4-bromo-3-methoxyphenyl)-4,6-bis(4-bromophenyl)-1,3,5-
triazine (5, 5.00 g, 8.68 mmol), 4-methoxycarbonyl-phenylboronic acid (6, 6.10 g, 33.9
mmol), [1,1"-bis(diphenylphosphino) ferrocene] dichloro palladium(ll) (635 mg, 868 ymol) and
potassium phosphate (16.6 g, 78.1 mmol) were suspended in 1,4-dioxane (300 mL) and
deionized water (30 mL). The mixture was stirred for 72 h at 120 °C and the solvent was

evaporated in vacuo. Ethyl acetate (400 mL) and deionized water (100 mL) were added to
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the residue. The organic layer was separated, washed with water (3 x 100 mL) and brine (1 x
100 mL) and dried with magnesium sulphate. The solvent was evaporated in vacuo and the
residue was recrystallized from a mixture of toluene and n-heptane. A colourless solid was
obtained. Yield: 4.1 g (4.94 mmol, 57 %).

'H-NMR (500 MHz, 300 K, CDCl;): & = 8.88 (d, 4H, 3J = 8.4 Hz, 2,4-Ar-H-2,6), 8.50 (dd, 1H,
33 =7.9 Hz, “J = 1.4 Hz, 6-Ar-H-5), 8.43 (d, 1H, *J = 1.4 Hz, 6-Ar-H-3), 8.17 (d, 4H, %J = 8.4
Hz, 2,4-Ar-H-3,5), 8.13 (d, 2H, %J = 8.4 Hz, 6-Ar-H-3,5), 7.86 (d, 4H, 3] = 8.4 Hz, 2,4-Ar-H-
3,5), 7.78 (d, 4H, %J = 8.4 Hz, 2,4-Ar-H-2,6), 7.71 (d, 2H, %J = 8.4 Hz, 6-Ar-H-2,6), 7.56 (d,
1H, 3J = 7.9 Hz, 6-Ar-H-6), 4.04 (s, 3H, OCHj3), 3.97 (s, 6H, 2,4-Ar'-CO,CHs), 3.96 (s, 3H, 6-
Ar-CO,CHs) ppm.

2,4-Bis(4’-carboxy-biphenyl-4-yl)-6-(4’-carboxy-2-methoxy-biphenyl-4-yl)-1,3,5-triazine
(8

HO o]

®
e

Ny

OH
2,4-Bis[4’-(methoxycarbonyl)-biphenyl-4-yl)-6-[2-methoxy-4’-(methoxycarbonyl)-biphenyl-4-

yl]-1,3,5-triazine (7, 3.00 g, 4.04 mmol) was mixed with 2 M aqueous sodium hydroxide (200
mL) and 1,4-dioxane (10 mL). The suspension was stirred for 12 h at 120 °C and became a
clear solution. The reaction mixture was acidified with concentrated hydrochloric acid (200
mL) and the resulting precipitate was filtered off and washed with deionized water. A

colorless solid was obtained. Yield: 2.74 g (3.92 mmol, 97 %).

'H-NMR (500 MHz, 300K, DMSO-dg): 6 = 13.02 (br. s, 3H, CO,H), 8.71 (d, 4H, 3J = 8.4 Hz,
2,4-Ar-H-3,5), 8.33 (dd, 1H, J = 7.9 Hz, *J = 1.1 Hz, 6-Ar-H-5), 8.27 (d, 1H, *J = 1.1 Hz, 6-Ar-
H-3), 8.04 (d, 4H, 3J = 8.4 Hz, 2,4-Ar-H-3,5), 8.00 (d, 2H, 3J = 8.3 Hz, 6-Ar-H-3,5), 7.91 (d,
4H, *J = 8.4 Hz, 2,4-Ar-H-2,6), 7.85 (d, 4H, 3J = 8.4 Hz, 2,4-Ar-H-2,6), 7.65 (d, 2H, %J = 8.3
Hz, 6-Ar-H-2,6), 7.56 (d, 1H, 3J = 7.9 Hz, 6-Ar-H-6), 3.95 (s, 3H, OCHs) ppm.

2.3 Synthesis of iron(lll) based MOFs exhibiting different linker topologies
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Fe-TATB-BDC-a: A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT
cap equipped with a Teflon seal was used. FeCl; « 6 H,O (60.0 mg, 0.222 mmol) was
dissolved in DMF (1 mL) via ultrasonication. TATB acid (4a, 48.6 mg, 0.110 mmol) and 1,4-
benzendicarboxylic acid (36.6 mg, 0.220 mmol) were added and dissolved via
ultrasonication. The reaction mixture was placed in an oven and heated to 150 °C within 1 h,
kept at this temperature for 20 h and afterwards slowly cooled down to room temperature
within 1 h. The solid was isolated by centrifugation (Eppendorf centrifuge 5430, 7830 rpm, 5
min) and washed via suspension in DMF (10 mL) and subsequent centrifugation. Suspension
and centrifugation were repeated three times. The isolated brick-red powdery solid was dried
in vacuum (2.4-10° bar) for 6 h. The sample was extracted with methanol (4 A molecular
sieve was added to methanol phase) under nitrogen atmosphere using a Soxhlet device (5
mL) for 72 h. The powder (41.5 mg, 40%) was dried in vacuum (2.4-10° bar) for 6 h and

afterwards the sample was stored under nitrogen atmosphere at room temperature.

Fe-TATB-BDC-b: A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT
cap equipped with a Teflon seal was used. FeCl; « 6 H,O (60.0 mg, 0.222 mmol) was
dissolved in DMF (1 mL) via ultrasonication. TATB acid (4a, 48.6 mg, 0.110 mmol) and 2-
amino-1,4-benzenedicarboxylic acid (40.2 mg, 0.220 mmol) were added and dissolved via
ultrasonication. The reaction mixture was placed in an oven and heated to 150 °C within 1 h,
kept at this temperature for 20 h and afterwards slowly cooled down to room temperature
within 1 h. The solid was isolated by centrifugation (Eppendorf centrifuge 5430, 7830 rpm, 5
min) and washed via suspension in DMF (10 mL) and subsequent centrifugation. Suspension
and centrifugation were repeated three times. The isolated light brown powdery solid was
dried under vacuum (2.4:10° bar) for 6 h. The sample was extracted with methanol (4 A
molecular sieve was added to methanol phase) under nitrogen atmosphere using a Soxhlet
device (5 mL) for 72 h. The powder (46.5 mg, 44%) was dried in vacuum (2.4-10° bar) for 6 h

and afterwards the sample was stored under nitrogen atmosphere at room temperature.

Fe-TATB-BDC-c: A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT
cap equipped with a Teflon seal was used. FeCl; « 6 H,O (60.0 mg, 0.222 mmol) was
dissolved in DMF (1 mL) via ultrasonication. TATB-NO,(meta) acid (4b, 53.5 mg, 0.110
mmol) and 1,4-benzenedicarboxylic acid (36.6 mg, 0.220 mmol) were added and dissolved
via ultrasonication. The reaction mixture was placed in an oven and heated to 150 °C within
1 h, kept at this temperature for 20 h and afterwards slowly cooled down to room
temperature within 1 h. The solid was isolated by centrifugation (Eppendorf centrifuge 5430,
7830 rpm, 5 min) and washed via suspension in DMF (10 mL) and subsequent

centrifugation. Suspension and centrifugation were repeated three times. The isolated
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orange powdery solid was dried under vacuum (2.4-10% bar) for 6 h. The sample was
extracted with methanol (4 A molecular sieve was added to methanol phase) under nitrogen
atmosphere using a Soxhlet device (5 mL) for 72 h. The powder (38.2 mg, 35%) was dried
in vacuum (2.4:10° bar) for 6 h and afterwards the sample was stored under nitrogen

atmosphere at room temperature.

Fe-TATB-BDC-d: A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT
cap equipped with a Teflon seal was used. FeCl; « 6 H,O (60.0 mg, 0.222 mmol) was
dissolved in DMF (1 mL) via ultrasonication. TATB-NO,(ortho) acid (4c, 53.5 mg, 0.110
mmol) and 1,4-benzenedicarboxylic acid (36.6 mg, 0.220 mmol) were added and dissolved
via ultrasonication. The reaction mixture was placed in an oven and heated to 150 °C within
1 h, kept at this temperature for 20 h and afterwards slowly cooled down to room
temperature within 1 h. The solid was isolated by centrifugation (Eppendorf centrifuge 5430,
7830 rpm, 5 min) and washed via suspension in DMF (10 mL) and subsequent
centrifugation. Suspension and centrifugation were repeated three times. The isolated dark
brown powdery solid was dried under vacuum (2.4:10° bar) for 6 h. The sample was
extracted with methanol (4 A molecular sieve was added to methanol phase) under nitrogen
atmosphere using a Soxhlet device (5 mL) for 72 h. The powder (39.6 mg, 36%) was dried in
vacuum (2.4-10° bar) for 6 h and afterwards the sample was stored under nitrogen

atmosphere at room temperature.

Fe-TATB-BDC-e: A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT
cap equipped with a Teflon seal was used. FeCI3 « 6 H20 (60.0 mg, 0.222 mmol) was
dissolved in DMF (1 mL) via ultrasonication. TATB-NO2(meta) acid (4b, 53.5 mg, 0.110
mmol) and 2-amino-1,4-benzenedicarboxylic acid (40.2 mg, 0.222 mmol) were added and
dissolved via ultrasonication. The reaction mixture was placed in an oven and heated to 150
°C within 1 h, kept at this temperature for 20 h and afterwards slowly cooled down to room
temperature within 1 h. The solid was isolated by centrifugation (Eppendorf centrifuge 5430,
7830 rpm, 5 min) and washed via suspension in DMF (10 mL) and subsequent
centrifugation. Suspension and centrifugation were repeated three times. The isolated light
brown powdery solid was dried under vacuum (2.4-10-3 bar) for 6 h. The sample was
extracted with methanol (4 A molecular sieve was added to methanol phase) under nitrogen
atmosphere using a Soxhlet device (5 mL) for 72 h. The powder (63.1 mg, 57%) was dried in
vacuum (2.4-10-3 bar) for 6 h and afterwards the sample was stored under nitrogen

atmosphere at room temperature.
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Figure S16: Scheme representing the additional tried combinations for the synthesis of iron(lll)-based
MOFs. a) The elongation of the 1,4-benzendicarboxylic acid was investigated, while b) an elongation
of the TATB linker was examined in combination with the 1,4-benzenedicarboxylic acid and its
elongated version, biphenyl-4,4'-dicarboxylic acid. c¢) lron(lll)-based MOF consisting of the trigonal
linker BDC, this MOF is already known in the literature’” as MIL-142 or MIL-143 — isomeric structures
with different linker contents — and was synthesized for comparison reasons.
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Fe-TATB-BPDC: A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT
cap equipped with a Teflon seal was used. FeCl; « 6 H,O (60.0 mg, 0.222 mmol) was
dissolved in DMF (1 mL) by ultrasonic treatment. TATB acid (4a, 48.6 mg, 0.110 mmol) and
biphenyl-4,4'-dicarboxylic acid (53.3 mg, 0.220 mmol) were added and dissolved through
ultrasonic treatment. The reaction mixture was placed in an oven and heated to 150 °C within
1 h, kept at this temperature for 20 h and afterwards slowly cooled down to room
temperature within 1 h. The solid was isolated bycentrifugation (Eppendorf centrifuge 5430,
7830 rpm, 5 min) and washed via suspension in DMF (10 mL) and subsequent
centrifugation. Suspension and centrifugation were repeated three times. The isolated red
brown powdery solid (24.9 mg, 21%) was dried in vacuum (2.4-10° bar) for 6 h and stored

under nitrogen atmosphere at room temperature.
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Fe-TAPB-BDC: A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT cap
equipped with a Teflon seal was used. FeCl; « 6 H,O (60.0 mg, 0.222 mmol) was dissolved in
DMF (1 mL) via ultrasonication. TAPB acid (8, 77.7 mg, 0.110 mmol) and 1,4-
benzenedicarboxylic acid (36.6 mg, 0.220 mmol) were added and dissolved via
ultrasonication. The reaction mixture was placed in an oven and heated to 150 °C within 1 h,
kept at this temperature for 20 h and afterwards slowly cooled down to room temperature
within 1 h. The solid was isolated by centrifugation (Eppendorf centrifuge 5430, 7830 rpm, 5
min) and washed via suspension in DMF (10 mL) and subsequent centrifugation. Suspension
and centrifugation were repeated three times. The isolated ochre powdery solid (59.6 mg,
45%) was dried in vacuum (2.4-10° bar) for 6 h and stored under nitrogen atmosphere at

room temperature.

Fe-TAPB-BPDC: A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT
cap equipped with a Teflon seal was used. FeCl; « 6 H,O (60.0 mg, 0.222 mmol) was
dissolved in DMF (1 mL) via ultrasonication. TAPB acid (8, 77.7 mg, 0.110 mmol) and
biphenyl-4,4'-dicarboxylic acid (53.3 mg, 0.220 mmol) were added and dissolved via
ultrasonication. The reaction mixture was placed in an oven and heated to 150 °C within 1 h,
kept at this temperature for 20 h and afterwards slowly cooled down to room temperature
within 1 h. The solid was isolated by centrifugation (Eppendorf centrifuge 5430, 7830 rpm, 5
min) and washed via suspension in DMF (10 mL) and subsequent centrifugation. Suspension
and centrifugation were repeated three times. The isolated yellow powdery solid (26.9 mg,
19%) was dried in vacuum (2.4-10° bar) for 6 h and stored under nitrogen atmosphere at

room temperature.

Fe-BTB-BDC: A glass bottle (Schott Duran culture tube, Borosilicate, 5 mL) with a PBT cap
equipped with a Teflon seal was used. FeCl; * 6 H,O (405 mg, 1.50 mmol) was dissolved in
DMF (3 mL) via ultrasonication. 4,4',4",-benzene-1,3,5-triyl-tris(benzoic acid) (292 mg, 0.660
mmol) and 1,4-benzenedicarboxylic acid (83.0 mg, 0.500 mmol) were added and dissolved
via ultrasonication. The reaction mixture was placed in an oven and heated to 150 °C within
1 h, kept at this temperature for 20 h and afterwards slowly cooled down to room
temperature within 1 h. The solid was isolated by centrifugation (Eppendorf centrifuge 5430,
7830 rpm, 5 min) and washed via suspension in DMF (10 mL) and subsequent
centrifugation. Suspension and centrifugation were repeated three times. The isolated
orange-yellow powdery solid was dried under vacuum (2.4-10° bar) for 6 h. The sample was
extracted with methanol (4 A molecular sieve was added to methanol phase) under nitrogen
atmosphere using a Soxhlet device (5 mL) for 72 h. The powder (280 mg, 56%) was dried in
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vacuum (2.4-10° bar) for 6 h and afterwards the sample was stored under nitrogen

atmosphere at room temperature.

2.4 Stability tests

The sample was tested against water, 1 M hydrochloric acid, and 1 M sodium hydroxide. An
Eppendorf tube was filled with 5 mg of the MOF sample and 500 pL of either Millipore water,
1 M hydrochloric acid or 1 M sodium hydroxide were added. The tubes were placed into a
Thermo-Shaker (Peglab, TS-100) at 25 °C for a defined period of time, either 1 d, 2d, 3 d, 7
d or 14 d. Afterwards the samples were centrifuged (Eppendorf centrifuge 5418 R, 14000
rpm, 10 min), the supernatant was pipetted off, and the MOF material was dried in an oven at

100 °C for 3 h before PXRD investigations were carried out.
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Figure S17: Schematic representation of the strategy for investigating the stability of the MOF
samples. The procedure was the following: A) An Eppendorf tube is loaded with 5 mg of the MOF
sample and 500 pL either of Millipore water, 1 M hydrochloric acid or 1 M sodium hydroxide were
added. B) The mixture was placed on a Thermo-Shaker and shaked at T = 25 °C for either 1 d, 2 d, 3
d, 7 d or 14 d. C) The suspension was centrifuged and the supernatant was pipetted off. D) The
resulting wet MOF powder was dried in a preheated oven at T = 100 °C for 3 h. E) The MOF sample
was investigated with a PXRD measurement.

3. Figures

143



Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

2-(4-Bromo-3-methoxyphenyl)-4,6-bis(4-bromophenyl)-1,3,5-triazine (5)
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Figure S18: "H-NMR spectrum (500 MHz, 300 K, CDCI3) of 2-(4-bromo-3-methoxyphenyl)-4,6-bis(4-
bromophenyl)-1,3,5-triazine (5).
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2,4-Bis(4’-carboxy-biphenyl-4-yl)-6-(4’-carboxy-2-methoxy-biphenyl-4-yl)-1,3,5-triazine
8
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Figure S19: '"H-NMR spectrum (500 MHz, 300 K, DMSO-dg) of 2,4-bis(4’-carboxy-biphenyl-4-yl)-6-(4’-
carboxy-2-methoxy-biphenyl-4-yl]-1,3,5-triazine (8).
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Fe-TATB-BDC-a

after sorption

after Soxhlet extraction with MeOH
as synthesized

calculated MIL-143
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Figure S20: PXRD patterns of Fe-TATB-BDC-a as synthesized (dark gray), after Soxhlet extraction
with methanol (light gray), and after sorption isotherm measurement (dark red) are compared to the
calculated pattern of MIL-143 (black). All data are from the same synthesis batch.
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Figure S21. Results of thermogravimetric analysis (dark red curve) and differential scanning
calorimetry (light gray curve) of Fe-TATB-BDC-a in flowing air with a heating rate of 10 °C min™. Prior
to the TGA/DSC measurement, the material had been used for the nitrogen sorption experiments. The
start temperature of the decomposition and the mass loss of individual steps are indicated.

Table S1: Mass-losses of Fe-TATB-BDC-a during thermogravimetric analysis: experimentally
determined data (Figure S7), experimentally determined data taking the content of guests into
account, and calculated data based on the ideal composition of Fe-TATB-BDC-a
[Fe3O(CI)(H20)2(BDC)s2(TATB)].

experimental guest free calculated
guest 5.6%
linker 70.8% 75.0% 74.5%
residue 23.6% 25.0% 25.5%
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Figure S22: SEM images of the Fe-TATB-BDC-a recorded at different magnifications, showing
randomly shaped particles with small and large crystallite sizes.
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Fe-TATB-BDC-b

—— after sorption

after Soxhlet extraction with MeOH
as synthesized

calculated MIL-143
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Figure S23: PXRD patterns of Fe-TATB-BDC-b as synthesized (dark gray), after Soxhlet extraction
with methanol (light gray), and after sorption isotherm measurement (red) are compared to the
calculated pattern of MIL-143 (black). All data are from the same synthesis batch.
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Figure S24: Results of thermogravimetric analysis (red curve) and differential scanning calorimetry
(light gray curve) of Fe-TATB-BDC-b in flowing air with a heating rate of 10 °C min™. Prior to the
TGA/DSC measurement, the material had been used for the nitrogen sorption experiments. The start
temperature of the decomposition and the mass loss of individual steps are indicated.

Table S2: Mass-losses of Fe-TATB-BDC-b during thermogravimetric analysis: experimentally
determined data (Figure S10), experimentally determined data taking the content of guests into
account, and calculated data based on the ideal composition of Fe-TATB-BDC-b
[FesO(Cl)(H,0),(BDC-NH,)3,(TATB)].

experimental guest free calculated
guest 6.0%
linker 71.3% 75.8% 75.1%
residue 22.7% 24.2% 24.9%
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Figure S25: SEM images of the Fe-TATB-BDC-b recorded at different magnifications, showing
randomly shaped particles with similar crystallite sizes.
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Fe-TATB-BDC-c

after sorption

after Soxhlet extraction with MeOH
—— as synthesized

calculated MIL-143
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Figure S26: PXRD patterns of Fe-TATB-BDC-c as synthesized (dark gray), after Soxhlet extraction
with methanol (light gray), and after sorption isotherm measurement (orange) are compared to the
calculated pattern of MIL-143 (black). All data are from the same synthesis batch.
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Figure S27: Results of thermogravimetric analysis (orange curve) and differential scanning
calorimetry (light gray curve) of Fe-TATB-BDC-c in flowing air with a heating rate of 10 °C min™*. Prior
to the TGA/DSC measurement, the material had been used for the nitrogen sorption experiments. The
start temperature of the decomposition and the mass loss of individual steps are indicated.

Table S3: Mass-losses of Fe-TATB-BDC-c during thermogravimetric analysis: experimentally
determined data (Figure S13), experimentally determined data taking the content of guests into

account, and calculated data based on the ideal composition of Fe-TATB-BDC-c
[Fe;O(Cl)(H,0),(BDC)32(TATB-NO,(meta))].

experimental guest free calculated
guest 4.5%
linker 73.2% 76.6% 75.7%
residue 22.3% 23.4% 24.3%
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randomly shaped particles with small and large crystallite sizes.
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Fe-TATB-BDC-d

after sorption

after Soxhlet extraction with MeOH
as synthesized

calculated MIL-143
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Figure S29: PXRD patterns of Fe-TATB-BDC-d as synthesized (dark gray), after Soxhlet extraction
with methanol (light gray), and after sorption isotherm measurement (light green) are compared to the
calculated pattern of MIL-143 (black). All data are from the same synthesis batch.
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Figure S30: Results of thermogravimetric analysis (light green curve) and differential scanning
calorimetry (light gray curve) of Fe-TATB-BDC-d in flowing air with a heating rate of 10 °C min™*. Prior
to the TGA/DSC measurement, the material had been used for the nitrogen sorption experiments. The
start temperature of the decomposition and the mass loss of individual steps are indicated.

Table S4: Mass-losses of Fe-TATB-BDC-d during thermogravimetric analysis: experimentally
determined data (Figure S16), experimentally determined data taking the content of guests into
account, and calculated data based on the ideal composition of Fe-TATB-BDC-d
[Fe3o(Cl)(HzO)z(BDC)g/z(TATB'NOz(OrthO))]

experimental guest free calculated
guest 4.3%
linker 73.3% 76.6% 75.7%
residue 22.4% 23.4% 24.3%
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Figure S31: SEM images of the Fe-TATB-BDC-d recorded at different magnifications, showing
randomly shaped particles with small and large crystallite sizes.
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Fe-TATB-BDC-e
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after Soxhlet extraction with MeOH
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—— calculated MIL-143
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Figure S32: PXRD patterns of Fe-TATB-BDC-e as synthesized (dark gray), after Soxhlet extraction
with methanol (light gray), and after sorption isotherm measurement (dark green) are compared to the
calculated pattern of MIL-143 (black). All data are from the same synthesis batch.
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Figure S33: Results of thermogravimetric analysis (dark green curve) and differential scanning
calorimetry (light gray curve) of Fe-TATB-BDC-e in flowing air with a heating rate of 10 °C min™. Prior
to the TGA/DSC measurement, the material had been used for the nitrogen sorption experiments. The
start temperature of the decomposition and the mass loss of individual steps are indicated.

Table S5: Mass-losses of Fe-TATB-BDC-e during thermogravimetric analysis: experimentally
determined data (Figure S19), experimentally determined data taking the content of guests into

account, and calculated data based on the ideal composition of Fe-TATB-BDC-e
[FesO(CI)(H20),(BDC-NH,)3,(TATB-NO,(meta))].

experimental guest free calculated
guest 4.1%
linker 72.5% 75.6% 76.2%
residue 23.4% 24.4% 23.8%
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randomly shaped particles with similar crystallite sizes.
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Fe-TATB-BPDC

as synthesized
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Figure S35: PXRD pattern of Fe-TATB-BPDC as synthesized (purple).
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Fe-TAPB-BDC
after Soxhlet extraction with MeOH
degassed in vacuo at 50 °C
—— degassed in vacuo at 120 °C
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Figure S36: PXRD patterns of Fe-TAPB-BDC as synthesized (cyan), after at 120 °C in vacuo (dark
gray), after degassing the sample at only 50 °C in vacuo (light gray) and after Soxhlet extraction with
methanol (dark cyan) are compared to a calculated pattern with MIL-143 topology (black; for details
see page 4). For testing the different activation conditions only a few mg of the samples were used.
And all tested conditions can be referred to the as synthesized sample.
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Figure S37: Results of thermogravimetric analysis (cyan curve) and differential scanning calorimetry
(light gray curve) of Fe-TAPB-BDC in flowing air with a heating rate of 10 °C min™. The start
temperature of the decomposition and the mass loss of individual steps are indicated.

Table S6: Mass-losses of Fe-TAPB-BDC during thermogravimetric analysis: experimentally
determined data (Figure S23), experimentally determined data taking the content of guests into
account, and calculated data based on the ideal composition of Fe-TAPB-BDC
[FesO(CI)(H20),(BDC)32(TAPB)].

experimental guest free calculated
guest 9.0%
linker 70.0% 76.9% 80.0%
residue 21.0% 23.1% 20.0%
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Figure S38: SEM images of the Fe-TAPB-BDC recorded at different magnifications, showing

randomly shaped particles with similar crystallite sizes.
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Fe-TAPB-BPDC
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Figure S39: PXRD patterns of Fe-TAPB-BPDC as synthesized (pink).
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Fe-BTB-BDC

Figure S40: View of the MIL-142 framework along [001]. The interpenetration in MIL-142 by two
individual networks is represented by the two different colours of the FeOg octahedra (purple and
green) and carbon atoms (grey and grey blue); carbon (grey and blue grey spheres), oxygen (red
spheres), hydrogen atoms have been omitted for clarity.
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Figure S41: PXRD patterns of Fe-BTB-BDC as synthesized (dark gray), after Soxhlet extraction with
methanol (light gray), and after sorption isotherm measurement (blue) are compared to the calculated
pattern of MIL-142 (black). All data are from the same synthesis batch.
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Figure S42: N, sorption isotherm of Fe-BTB-BDC at 77 K with the adsorption denoted by filled
symbols and desorption by empty symbols. The insert shows the pore size distribution and was
calculated with the QSDFT model using cylindrical and sphere pores at the adsorption branch. Also
the BET surface area as well as the pore volume are reported.
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Figure S43: Results of thermogravimetric analysis (blue curve) and differential scanning calorimetry
(light gray curve) of Fe-BTB-BDC in flowing air with a heating rate of 10 °C min™. Prior to the
TGA/DSC measurement, the material had been used for the nitrogen sorption experiments. The start
temperature of the decomposition and the mass loss of individual steps are indicated.

Table S7: Mass-losses of Fe-BTB-BDC during thermogravimetric analysis: experimentally determined
data (Figure S29), experimentally determined data taking the content of guests into account, and

calculated data based on the ideal composition of Fe-BTB-BDC [Fe;O(Cl)(H,0),(BDC)(BTB)4s3].

experimental guest free calculated
guest 7.0%
linker 68.9% 74.1% 75.8%
residue 24.1% 25.9% 24.2%
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shaped plate-like-particles with different crystallite sizes.
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Figure S45: PXRD measurement of Fe-BTB-BDC before exposure (black curve) is compared to the
PXRD plots after the exposure to Millipore water with different times of exposure (1 d, 2d, 3 d, 7d, 14
d; blue and green curve, respectively). Also the exposure to a 1 M hydrochloric acid (red curve) and to
a 1 M sodium hydroxide (purple curve) solution for 1 d are presented here. The framework is stable up
to 7 d in water, while the framework decomposes under acidic and basic conditions.
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Table S8: Summary of Le Bail fits of PXRD data.

Instrument

MIL-142
(R3c, no. 161)

MIL-143
(F23, no. 196)

Fe-TATB-BDC-a

Stoe data (RT)

ESRF data (RT, 3 scans)

ESRF data (100 K, 5 scans)

Minor amounts

Minor amounts

Minor amounts

a=40.623(3) A
V = 67039(14) A®
a=40.254(8) A
V = 65230(40) A®
a =40.308(8) A
V = 65490(40) A®

Fe-TATB-BDC-b

Stoe data (RT)

ESRF data (RT, 7 scans)

None

None

a =40.606(2) A
V = 66955(12) A®
a=40.332(4) A
V = 65610(20) A®

Fe-TATB-BDC-c

Stoe data (RT)

None

a=40.770(2) A
V = 67768(8) A°

Fe-TATB-BDC-d

Stoe data (RT)

ESRF data (RT, 4 scans)

None

None

a=40.649(2) A

V = 67165(8) A°

a =40.369(10) A
V = 65790(50) A®

Fe-TATB-BDC-e

Stoe data (RT)

ESRF data (RT, 1 scan)

ESRF data (100 K, 5 scans)

Minor amounts

Minor amounts

Minor amounts

a = 40.603(3) A
V = 66936(15) A
a=40.392(6) A
V = 65900(30) A®
a=40.388(9) A
V = 65880(40) A®

Fe-BTB-BDC

Stoe data (RT)

a=28.801(1) A
c = 96.040(6) A
V = 68993(7) A®

None
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Figure S46: Plots of Le Bail fits of PXRD data recorded with a Stoe Stadi P diffractometer (RT, CuKa,
radiation, flat sample). a) Fe-TATB-BDC-a, b) Fe-TATB-BDC-b, ¢) Fe-TATB-BDC-c, d) Fe-TATB-BDC-
d, e) Fe-TATB-BDC-e and f) Fe-BTB-BDC.
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Figure S47: Plots of Le Bail fits of synchrotron PXRD data recorded at beamline SNBL BMO1b / ESRF
(L =0.504477 A, capillary with @ = 1.0 mm), either at 298 K or 100 K. a) Fe-TATB-BDC-a at 298 K, b)
Fe-TATB-BDC-a at 100 K, c) Fe-TATB-BDC-b at 298 K, d) Fe-TATB-BDC-c at 298 K, e) Fe-TATB-
BDC-e at 298 K and f) Fe-TATB-BDC-e at 100 K.
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3.2.3 Synthese und postsynthetische Modifikation von Bismut-MOFs

Unter Verwendung von H3TATB und H;TATB-NH; als Linker konnten neue Bismut-MOFs,
analog der Struktur des CAU-7, erhalten werden. Fir die Darstellung der als CAU-7-TATB
und CAU-7-TATB-NH; bezeichneten MOFs wurde der jeweilige Linker mit Bi(NO3)3*5H,0
umgesetzt. Durch Variation der Reaktionsbedingungen konnte mit H3TATB als Linker
zusétzlich ein bisher unbekannter Bismut-MOF dargestellt werden. Die Struktur des als
CAU-35 bezeichneten MOFs wurde aus PXRD-Daten gel6st.

CO,H CO,H
NH,
NN NN
I -, I -,
N N
HO,C CO,H  HO,C CO,H
H,TATB H,TATB-NH,

Abb. 25: Erfolgreich eingesetzte H;TATB-Linker zur Darstellung neuer Bismut-MOFs.

Da es sich bei CAU-7-TATB-NH, um das erste Beispiel eines funktionalisierten Bismut-
MOFs handelt, wurden verschiedene Methoden zur postsynthetischen Modifikationen
ausprobiert. Die Aminogruppen des CAU-7-TATB-NH; konnten erfolgreich mit Anhydriden
unterschiedlicher Kettenldnge zu den jeweiligen Amiden umgesetzt werden. Zusatzlich
konnten Carbonsaure- und Sulfonséure-Gruppen postsynthetisch in den MOF implementiert
werden. Daflr wurden die Aminogruppen mit cyclischen Anhydriden oder 1,3-Propansulton
umgesetzt. Der Umsatz einer postsynthetischen Modifikation wurde mit Hilfe von NMR-
spektroskopischen Untersuchungen bestimmt und lag je nach Reaktionspartner zwischen 33
% und 79 %.

Die Ergebnisse wurden veroffentlicht:

M. Koppen, O. Beyer, S. Wuttke, T. Bein, U. Llning, N. Stock, Dalton Trans. 2017,
submitted.

Bestandteil dieser Dissertation ist die Synthese und Charakterisierung des H3TATB-NH,-
Linkers sowie Durchfuhrung und NMR-spektroskopische Analyse der postsynthetischen
Modifikationen. Die Darstellung und Charakterisierung von CAU-7-TATB, CAU-7-TATB-
NH, und CAU-35 sowie die Charakterisierung der postsynthetisch modifizierten MOFs wurde
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von MILAN KOPPEN im Rahmen seiner Dissertation durchgefihrt. SEM-Bilder des CAU-7-
HsTATB-NH, wurden von STEFAN WUTTKE mit einem Rasterelektronenmikroskop

aufgenommen.

Anmerkung: Die Formatierung der Supporting Information wurde geringfiigig verandert, um

sie auf die Formatierung dieser Arbeit anzupassen. Dabei wurden keine Inhalte verandert.
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Synthesis, functionalisation and post-synthetic modification of
bismuth metal-organic frameworks

M. Képpen,t® 0. Beyer,® S. Wuttke, T. Bein, U. Liining” and N. Stock®

Two new bismuth metal-organic frameworks (Bi-MOFs) have been discovered using high throughput experiments
employing bismuth(lll) nitrate pentahydrate and triazine-2,4,6-triyl-trisbenzoic acid (H;TATB). Long reaction times (~ 5 d)
in a water/DMF-mixture resulted in the formation of [Bi,(O)(OH)(TATB)]-H.O (denoted as CAU-35). By switching to short
reaction times and a methanol/DMF-mixture as the solvent, an analogue of CAU-7-BTB with the composition
[Bi(TATB)]-DMF-6H,0 (denoted as CAU-7-TATB) was obtained. The use of the amino-functionalised HsTATB linker (HsTATB-
NH,) resulted in the formation of a functionalised porous Bi-MOF with the composition [Bi{TATB-NH,)]:5H,0-0.5DMF (CAU-
7-TATB-NH,). The structure of CAU-35 and CAU-7-TATB were successfully solved and refined from PXRD data. CAU-7-TATB-
NH, was post-synthetically modified using anhydrides (acetic anhydride, valeric anhydride), cyclic anhydrides (succinic
anhydride, phthalic anhydride) and 1,3-propane sultone. The degree of conversion ranges from 33 % to 79 %.

Introduction

Tuneable properties and high specific surface areas made
metal-organic frameworks (MOFs) one of the main focussed
compounds in chemistry over the last decade.' Many different
metal ions have been incorporated into MOF structures, but
for future applications most often abundant and non-toxic
metal ions are the elements of choice.” Bismuth compounds
are generally known to be non-toxic, even though bismuth is
the heaviest stable element in nature.® So far, only three Bi-
MOFs have been published which possess permanent porosity,
i.e. CAU-7," NOTT-220° and CAU-17°. Among these, CAU-7-BTB
([Bi(BTB)], BTB* = 1,3,5-benzenetrisbenzoate, Scheme 1) has
been proven to be catalytically active in the
hydroxymethylation of furane derivatives.” In addition, Bi-
MOFs have also been studied for application in gas storage,5
photocatalysis7 and photoluminescence.8

The introduction of functional groups into the MOF scaffold is
a common way to adjust their chemical and physical
properties and thereby extend their possible field of
applications. This can be achieved either by directly using a
functionalised linker in the MOF synthesis or via post-synthetic
modification (PSM).Q'10 An isoreticular MOF can sometimes be
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synthesised under the same reaction conditions using a
functionalised linker,11 but very often the conditions must be
optimised again. An additional functional group in the linker
can also lead to a different reaction product due to changes in
the solubility and/or coordination properties. Nevertheless,
the tedious optimisation is often worthwhile because a
functionalised MOF facilitates PSM. Especially amino-
functionalised MOFs and their usage for PSM have resulted in
many modified framework compounds.g'u'13 Besides
acetylation with anhydrides,n‘14 cyclic anhydrides15 and
carboxylic acid chlorides, there are also known modification
reactions with isocyanates,17 aldehydes,18 aIkberomides19 and
peptide coupling reagent.zo The large pool of potential PSM
reactions for amino-functionalised MOFs allows many
possibilities to generate new, functionalised frameworks.

In this work, we present the results of the systematic
investigation of the system Bi*'/TATB*/H,0/DMF/CH;OH,
which led to two different Bi-MOFs of the composition
[Bi,(O)(OH)(TATB)] (CAU-35, TATB> = 1,3,5-triazine-2,4,6-
trisbenzoate, Scheme 1) and [Bi(TATB)] (CAU-7-TATB). The
latter was also obtained using a functionalised linker with one
amino group per linker molecule (CAU-7-TATB-NH,), and this
Bi-MOF was investigated in several PSM reactions.

J. Name., 2013, 00, 1-3 | 1

178



Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

ARTICLE

COOH COCH

; R

® I
L
0 jogast
HOOC COOH HOOC COOH

H,BTB H;TATB (R = H)

HyTATB-NH, (R = NH,)

Scheme 1 Molecular structure of the organic linkers HsBTB, HsTATB and HsTATB-NH,.

Results and discussion

The systematic investigation of the system Bi*'/TATB®
/H,0/DMF/CH;0H was carried out using our high-throughput
set-up.21 To study the
parameters on the product formation the molar ratio and
concentration of starting materials, the solvent (-mixtures) and
reaction temperatures/times were varied.

Depending on the reaction conditions, two different products
were obtained using Bi(NO;3};-5H;0 and H;TATB. CAU-35 is
formed when water/DMF-mixtures and long reaction times are
used. On the other hand, short reaction times and
methanol/DMF-mixtures led to CAU-7-TATB. The conditions
for the synthesis of CAU-7-TATB-NH; are very similar.

influence of different reaction

CAU-35

During the high-throughput experiments with H3;TATB
bismuth(lll) nitrate pentahydrate, a product with
composition [Biz(O)(OH)(TATB)], denoted as CAU-35,
discovered. The crystal structure of this compound
successfully solved and refined from PXRD data. Details about
the solution and refinement are given in the Supporting
Information (page $20), the Rietveld plot is shown in Fig. 1.
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Fig. 1 Rietveld plot of the refinement of CAU-35. Measured and calculated PXRD data,
the difference of both and the allowed reflections are shown in black, red, blue and as
black bars, respectively.
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The structure is reminiscent to the one of CAU-7-TATB, with
one additional linker inside the distorted hexagonal pore (Fig.
2 and 3). The different connectivities are only possible with
different inorganic building units (IBUs}. While in CAU-7-TATB,
the linear chain of face sharing BiO;4-polyhedra with
composition {BiOs} is observed, in CAU-35 the IBU contains
BiOs-polyhedra, which are connected to a chain of composition
{Bi,0s} (Fig. S22). According to the Rietveld analysis, two
oxygen atoms are observed in the IBU of CAU-35. One is
coordinating to four Bi** ions (l,-0” ion) and the other oxygen
atom is bridging three Bi*' ions (ps-OH ion). Since the
structure is solved and refined from PXRD data, we were not
able to unequivocally locate the position of the proton. Charge
balance by dimethylammonium ions in the pores, which can be
formed by hydrolysis of DMF during the synthesis, can be
excluded based on the characterisation data (IR spectroscopy
as well as TG and elemental analysis). CAU-35 exhibits
moderate sorption properties, with a specific BET surface area
of 77 m*/g and a micropore volume of 0,06 cm®/g (Fig. 523). A
detailed characterisation of this compound, including N,
sorption, IR, TG and elemental analysis data, is given in the
Supporting Information (page $26-528).

Fig. 2 Crystal structure of CAU-35 (view along [001]). The unit cell dimension is
represented by the box.

CAU-7-TATB

[Bi(TATB)]-DMF-6H,0 (CAU-7-TATB (as), as = as synthesised)
was obtained employing H;TATB and bismuth(lll) nitrate
pentahydrate using short reaction times (20 min)} and a
mixture of methanol and DMF as the solvent. In contrast to
CAU-7-BTB, which was first obtained using H3BTB as the linker
(Scheme 1),4 structural transformation upon activation of
CAU-7-TATB (as) is observed. The PXRD pattern of CAU-7-TATB
(as) is very similar to the one of CAU-7-BTB. Indexing of the
PXRD pattern led to a monoclinic unit cell, which was
confirmed by a LeBail fit (Table S1, Fig. S1). When the as
synthesised sample is treated at 120°C for 1d, the crystal
structure changes to the orthorhombic high temperature (ht}
phase of CAU-7-TATB. High resolution PXRD data of CAU-7-
TATB (ht) allowed a Rietveld refinement of the structure (Tab.

This journal is © The Royal Society of Chemistry 20xx
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S1, Fig. S3). To obtain a guest free sample of CAU-7-TATB (ht)
activation was carried out in a glass capillary, which was
heated at 120°C under reduced pressure for 1h. In
comparison to the structure of CAU-7-BTB, in CAU-7-TATB (ht)
(Fig. 3} less rotation of the benzoate groups is observed with
respect to the central aromatic ring, and thus the rings are
more co-planar. This observation is typical for triazine based
linkers, due to the missing steric hindrance of the hydrogen
atoms.?? The analysis of the nitrogen sorption isotherm of
CAU-7-TATB led to a specific BET surface area of 813 mZ/g and
a micropore volume of 0.31 cmslg (Fig. S7). These are lower
than the published values for CAU-7-BTB (Ager = 1150 m’/g,
Ve = 0.43 cm®/g)," but correlate well with the theoretical
values (Ager = 867 m’/g, Ve = 0.32 cm®/g), which are
calculated using the program Materials Studio.”

Fig. 3 Crystal structure of CAU-7-TATB (view along [001]). The unit cell dimension is
represented by the box.

CAU-7-TATB-NH,

Reactions carried out under very similar synthesis conditions
to those of CAU-7-TATB with H;TATB-NH, as the linker resulted
in successful formation of the CAU-7 analogue [Bi(TATB-NH,)]
:5H,0-0.5DMF (CAU-7-TATB-NH,), which is, to the best of our
knowledge, the first example of a functionalised Bi-MOF.
Whereas for CAU-7-TATB two different phases (as and ht)
were discovered, for CAU-7-TATB-NH, only one phase with an
orthorhombic crystal structure was observed (Table S4, Fig.
510). Since synthesis scale-up could not be carried out, several
batches of CAU-7-TATB-NH, were synthesised under identical
reaction conditions. In order to get sufficiently large amounts
of the compound for a systematic PSM study, the exact same
starting materials were used in every synthesis.

Although the characterisation of the different batches by
PXRD, elemental- and thermogravimetric analysis, as well as
the infrared spectroscopy did not indicate any impurity
(Supporting Information, page S16-S17 and page $36-538)
large variation in the nitrogen adsorption properties (Aggr in a
range of 104-627 m’/g) were observed. To get insight into this
effect, high resolution scanning electron microscope (SEM)

This journal is @ The Royal Society of Chemistry 20xx

micrographs were taken of two samples with significantly
different BET surface areas. Surprisingly, no differences could
be detected (Fig. $13-516).

Post-synthetic modification of CAU-7-TATB-NH,

The possibility of PSM reactions using CAU-7-TATB-NH, was
explored using some typical literature prcvce-dures.g For this
purpose eight synthesis batches of CAU-7-TATB-NH, were
combined to ensure data consistency and all PSM reactions
were performed using this mixture. CAU-7-TATB-NH, was
treated with methanesulfonyl chloride, acetyl chloride, ethyl
isocyanate, several anhydrides and two different sultones.
After treatment with methanesulfonyl chloride and acetyl
chloride, a clear solution was obtained. Since CAU-7-TATB-NH,
is not stable against HCI, the reaction was performed in the
presence of pyridine or triethyl amine to capture the HCI which
is formed during the acetylation of the amino group.
Nevertheless, dissolution of the material was observed.
Different observations were made for the treatment of CAU-7-
TATB-NH, with ethyl isocyanate. In this case, a degradation of
the structure was observed (Fig. 533). In all three cases, it
remains unclear why the degradation takes place.

In contrast, the treatment with anhydrides like acetic
anhydride and valeric anhydride was successful and resulted in
the formation of CAU-7-TATB-NH,-AA and CAU-7-TATB-NH,-
VA, respectively (Scheme 2). Both MOFs maintain their
structure according to PXRD data (Fig. $32). The degree of
conversion was determined by comparing the relative integrals
in the "H-NMR-spectra after digestion of the MOF (Fig. $26 and
S27). The degree of conversion drops from 79 % for CAU-7-
TATB-NH,-AA to 47 % for CAU-7-TATB-NH,-VA, which may be
attributed to the longer alkyl chain of valeric anhydride.

J. Name., 2013, 00, 1-3 | 3
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Despite the limited stability of CAU-7-TATB-NH, towards acids,
four reactions were carried out to introduce pendant
carboxylic and sulfonic acid groups into the framework. By
treating CAU-7-TATB-NH; with cyclic anhydrides such as
succinic and phthalic anhydride, two functionalised MOFs with
free carboxylic acid groups were obtained (Scheme 2). Succinic
anhydride resulted in the formation of CAU-7-TATB-NH,-SA
with 67 % conversion and phthalic anhydride gave CAU-7-
TATB-NH,-PA with 35 % conversion (Fig. 528 and 529). To
introduce pendant sulfonic acid groups into the framework,
ring-opening reactions using 1,3-propane sultone or 1,4-
butane sultone were performed. In both cases, the MOF
maintained its structure after the reaction but only the
treatment with 1,3-propane sultone led to a conversion of the
amino groups. The respective CAU-7-TATB-NH,-PS was
obtained with a conversion of 33 % (Fig. $S30). It should be
mentioned that the sulfonic acid group within the framework
most likely might be deprotonated due to internal
neutralisation. The investigation of the same PSM reaction on
a different MOF proved that a zwitterionic form is preferred
and the acidity is attributed to the ammonium group.”
Nevertheless, these results show that CAU-7-TATB-NH, is
capable of bearing acidic groups within the pores. Analytical
data (1H-NMR, PXRD, TGA, elemental analysis, IR) for all

4| J. Name., 2012, 00, 1-3
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modified MOFs are available in the Supporting Information
(page 529-538).

Experimental
Chemicals and experimental details

The chemicals were purchased from Aldrich, Alfa Aesar or
Walter CMP and used without further purification. Syntheses
were carried out under solvothermal conditions in a Biotage
Initiator microwave oven or in self-made high-throughput
autoclaves with in PTFE inserts of 2 mL volume.”

Powder X-ray diffraction (PXRD) was performed on a STOE
Stadi P Combi (A = 1.5406 A) equipped with a MYTHEN
detector. FOX*® was used for structure solution from PXRD
data and TOPAS Academic 4.1%° for LeBail fits and Rietveld
refinement.

Sorption measurements were performed on a BELsorp max or
BELsorp mini, infrared spectroscopy on a Bruker Alpha-P
spectrometer and elemental analyses on a HEKAtech Euro
Elemental Analyzer. The scanning electron microscopy (SEM)
experimentswere performed on a Jeol JSM-6500F with EDX-
Detector and Inca-software (Oxford Instruments).

NMR spectra were recorded on Bruker DRX 500 or AV 600
instruments and assignments were supported by COSY, HSQC
and HMBC. Even when spectra were obtained as broad-band
decoupled *C-NMR, the type of °C signal is always listed as
singlet, doublet, etc. Degree of conversion by post-synthetic
modification reaction was determined by comparing the
relative integrals in ‘H-NMR-spectra of digested material.
Digestion was achieved by adding a mixture of DMSO-d; and
DCI (37 %) to the MOF.

Syntheses of the organic linkers

The synthesis of H_,,TATB27 and functionalised H;TATB-NOZZB
were performed according to literature procedures. The nitro-
group of H;TATB-NO, was reduced by sodium dithionite to
obtain H;TATB-NH,. For synthetic details and characterisation
see Supporting Information.

Syntheses of the metal-organic frameworks

Synthesis of [Bi(TATB)] (CAU-7-TATB): H;TATB (30.0 mg, 68.0
pmol) and ground Bi(NQ;);:5 H,0 (28.7 mg, 59.2 pmol) were
mixed in a 30 mL glass vial and MeOH (6 mL) and DMF (6 mL)
were added. The sealed vial was shaken and heated in a
microwave-assisted synthesis at 120 °C for 20 min while
stirring with 600 rpm. The solid product was filtered off and
washed with DMF (5 mL) and MeOH (5 mL). A white powder
was obtained in a yield of 30.8 mg (55% based on H;TATB).
Phase purity was confirmed by PXRD (Fig. S1) and elemental
analysis (calc. (%) for BiC;4H;;N304C3H;NO-6H,0: C39.14,
H3.77, N 6.76; meas. (%): C 37.29, H 2.93, N 7.84).

Synthesis of [Bi(TATB-NH;)] (CAU-7-TATB-NH;): H;TATB-NH,
(100 mg, 219 pmol) and ground Bi(NO3)3;-5 H;0 (76.8 mg, 158
pmol) were mixed in a 30 mL glass vial and MeOH (10 mL) and
DMF (10 mL) were added. The sealed vial was shaken and
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heated in a microwave-assisted synthesis at 120 °C for 20 min
while stirring with 600 rpm. The solid product was filtered off
and washed with DMF (5 mL) and MeOH (5 mL}). A yellow
powder was obtained in a yield of 118 mg (68% based on
H;TATB-NH;). Phase purity was confirmed by PXRD (Fig. $10)
and elemental analysis (calc. (%) for BiC;H3N4Og
0.5C3H;NO-5H,0: C38.82, H 3.39, N 7.99; meas. (%): C39.74,
H 1.85, N 7.99).

Synthesis of [Bi,(0){OH){TATB)] (CAU-35):

H;TATB (5.0 mg, 11.3 pmol) and ground Bi(NOs};-5 H,O (5.5
mg, 11.3 pmol) were mixed in a 2 mL PTFE inserts and H,O
(800 pL) and DMF (200 pL) were added. The autoclave was
sealed and heated to 120 °C in 12 h. The temperature was kept
for 36 h and subsequently the reactor was slowly cooled to
room temperature in 60 h. The solid product was filtered off
and washed with DMF (1 mL) and H,0 (1 mL). A white powder
was obtained. Phase purity was confirmed by PXRD (Fig. 517)
and elemental analysis (calc. (%) for Bi;Cy3H 3N305-H,0:
C31.77, H1.67, N 4.63; meas. (%): C 32.77, H 1.41, N 4.97).

Post-synthetic modification procedure

Prior to the modification reactions, CAU-7-TATB-NH, was dried
for 12 h at 60 °C in a vacuum oven. 15 equivalents of the
respective anhydride or sultone were added to a suspension of
CAU-7-TATB-NH, (130 mg, 195 pmol) in dichloromethane
(6 mL}. The reaction mixture was stirred under reflux for 72 h.
The solid was separated by centrifugation and washed with
dichloromethane (2 x 10 mL), ethanol (2 x 10 mL} and water
(2 x 10 mL}. After drying for 4d at 60°C in a vacuum oven,
10 mg of the solid was digested with a mixture of DMSO-d;
(595 pL) and DCI (37 %, 5 pL). The conversion was determined
by "H-NMR spectroscopy (see Supporting Information).

Conclusions

In summary, we used the triazine-based HsTATB linker for the
synthesis of two new Bi-MOFs. Depending on the solvent
mixture and the reaction time, either a MOF with CAU-7
structure (CAU-7-TATB) or a new MOF (CAU-35) was obtained.
The structure of CAU-35 was successfully solved and refined
from PXRD data, the structure of CAU-7-TATB was confirmed
by a Rietveld analysis of the PXRD data. Additionally, a new
amino-substituted  H;TATB  linker  (H;TATB-NH,} was
synthesised and wused for the synthesis of the first
functionalised Bi-MOF, denoted CAU-7-TATB-NH,. This MOF
was successfully treated with acetic anhydride, valeric
anhydride, succinic anhydride, phthalic anhydride and 1,3-
propane sultone to give the respective modified Bi-MOFs with
degrees of conversion varying from 33 to 79 %.
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Organic linker synthesis

Synthesis of H3TATB

The precursor 2,4,6-tris(4-methylphenyl)-1,3,5-triazine was synthesised by trimerization of 4-
methylbenzonitrile. H;TATB was obtained by oxidation of the methyl groups according to a literature
procedure.*’

Synthesis of H3;TATB-NH:

H,TATB-NO, was synthesized according to the literature procedure by Miihlbauer et al.*”

OOH
NO, NO,
2
NO, NO, cN
SOCI, N| N NBuzMnO, NN
1. SbCls N pyridine N
0“ "OH 0“ *cCl 2. NH,OH
HOOC COOH

Reduction of the nitro group gave H3TATB-NH, by using the following procedure:

2-(4-Carboxy-3-nitrophenyl)-4,6-bis(4-carboxyphenyl)-1,3,5- OOH
triazine (H;TATB-NO,, 2.50g, 5.14 mmol) and potassium NH;
carbonate (4.47 g, 25.7 mmol) were suspended in water

(80 mL) and stirred until the entire solid was dissolved. A

Ethanol (30 mL) was added to the solution followed by |
sodium dithionite (3.55 g, 25.7 mmol). The reaction mixture N
was stirred for 1h at room temperature. Ethanol was Hooc COOH

removed under reduced pressure and the residue was poured into conc. hydrochloric acid (200 mL).
The precipitate was filtered off and the residue was washed thoroughly with water. The resulting
solid was recrystallized from DMSO/water to yield 1.72 g (3.77 mmol, 73 %) of a yellow solid.

M. p.: >300 °C

'H-NMR (500 MHz, DMSO-dg): & = 8.82 (d, *J = 8.6 Hz, 4H, Ar'-H-2,6), 8.23 (d, *J = 1.6 Hz, 1H, Ar-H-2),
8.20 (d, */ = 8.6 Hz, 4H, Ar'-H-3,5), 7.94 (d, *J = 8.3 Hz, 1H, Ar-H-5), 7.83 (dd, ®J = 8.3 Hz, *J = 1.6 Hz,
1H, Ar-H-6) ppm.

B3C-NMR (125 MHz, DMSO-d;): 6 = 171.1 (s, Tri-C-2), 170.5 (s, Tri-C-4,6), 169.2 (s, Ar-CO,H), 166.8 (s,
Ar'-CO,H), 151.6 (s, Ar-C-3), 139.4 (s, Ar-C-1), 139.0 (s, Ar'-C-1), 134.7 (s, Ar'-C-4), 131.8 (d, Ar-C-5),
129.8 (d, Ar'-C-3,5), 128.8 (d, Ar’-C-2,6), 117.1 (d, Ar-C-2), 114.3 (d, Ar-C-6), 113.0 (s, Ar-C-4) ppm.

IR (ATR): v =2982 (br., OH), 1685 (C=0), 1579, 1505 (arom. C=C, arom. C=N), 1358 (C-N), 766 (1,4-
disubst. aryl, 1,2,4-trisubst. aryl) cm™.

HRMS (El): m/z = C,4H16N4O¢ calcd. 456.1069; meas. 456.1056 (A 2.9 ppm).
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EA: C24H16N4O6 (456.41):  calcd. C63.16 H 3.53 N 12.28;
C24H16N4Og - 1.5 H,0 (483.43): calcd. C59.63 H 3.96 N 11.59;

meas. C 59.48 H 3.95 N 11.68.
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CAU-7-TATB [Bi(TATB)]
LeBail fit and Rietveld refinement

Refinement details

1% using one individual bismuth

The Rietveld refinement was performed with TOPAS Academic 4.
atom and one linker molecule as rigid body with z-matrix. Torsion angles of phenyl rings and
carboxylate oxygen atoms were refined individually, bond lengths in groups (Ciiazine-Ntriazines Cphenyi-
Cphenyl)-

[177]

Table S1: Cell parameters of CAU-7 (from Rietveld refinement), of CAU-7-TATB (as, from LeBail fit) and of

CAU-7-TATB (ht, from Rietveld refinement).

CAU-7 CAU-7-TATB (as) CAU-7-TATB (ht)
Space group Pb2.a Pc (one poss.) Pb2.a
a 32.36(1) A 27.357(3) A 31.001(6) A
b 28.084(7) A 4.4766(6) A 27.623(5) A
c 3.9132(9) A 30.598(3) A 3.913(1) A
a 90° 90° 90°
B 90° 90.910(5)° 90°
v 90° 90° 90°
Rwp 9.43 4.269 3.303
GOF 2.85 1.463 5.371
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LeBail plot of CAU-7-TATB (as)
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Figure S9: LeBail plot of the refinement of CAU-7-TATB (as). Measured and calculated PXRD data, the difference
of both and the allowed reflections are shown in black, red, blue and as black bars, respectively.

PXRD patterns of CAU-7-TATB (as) and CAU-7-TATB (ht)
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Figure S10: PXRD patterns of CAU-7-TATB (as) and CAU-7-TATB (ht) in comparison.
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Rietveld plot of CAU-7-TATB (ht)
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Figure S11: Rietveld plot of the refinement of CAU-7-TATB (ht). Measured and calculated PXRD data, the
difference of both and the allowed reflections are shown in black, red, blue and as black bars, respectively.
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Selected bond lengths

Table S2: Selected bond lengths in CAU-7-TATB (ht).

Atom 1 Symmetry 1 Atom 2 Symmetry 2 Distance / A
Bil XY, 2 01 X, VY, -1+z 2.465(17)
Bil XY, 2 02 XY,z 2.762(11)
Bil XY, 2 02 X, Y, -1+z 2.690(11)
Bil XY,z 03 0.5+x,y, 1-z 2.982(10)
Bil XY,z 03 0.5+x, v, -z 2.444(10)
Bil X,Y,Z 04 0.5+x,y, 1-z 2.489(14)
Bil XY, 2 04 0.5+x, Y, -z 2.487(14)
Bil XY, 2 05 1.5-x, 0.5+y, z 2.881(14)
Bil XY, 2 05 1.5-x, 0.5+y, -1+4z  2.231(16)
Bil XY, 2 06 1.5-x, 0.5+y, -1+4z  2.678(14)
C1/c9/C17 C2/C10/C18 1.4064(2)
C5/C13/C21 C8/C16/C24 1.4064(2)
N C 1.4474(2)
C (phenyl) C (phenyl) 1.4474(2)
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Structure of CAU-7-TATB (ht)
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Figure S12: Crystal structure of CAU-7-TATB (ht), view along [001]. The unit cell dimension is represented by
the box.

Figure S13: Linear chain in crystal structure of CAU-7-TATB (ht). See also Fig. S22.
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Figure S14: Extended asymmetric unit of the crystal structure of CAU-7-TATB (ht).
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Characterisation of CAU-7-TATB

Sorption

The N, sorption measurement leads to a specific BET surface area of Ager = 813 m?/g and a micropore
volume of V.. = 0.31 cm3/g. These values correlate well with the theoretical maximum values of
Agertheo = 867 m?/g and Viictheo = 0.32 cms/g, calculated with accessible solvent surface module in
Materials Studio 5.5 using a probe molecule radius of 1.82 A for simulated N,."8
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Figure S15: N, sorption isotherm of CAU-7-TATB (ht), measured at 77 K. Activation of the sample at 150 °C for
12 h in vacuum.
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Infrared spectroscopy
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Figure S16: IR spectra of CAU-7-TATB. Characteristic frequencies: 1518 cm™ (asymm. carboxylate), 1410-
1240 cm™ (symm. carboxylate), 1017 cm™, 880-692 cm™ (aryl-H). The only significant differences for CAU-7-
TATB (as) are the bands at 3700-2150 cm? (OH, water) and all bands that are attributed to DMF molecules
inside the pores (2927 cm™, 2871 cm™, 1654 cm™).

Thermogravimetric and elemental analysis

The chemical formulas of the as- and ht-phase were determined by combining the results from TG
and elemental analyses and are summarized in the following table. The results of the
thermogravimetric analysis are in agreement with the theoretical weight losses (meas.: 19.5 %,
50.7 %; theo.: 21.9%, 50.0%; first step: pore content, second step: decomposition of the
framework). TG and elemental analyses were performed under ambient conditions, which might
have led to water adsorption from the air.
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Figure S17: Thermogravimetric analysis of CAU-7-TATB (ht).

Table S3: Results of the elemental analyses of CAU-7-TATB (as, top) and CAU-7-TATB (ht, bottom).

Chemical formula C/% H/% N/% S/%
meas. 37.29 2.93 7.84 0.00
[Bi(TATB)]-DMF-6H,0
theo. 39.14 3.77 6.76 0.00
meas. 35.96 1.52 5.57 0.00
[Bi(TATB)]-9H,0
theo. 35.61 3.74 5.19 0.00
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CAU-7-TATB-NH: [Bi(TATB-NH:)]

LeBail fit

Table S4: Results of the LeBail fit of [Bi(TATB-NH,)].

CAU-7-TATB-NH,

Space group Pb2,a

a 30.861(3) A
b 27.521(2) A
b 3.8907(5) A
a 90°

B 90°

Y 90°

Rwp 3.32

GOF 1.72
LeBail plot

—— measured
calculated
—— difference
allowed reflections

intensity / a.u.

e

20

30

40

50

60

70

v
\ I L A TR AR R CATRT W
L e e e e e I A e e e e e e

10 20 30 40 50 60 70

20/°

Figure S18: LeBail plot of the refinement of CAU-7-TATB-NH,. Measured and calculated PXRD data, the
difference of both and the allowed reflections are shown in black, red, blue and as black bars, respectively.
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Characterisation of CAU-7-TATB-NH:

Sorption

The N, sorption measurements of the CAU-7-TATB-NH, samples, obtained from different synthesis

batches, vary strongly. Fig. S11 shows the adsorption curves of eight exemplary reaction products.

The results of the BET analyses are summarized in the following table.
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Figure S19: N, adsorption isotherms of eight different batches of CAU-7-TATB-NH,, measured at 77 K. All
batches were obtained under identical reaction conditions using the same batches of starting materials.
Activation of the samples at 190 °C for 12 h in vacuum. Only the adsorption curves are shown for more clarity.

Table S5: Specific BET surface areas and micropore volumes of eight different batches of CAU-7-TATB-NH,.

Sample  Ager / (M%/g8)  Vimic/ (cm’/g)
Batch1 279 0.12
Batch2 519 0.21
Batch3 295 0.14
Batch4 627 0.25
Batch5 176 0.09
Batch6 415 0.20
Batch7 120 0.07
Batch8 104 0.06

199



3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

Batch 8

Batch 7
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Batch 5

Batch 4

intensity / a.u.
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Figure S20: PXRD patterns of eight different batches of CAU-7-TATB-NH,. For all patterns there is no significant
difference in the PXRD patterns of these batches.
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Scanning Electron Microscopy

The SEM experiments, which are presented here, were performed on a Jeol JSM-6500F with EDX-
Detektor and Inca-software (Oxford Instruments). For sample preparation, an ethanolic dispersion of
the MOF sample was dried and subsequently sputtered with carbon.

% HFW 3/14/2017 HV WD det mag B | bias
173 pm  2:10:27PM 3.00kV 4.1 mm ETD 1200x OV

- af™
3/14/2017 HV WD det ‘mag B bias
17.3 pym 2:11:23PM | 3.00kV 4.1 mm TLD 12000x OV

Figure S22: SEM micrograph of CAU-7-NH, with 5 um scale bar (Batch 8, Ager = 104 mz/g).
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HFW 3/14/2017 HV WD det mag B | bias
173 pm | 1:55:225PM 3.00kV 3.1 mm ETD 1200x | 0V

% HFW 3/14/2017 | HV WD det mag B bias
31.9 pm 2:01:37PM 3.00kV | 3.1mm ETD 6500x OV

Figure S24: SEM micrograph of CAU-7-NH, with 5 um scale bar (Batch 4, Aggr = 627 mz/g).

Infrared spectroscopy, thermogravimetric and elemental analysis

Further characterisation of CAU-7-TATB-NH, is summarized in the post-synthetic modification part of
this document for better comparison.
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CAU-35 [Biz(0)(OH)(TATB)]-H20
Structure solution and Rietveld refinement of CAU-35

Refinement details

1,"7¢! the structure was solved using the

After indexing the powder pattern with TOPAS Academic 4.
software FOX,!*®! starting from two Bi atoms and one TATB® molecule, which was introduced as a
rigid body. Bi-positions were located first and fixed afterwards, since bismuth is the most dominant

scatterer in the structure. The parallel tempering function was used for the solution of the structure.

The Rietveld refinement was performed with TOPAS Academic 4.11"7®! using two individual bismuth
atoms and one linker molecule as rigid body with z-matrix. Torsion angles of phenyl rings and
carboxylate oxygen atoms were refined individually, bond lengths in groups (Ciiazine-Ntriazines Cphenyi-
Cohenyls Cearboxy-Ocarboxy)- The two separate oxygen atoms in the inorganic building unit were added from
Fourier difference analysis.

Table S6: Results of the structure refinement of [Bi,(O)(OH)(TATB)]-H,0.

CAU-35
Space group Pna2,
a 20.868(2) A
b 31.658(3) A
b 3.9596(3) A
a 90°
B 90°
Y 90°
Rup 4.94
GOF 1.74
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Figure S25: Rietveld plot of the refinement of CAU-35. Measured and calculated PXRD data, the difference of
both and the allowed reflections are shown in black, red, blue and as black bars, respectively.
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Selected bond lengths

Table S7: Selected bond lengths in CAU-35.

Atom 1 Symmetry1l Atom 2 Symmetry 2 Distance / A
Bil XY, 2 07 0.5+x, 0.5-y, z 2.141(53)
Bil XV, zZ 03 1.5-x, 0.5+y, -0.5+z  2.287(12)
Bil XY, 2 03 1.5-x, 0.5+y, -1.5+z 3.003(14)
Bil XV, 2 o7 1.5-x,-0.5+y, -0.5+z  2.53(48)
Bil XV, z 07 1.5-x, -0.5+y, 0.54z  2.44(47)
Bil XY, 2 08 1.5-x, -0.5+y, 0.5+z 2.115(52)
Bil XY, 2 01 1-x, -y, -0.5+z 2.3236(97)
Bi2 XY, 2 06 X, 1+y, z 2.455(12)
Bi2 XY, 2 08 1.5-x, 0.5+y, 1.5+z 2.29(16)
Bi2 XY, 2 08 1.5-x, 0.5+y, 0.5+z 2.36(16)
Bi2 XV, z 07 1.5-x, 0.5+y, 0.5+2 2.853(50)
Bi2 XV, 2 02 1-x, 1-y, -0.5+z 2.1691(88)
Bi2 X, Y,Z 05 X, 1+y, z 2.1706(87)
Bi2 XY, 2 04 0.5+x, 0.5-y, -1+z 2.362(13)
c1/c2/c3 c4/C11/C18 1.3175(1)
c7/ci14/c21 Cc10/Cc17/c24 1.4926(1)
N C 1.3500(1)
C (phenyl) C (phenyl) 1.3809(1)
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Structure of CAU-35

<
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Figure S27: Crystal structure of CAU-35, view along [001]. The unit cell dimension is represented by the box.
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Figure S29: Asymmetric unit of the crystal structure of CAU-35.
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Figure S30: IBUs in CAU-7-TATB and CAU-35, on top and bottom, respectively.
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Characterisation of CAU-35

Sorption

The N, sorption measurement leads to a specific BET surface area of Ag:r = 77 m?/g and a micropore
volume of V., = 0.05 cm3/g. This value correlates well with the theoretical maximum value of Vi theo
= 0.06 cm>/g, calculated with accessible solvent surface module in Materials Studio 5.5 using a probe

molecule radius of 1.82 A for simulated N..
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Figure S31: N, sorption isotherm of CAU-35, measured at 77 K. Activation of the sample at 150 °C for 12 h in

vacuum.

209



3 Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

Infrared spectroscopy
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Figure S32: IR spectrum of CAU-35. Characteristic frequencies: 1671 cm'l, 1585 cm™ (C-N, triazine), 1522 cm™
(asymm. carboxylate), 1351 cm™ (symm. carboxylate), 1018 cm™, 820-697 cmt (aryl-H).
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Thermogravimetric and elemental analysis

The chemical formula of CAU-35 was also determined by combining TG and elemental analysis and is
shown in the following table. The results of the thermogravimetric analysis agree reasonably well
with this data (meas.: 2.6 %, 41.4 %; theo.: 2.0 %, 45.8 %, first step: pore content, second step:
decomposition of the framework). TG and elemental analyses were performed under ambient
conditions, which might have led to water adsorption from the air.
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Figure S33: Thermogravimetric analysis of CAU-35.
Table S8: Results of the elemental analysis of CAU-35.
Chemical formula C/% H/% N/% S/%

meas. 32.77 1.41 4.97 0.00
[Bi,(O)(OH)(TATB)]-H,0O
theo. 31.77 1.67 4.63 0.00
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Post-synthetic modification

For the characterisation of CAU-7-TATB-NH, and the five products of the PSM reactions, eight
synthesis batches of CAU-7-TATB-NH, were combined and mixed. All PSM reactions and
characterisations were performed with this mixture to facilitate the highest data consistence.

The degree of conversion after post-synthetic modification was determined by comparing the
relative integrals in "H-NMR-spectra of digested MOFs (digested with a mixture of DMSO-dg and DCI
(37 %)).

Table 9: Degree of conversion after post-synthetic modification of CAU-7-TATB-NH,.

Sample Reagent Conversion
CAU-7-TATB-NH,-AA acetic anhydride 79 %
CAU-7-TATB-NH,-VA valeric anhydride 47 %
CAU-7-TATB-NH,-SA succinic anhydride 67 %
CAU-7-TATB-NH,-PA phthalic anhydride 35%
CAU-7-TATB-NH,-PS 1,3-propane sultone 33%

1H-NMR spectra

The aromatic protons of unreacted H;TATB-NH, are indicated by black numbers and the protons of
modified H;TATB-NH, by red letters. Protons within the residue (R) are indicated in red as well. The
conversion after post-synthetic modification was determined by comparing the integrals of the
aromatic protons 1, 2 or 3 with B. The assignments of the respective protons are shown in the
following scheme:

HO.__O HO.__O
NH N

3 2 C "R
2 1 B A

4 D

5 E
o) o]
5 OH E  OH

In the following Figures only an excerpt of the *H-NMR spectra with significant signals is shown.
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Figure S34: 'H-NMR spectrum (500 MHz, 300 K, DMSO-d6/DCl) of digested CAU-7-TATB-NH, after post-
synthetic modification with acetic anhydride.
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Figure S35: 'H-NMR spectrum (500 MHz, 300 K, DMSO-d6/DCl) of digested CAU-7-TATB-NH, after post-
synthetic modification with valeric anhydride.
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Figure S36: 'H-NMR spectrum (500 MHz, 300 K, DMSO-d6/DCl) of digested CAU-7-TATB-NH, after post-
synthetic modification with succinic anhydride.
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Figure S37: 'H-NMR spectrum (500 MHz, 300 K, DMSO-d6/DCl) of digested CAU-7-TATB-NH, after post-
synthetic modification with phthalic anhydride.
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Figure S38: 'H-NMR spectrum (500 MHz, 300 K, DMSO-d6/DCl) of digested CAU-7-TATB-NH, after post-
synthetic modification with 1,3-propane sultone.

Comparison of PSM with valeric anhydride for two batches with
different BET surface

Despite the fact that the unmodified CAU-7-TATB-NH, varied in its nitrogen adsorption behaviour,
the respective surface area had no influence on the degree of conversion. Two batches of CAU-7-
TATB-NH, with different surface areas (137 m°/g and 627 m?/g) were used for a PSM with valeric
anhydride. For both MOFs a similar conversion was observed (Fig. S31). This points out that the
inconsistent nitrogen sorption behaviour is not influencing the porosity in fluid media.
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Figure $39: Comparison of 'H-NMR spectra from PSM with valeric anhydride for two batches with different BET
surface areas. The comparison of both "H-NMR spectra shows no significant difference in the degree of
conversion.
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X-ray powder diffraction
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Figure S40: PXRD patterns of CAU-7-TATB-NH, (mixture of several batches) and the post-synthetically modified
samples. For all patterns, there is no indication for loss of crystallinity due to the post-synthetic modification.

—— CAU-7-TATB-NH, after PSM with ethyl isocyanate
— CAU-7-TATB-NH, (as)

intensity / a.u

Figure S41: PXRD patterns of CAU-7-TATB-NH, (mixture of several batches) and the post-synthetically modified
sample, which was treated with ethyl isocyanate. The reaction led to degradation of the crystal structure and
formed a crystalline compound which has not identified yet.
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Sorption

The N, sorption curves of CAU-7-TATB-NH, (mixture of several batches) and the post-synthetically
modified samples are shown in Fig. S34. The results of the BET analysis are summarized in Table S10.
It remains unclear why the post-synthetic modification reaction with acetic anhydride led to a higher
specific BET surface area in the resulting product (CAU-7-TATB-NH,-AA) when compared to the
starting material CAU-7-TATB-NH,.
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Figure S42: N, adsorption isotherms of CAU-7-TATB-NH, (mixture of several batches) and the post-synthetically
modified samples, measured at 77 K. Activation of the samples at 100 °C for 12 h in vacuum. Only the
adsorption curves are shown for more clarity.

Table S10: Specific BET surface areas and micropore volumes of CAU-7-TATB-NH, (mixture of several batches)
and the post-synthetically modified samples.

Sample

CAU-7-TATB-NH,

CAU-7-TATB-NH,-AA
CAU-7-TATB-NH,-VA
CAU-7-TATB-NH,-SA
CAU-7-TATB-NH,-PA
CAU-7-TATB-NH,-PS

Ager / (M?/g) Vi / (cm/g)
137 0.06
203 0.09
123 0.05
13 0.01
33 0.02
13 0.01
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Infrared spectroscopy

CAU-7-TATB-NH, W

CAU-7-TATB-NH_-AA

CAU-7-TATB-NH_-VA

CAU-7-TATB-NH,-SA

CAU-7-TATB-NH,-PA

fransmittance / a. u.

CAU-7-TATB-NH,-PS

I
4000 3500 3000 2500 2000 1500 1000 500
v/cm!

Figure S43: IR spectrum of CAU-7-TATB-NH, (mixture of several batches) in comparison with the spectra of the
post-synthetically modified MOFs. All spectra have the same characteristic frequencies: 1518 cm™ (asymm.
carboxylate), 1344 cm’? (symm. carboxylate), 829 em®, 775 cm™ (aryl-H). The only significant difference is an
additional frequency at 1036 cm™® (S=0) for CAU-7-TATB-NH,-PS, which can be attributed to the sulfonate
group.

Thermogravimetric and elemental analysis

For the analysis of CAU-7-TATB-NH,, the same mixture of several batches was used, as it has been
used for the post-synthetic modification (Ager = 137 m?/g). The thermogravimetric and elemental
analyses (Fig. S36, Table S11-S12) do not indicate any impurity, neither for CAU-7-TATB-NH,, nor for
the post-synthetically modified samples. The results are in agreement with the theoretical values
(Table S11-512).
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Figure S44: TG curves of CAU-7-TATB-NH, (mixture of several batches) and the post-synthetically modified

samples.

Table S11: Combined results of the TG and elemental analysis of CAU-7-TATB-NH, (mixture of several batches)
and the post-synthetically modified samples.

TGA 1. TGA 2.
I [V) H [V N 0, [V)

Sample C/% /% /% S/% step/%  step/%

meas. 39.74 1.85 7.99 0.00 15.61 53.64
CAU-7-TATB-NH,

theo. 38.82 3.39 7.99 0.00 16.05 54.42

meas. 39.55 2.04 7.27 0.00 12.38 55.31
CAU-7-TATB-NH,-AA

theo. 39.11 3.15 7.13 0.00 11.46 58.88

meas. 38.84 2.36 7.01 0.00 11.12 56.21
CAU-7-TATB-NH,-VA

theo. 39.96 3.41 7.07 0.00 11.37 59.21

meas. 38.50 2.16 6.90 0.00 12.43 57.89
CAU-7-TATB-NH,-SA

theo. 38.26 3.33 6.69 0.00 12.91 59.28

meas. 39.68 1.90 6.91 0.00 10.71 59.29
CAU-7-TATB-NH,-PA

theo. 38.45 3.23 6.97 0.00 11.20 59.83

meas. 36.73 2.51 6.79 1.66 9.44 57.39
CAU-7-TATB-NH,-PS

theo. 38.74 2.99 7.23 1.37 9.30 60.63
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Table $12: Chemical formulas obtained from combined results of NMR, TG and elemental analysis of CAU-7-
TATB-NH, (mixture of several batches) and the post-synthetically modified samples. The degree of conversion
has been determined by the ‘H-NMR analyses.

Sample Chemical formula

CAU-7-TATB-NH, [Bi(TATB-NH,)]-5 H,0:0.5 DMF

CAU-7-TATB-NH,-AA [Bi(TATB-NH,)o.1(TATB-NHR)g.79]-5 H,0

CAU-7-TATB-NH,-VA [Bi(TATB-NH,)53(TATB-NHR)g 47]:5 H,0

CAU-7-TATB-NH,-SA [Bi(TATB-NH,)g33(TATB-NHR)g 67]:6 H,0

CAU-7-TATB-NH,-PA [Bi(TATB-NH,)o.65(TATB-NHR)g.35]-5 H,0

CAU-7-TATB-NH,-PS [Bi(TATB-NH,;)o.67(TATB-NHR)o 33]-4 H,0

References

1 M. Kriger, H. Reinsch, A. K. Inge and N. Stock, Microporous Mesoporous Mater., 2017, 249, 128-136.

2 E. Muihlbauer, A. Klinkebiel, O. Beyer, F. Auras, S. Wuttke, U. Lining and T. Bein, Microporous Mesoporous
Mater., 2015, 216, 51-55.

3 A. Coelho, TOPAS Academic 4.1, Coelho Software, 2007.

4 M. Feyand, E. Mugnaioli, F. Vermoortele, B. Bueken, J. M. Dieterich, T. Reimer, U. Kolb, D. de Vos and N.
Stock, Angew. Chem., 2012, 124, 10519-10522, Angew. Chem. Int. Ed., 2012, 51, 10373-10376.

5 T.Duren, F. Millange, G. Férey, K. S. Walton and R. Q. Snurr, J. Phys. Chem. C, 2007, 111, 15350-15356.

6 Materials Studio 5.5.3, Accelrys Software Inc., 2010.

7 V. Favre-Nicolin and R. Cerny, J. Appl. Crystallogr., 2002, 35, 734-743.

221



Triazin-basierte MOFs: Pra- und postsynthetische Modifikation

222



4 Linker-Synthese und PSM zur Darstellung von protonenleitfahigen MOFs

4 Linker-Synthese und PSM zur Darstellung von
protonenleitfahigen MOFs

MOFs mit unkoordinierten S&uregruppen sind potentielle Kandidaten fiir den Einsatz als
protonenleitfahige Materialien. Die Darstellung dieser MOFs kann sowohl durch
postsynthetische Modifikation (s. Kapitel 3.2.3) als auch durch prasynthetische Modifikation
erfolgen (s. Kapitel 1.2). Vor allem MOFs basierend auf Phosphonséure- und Sulfonséure-
Linker zeigten bereits vielversprechende Ergebnisse in Bezug auf Protonenleitfédhigkeit
(s. Kapitel 1.3). Dies kann hauptséchlich auf zwei Eigenschaften zurlickgefuhrt werden: hohe
Aciditat und das Ausbilden von Wasserstoffbriickenbindungen. Beide Gruppen besitzen, auch
wenn sie koordiniert vorliegen, freie Sauerstoffatome, die als Wasserstoffbrickensakzeptoren
fungieren konnen. Zusétzlich kann die Phosphonsaure-Gruppe, wenn sie nur einfach
deprotoniert vorliegt, mit ihrer Hydroxylgruppe auch als Wasserstoffbriickendonator agieren.
Um eine moglichst hohe Protonenleitfahigkeit zu erreichen, sollten die Phosphonséure- und
Sulfonséure-Gruppen also mdglichst unkoordiniert im MOF vorliegen. In den folgenden

Kapiteln werden zwei Moglichkeiten zur Darstellung solcher MOFs vorgestellt.

Zunéachst wird in Kapitel 4.1 die Synthese von Linkern beschrieben, die sowohl
Phosphonsdure- als auch Sulfonsdure-Gruppen besitzen. AnschlieRend werden in Kapitel 4.2
postsynthetische Methoden zur Implementierung von Phosphonsédure-Gruppen in Cr-MIL-
101-Derivate diskutiert.
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4.1 Synthese von Phosphosulfonsaure-Linkern

Neun literaturunbekannte Phosphosulfonsédure-Linker (M3-8 bis M3-11, M3-24 bis M3-28)
wurden fur den Einsatz in protonenleitfahigen MOFs synthetisiert und vollstandig
charakterisiert. Zusétzlich wurde fir die Darstellung des literaturbekannten Linkers M3-23
ein neuer, zweistufiger Syntheseweg entwickelt und eine vollstdndige Charakterisierung
vorgenommen. Die Synthese der Linker M3-8 bis M3-11 erfolgte ausgehend von 1,2,4,5-
Tetrakis(brommethyl)benzol (M3-1) mittels zweier aufeinanderfolgender nucleophiler
Substitutionen und anschlielender Hydrolyse. Fur die Darstellung der Linker M3-23 bis M3-
28 wurden zunéachst die jeweiligen Brombenzolsulfonsduren synthetisiert, um anschlieRend
eine Kreuzkupplung mit Triethylphosphit durchfihren zu kdénnen. Die entstandenen
Phosphonsaureethylester-Gruppen wurden mit konzentrierter Salzsdure hydrolysiert.
Zusatzlich konnte der Linker M3-9 erfolgreich zur Darstellung eines neuen Lanthan-basierten
MOFs (im folgenden Manuskript als Koordinationspolymer bezeichnet, da keine

Sorptionsdaten vorlagen) eingesetzt werden.

HO,S (\' POH, HO,S ,/% PO3H,
N~ N
Y Y Z

Y=1,23 Z=1,2

Z

Abb. 26: Vereinfachte Darstellung der Phosphosulfonsdure-Linker M 3-8 bis M3-11 und M3-23 bis M3-28.
Die Ergebnisse wurden veroffentlicht:
O. Beyer, T. Homburg, M. Albat, N. Stock, U. Luning, New J. Chem. 2017, submitted.

Die Synthese und Charakterisierung der zehn Phosphosulfonsdure-Linker (M3-8 bis M3-11,
M3-23 bis M3-28) war Bestandteil dieser Dissertation. Die Synthese des La-MOF
[Las(H,L)3(H20)s] wurde von THOMAS HOMBURG im Rahmen seiner Dissertation

durchgefiihrt. Die Kristallstruktur des MOFs wurde von MARTIN ALBAT gel0st.

Anmerkung: Die Formatierung der Supporting Information wurde geringfligig veréndert, um

sie auf die Formatierung dieser Arbeit anzupassen. Dabei wurden keine Inhalte verandert.
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Ten aromatic building blocks (8-11, 23-28) containing phosphonic and sulfonic acid groups within
synthesized. Twofold nucleophilic substitution starting from 1,2,4,5-
tetrakis(bromomethyl)benzene (1) followed by hydrolysis gave building blocks 8-11. To obtain

building blocks 23-28, the respective bromobenzenesulfonic acids 13, 16, 18-20 and 22 had to be
synthesized first. Palladium-catalysed cross coupling with triethylphosphite followed by hydrolysis
gave the desired building blocks with phosphonic and sulfonic acid groups. Building block 9 was
successfully used as a linker for the synthesis of a new La-based CP with the composition

[Las(H;L)3(H,0)s].

Introduction

Coordination polymers (CP)1 and metal-organic frameworks
(MOF)* are intensively studied compounds with possible
application in gas storage, gas separation, catalysis, drug
delivery and ion conduction.*”

The most investigated frameworks are based on carboxylates
as organic building blocks.® Considerably less studied are
organic phoshonates and sulfonates. This might be because
single crystal growth and the prediction of the coordination
chemistry of metal phosphonates is more difficult and since
they mostly form non-porous dense layered materials. In case
of metal sulfonates, the relatively weak coordination of the
anions to the metal nodes facilitates the formation of
crystalline products, but often these networks are less robust.
Nevertheless, there is a broad spectrum of phosphonate and
sulfonate frameworks described to date.®

Especially in the field of ion conduction, the use of organic
building blocks with phosphonic or sulfonic acid groups
showed promising results. While metal phosphonates are able
to build stable frameworks with high proton conductivity’”,
metal sulfonates seem to be more promising in sulfonate-
carboxylate frameworks.? In the latter case, the carboxylates
coordinate to metal nodes and the sulfonate remains free. But
also phosphonate-carboxylate frameworks are known for very

* Otto-Diels-institut fiir Organische Chemie, Christian-Albrechts-Universitét zu Kiel,
Otto-Hahn-Platz 4, 24118 Kiel, Germany

B Institut fiir Anorganische Chemie, Christian-Albrechts-Universitdt zu Kiel, Max-
Eyth-Str. 2, 24118 Kiel, Germany

Electronic Supplementary Information (ESI) available: linker synthesis and

characterization, [Las(H:L);{H.0)s] synthesis and characterization, PXRD data, and

X-ray crystallographic files. CCDC 1547972. For ESI and crystallographic data (CIF)

see DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

high proton conduction.**®

Examplesu‘lz‘u of organic building blocks containing a
phosphonic and a sulfonic acid group are rare, which limits the
investigation of metal phosphonate-sulfonate
frameworks. In case of the known frameworks, very
little is known in terms of proton conduction.”*?° To the best
of our knowledge, only four organic building blocks have been
successfully used until today. In case of flexible building blocks,
only 2-phosphonoethanesulfonic acid*®* and 4-
phosphonobutanesulfonic acid"?? have been investigated.
The majority of known metal phosphonate-sulfonate

frameworks have been obtained using rigid m- or p-
15,16,19,23

14,15-18

phosphonobenzenesulfonic acid.
Our research focuses on the synthesis of new rigid and flexible
benzene-based building blocks containing at least one sulfonic
acid and one phosphonic acid group.

Results and discussion

The synthesis of aromatic building blocks containing both
sulfonic and phosphonic acid groups (herein called
phosphonosulfonic acids) can be divided into two approaches.
Either these groups are connected directly to the aromatic ring
or via a flexible spacer unit.

To obtain flexible phosphonosulfonic acids, 1,2,4,5-
tetrakis(bromomethyl)benzene (1) was chosen as starting
material. Nucleophilic substitution of the bromides with
triethyl phosphite7 or sodium sulfite® at the benzyl positions
has proven to be an efficient tool to introduce -PO;H; and
-SO;H groups.

The synthesis of new rigid phosphonosulfonic acids is based on
combining different synthetic approaches. Previously
sulfonation of benzenephosphonic acid has been reported to
give 3-phosphonobenzenesulfonic acid and

J. Neame., 2013, 00, 1-3 | 1
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5-phosphonobenzene-1,3-disulfonic acid (23).2 But
sulfonation of aromatic phosphonic acids has two major draw
backs: long reaction times up to 35d and only meta-
substitution due to the electron withdrawing effect of the
phosphonic acid group. Therefore Montoneri et al. synthesized
4-phosphonobenzenesulfonic  acid using a  different
approach.“ 4-Bromobenzenesulfonic acid ethyl ester was
synthesized from the respective sulfonic acid chloride and
sodium ethanolate. The obtained arylbromide was converted
with triethyl phosphite and nickel(ll) chloride to the respective
arylphosphonic acid diethyl ester. This synthesis is known as
Tavs reaction.”® Hydrolysis of the diester vyielded 4-
phosphonobenzenesulfonic acid.

Sulfonation of arylbromides and bromination of arylsulfonic
acids were chosen to obtain a large variety of different
bromobenzenesulfonic acids. Compared to arylphosphonic
acids, many different arylbromides are commercially available
and the electron donating effect of the bromine allows ortho-
and para-sulfonation in short reaction times. Followed by a
modified Tavs reaction using microwave-assisted heating, the
respective phosphonobenzenesulfonic acids were obtained.
Synthesis of flexible phosphonosulfonic acids

Although 1,2,4,5-tetrakis(boromomethyl)benzene (1) s
commercially available, it was synthesized from durene
(1,2,4,5-tetramethylbenzene) according to a literature
procedure.”® Nucleophilic substitution of 1 was performed
with two equivalents of triethyl phosphite. Two equivalents
were chosen to get di-substituted phosphonic acid ethyl
esters. The remaining bromomethylene groups would allow
nucleophilic substitution with sodium sulfite to introduce
sulfonic acid groups.

lﬂ

Oép,OE! E&V,O O,\P,OEI O:P,OE(

“OEt EtO” “OEt “OEt
; ; t
3

EtO,
Et0" 0 y 0 “OEt
2
3% not isolated 3%
0, Ot 0, OEt  EO, .0 Oy OEt
‘P‘oea \P‘oa Eto"{ \P‘oeu
. EO _OEt  EtO, _OEt

Et0" SO 0” “OEt Et0" SO 0O “OEt
5 6 7
27% 17 % not isolated

Scheme 1 Nucleophilic substitution of 1,2,4,5-tetrakis(bromomethyl)benzene (1) with
two ival triethyl phosphite. a) P(OEt), toluene, 12 h reflux.

2| J. Name., 2012, 00, 1-3
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Due to very similar reactivities of the bromomethylene groups
in starting material and products, a mixture of the starting
material and six different phosphonic acid ethyl esters (mono-,
di-, tri- and tetra-phosphonic acid diethyl esters) was obtained.
Column chromatography of the mixture yielded pure mono-
substituted phosphonic acid diethyl ester 5 in the first fraction,
a mixture of di-substituted 2, 3 and 4 in the second fraction
and pure tri-substituted phosphonic acid diethyl ester 6 in the
third fraction. The tetra-substituted phosphonic acid diethyl
ester 7 was not isolated. A mixture of the di-substituted esters
2 and 4 were obtained from the second fraction by
crystallization. Column chromatography of this mixture yielded
pure 2 and pure 4. Fortunately 3 did not crystallize because
separation of 2 from 3 or 4 via column chromatography is
possible but separation of 3 from 4 was not successful even
after several attempts. Nevertheless, these purification
procedures reduced the yields, especially for the di-substituted
phosphonic acid diethyl esters 2 and 4.

The 'H-NMR and *C-NMR spectra of 2 and 4 are very similar
and differ only by the chemical shift of the signals. NOESY
experiments of both isomers were performed for unequivocal
assignment. In case of isomer 2 a NOE interaction was
observed between the protons of the bromomethylene group
and the phosphonic acid diethyl ester methylene group. Such a
NOE interaction was not found for isomer 4. Also, a doublet of
a doublet is observed for the *C-NMR signal of the methylene
carbon atom connected to the phosphorus atom for isomer 4.
The coupling constants could be assigned to *J and *J coupling
with the respective phosphorus atom. For the respective
carbon atom of isomer 2, only a doublet with a *J coupling is
observed. The °J coupling to the second phosphorus atom
seems to be too small.

It is important to notice that tri-substituted phosphonic acid
diethyl ester 6 should be used as fast as possible for further
reactions. Ethanol impurities originating from column
chromatography were difficult to remove and tended to react
in a nucleophilic substitution of the bromide after some time.
The respective ether was observed via 'H-NMR spectroscopy
and El mass spectrometry.

The desired phosphonobenzenesulfonic acids 8, 9, 10 and 11
were obtained by introduction of sulfonic acid groups and
hydrolysis of the phosphonic acid diethyl esters. Sulfonic acid
groups were introduced by nucleophilic substitution of the
bromides in 2, 4, 5 and 6 with sodium sulfite. The respective
phosphonic acid diethyl esters was dissolved in acetone, added
to a saturated sodium sulfite solution in water and heated for
12 h. A saturated solution was used to reduce nucleophilic side
reaction with water. After removing acetone, conc.
hydrochlorid acid was added to hydrolyze the phosphonic acid
diethyl ester and to decompose sodium sulfite. After removing
conc. hydrochloric acid, dimethylsulfoxide was added to
dissolve the respective phosphonobenzenesulfonic acid. The
majority of sodium chloride remained undissolved and was
removed by filtration. The acids were precipitated by adding
dichloromethane and filtered off. Since it is difficult to know
whether the respective acids or sodium salts were obtained,
ion exchange was used to remove sodium ions. The four

This journal is © The Royal Society of Chemistry 20xx
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desired phosphonobenzenesulfonic acids 8, 9, 10 and 11 were
obtained as colourless solids.

. O\\p,OEI . Oep,OEt Oep,OEl

“OEt “OEt “OEt
EtO, _OEt
d ’ Et0" S0 Br oot
a) a) a) a)
SOH  POH, SOH  POH; SOH  POsH, SOH  POH,
SOH  SOH POH; SOH SOH  POH, POH; POH;
8 9 10 1
64% 75% 82% 87%

Scheme 2 Nucleophilic substitution of the bromides with sodium sulfite followed by
hydrolysis of the phosphonic acid diethyl esters. a) 1. Na;50sq), acetone, 12 h, 100 °C;
2. HCl4q), 2 d, 120°C; 3. ion exchange.

Synthesis of rigid phosphonosulfonic acids

The general procedure for the preparation of different
phosphonobenzenesulfonic acids can be divided into two
steps: synthesis of bromobenzenesulfonic acids and Tavs
reaction to introduce the phosphonic acid groups. Different
approaches to obtain  tri- and  tetra-substituted
bromobenzenesulfonic acids will be discussed.

5-Bromobenzene-1,3-disulfonic acid (13) was synthesized by
bromination of benzenedisulfonic acid disodium salt (12). The
starting material 12 was dissolved in conc. sulfuric acid and
brominated with N-bromosuccinimide (NBS). Unbrominated
starting material and dibrominated benzenedisulfonic acid
were obtained as byproducts depending on the reaction time
and the amount of NBS used. Starting material 12 could be
separated by transferring product 13 into the organic layer
with tetra-n-butylammonium cations. Surprisingly, starting
material 12 stayed in the aqueous layer. Since this was not the
case for the dibrominated byproduct, the reaction conditions
were optimized to prevent double-bromination. Stirring
starting material 12 with 1.1 equivalents NBS for 12 h at room
temperature showed satisfying results. Cation-exchange after
workup yielded the desired 5-bromobenzene-1,3-disulfonic

acid (13).
NaOy SO;Na HOy! SO;H
oY
18

12 13
83%

Scheme 3 Bromination of benzenedisulfonic acid disodium salt (12). a) 1. NBS, conc.
sulfuric acid, 12 h, room temp.; 2. ion exchange.

In a similar approach, benzenesulfonic acid was reacted with
NBS to obtain 3,5-dibromobenzenesulfonic acid (16). But only
a mixture of different dibrominated benzenesulfonic acids was
obtained due to the electron-donating effect of the first

This journal is @ The Royal Society of Chemistry 20xx
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substituted bromine. Since separation was too difficult,
another approach using ipso-sulfonation of a
trimethylsilylbenzene was tried.”’ 3,5-Dibromo-1-
(trimethylsilyllbenzene (14) was treated with trimethylsilyl
chlorosulfonate to give 3,5-dibromobenzenesulfonic acid (16).
The +| effect of the trimethylsilyl group surpasses the +M
effect of the bromine atoms and enables an ipso-substitution.
The addition of aqueous sodium hydroxide is necessary to
hydrolyze the sulfonic acid trimethylsilyl ester intermediate 15.

o SiMes
SiMe, o=$=0 SO,H

Q, = Q, > O

Br’ Br Br’ Br Br’ Br
14 15 16

85%

Scheme 4 jpso-Sulfonation of 14. a) CISO;SiMe;, 1,2-dichloroethane, 2 d, 90°C; b) 1.
NaOH,q; 2. ion exchange.

acid was
28

Another tri-substituted bromobenzenesulfonic
obtained by using a modification of a published procedure.
1,4-Dibromobenzene (17) was sulfonated with fuming sulfuric
acid (20-30% SO;) to give 2,5-dibromobenzenesulfonic acid
(18). After stirring for 2 h at 150 °C, the suspension became a
clear solution. A mixture of mono- and disulfonated
dibromobenzenes was obtained in a ratio of 3:2. Optimization
of the reaction conditions in favor of the mono-sulfonated
product 18 was not successful. Using a weaker sulfonation
agent like conc. sulfuric acid led to unexplainable side
reactions. Reducing the reaction time favored mono-
sulfonation but at the same time not all starting material 17
was converted. Nevertheless, 2,5-dibromobenzenesulfonic
acid (18) was obtained after separation from disulfonated
byproducts 19 and 20.

Br Br
Q=™
—
Br Br
17 18

45 %

Scheme 5 Mono-sulfonation of 1,4-dibromobenzene (17). a) 1. Fuming sulfuric acid (20
-30% SO;), 2 h, 150 °C; 2. ion exchange.

As described in the Iiteraturezg, double-sulfonation of 1,4-
dibromobenzene (17) gives two isomers which are perfect
precursor  for  the synthesis  of  tetra-substituted
phosphonobenzenesulfonic acids.

Br Br Br
a) HO,;S. SO4H SO.H
— +
HO;S
r r r
17 19 20

63 % 27 %

Scheme 6 Double-sulfonation of 1,4-dibromobenzene (17) to obtain isomers 19 and 20.
a) 1. Fuming sulfuric acid (20 - 30 % S0s), 24 h, 200 °C; 2. ion exchange.

By increasing the reaction time to 24 h and raising the
temperature to 200 °C, only the disulfonated isomers 2,5-
dibromobenzene-1,3-disulfonic acid (19) and 2,5-

J. Name., 2013, 00, 1-3 | 3
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dibromobenzene-1,4-disulfonic acid (20) were obtained.
Contrary to the literature, both isomers were characterized.

Double-sulfonation was also possible for 1,3-dibromobenzene
(21). Treatment with fuming sulfuric acid (65 % SO;) gave 4,6-
dibromobenzene-1,3-disulfonic acid (22). No disulfonated
isomer was observed as well as any mono- or triple-

sulfonation.
HO; H
2, =
R
Br Br Br Br
22

21
8%

Scheme 7 Double-sulfonation of 1,3-dibromobenzene (21). a) 1. Fuming sulfuric acid
(65 % SO5), 5 h, 120 °C; 2. ion exchange.

The second step to obtain tri- and tetra-substituted
phosphonobenzenesulfonic acids involves the introduction of
phosphonic acid groups. Conversion of the described
bromobenzenesulfonic acids in a modified Tavs reaction® gave
the respective phosphonic acid diethyl esters. Most common
reaction conditions for arylbromides and aryliodides in a Tavs
reactions are: high temperature (up to 200 °C), nickel(ll)
chloride as catalyst and triethyl phosphite as reagent and
solvent. But also changing the catalyst to palladium(ll) chloride
and using microwave-assisted heating showed promising
results in literature.>® Palladium(ll) chloride gave better yields
for bromoaryls in general and in the presence of a sterically
demanding group in ortho-position. Microwave-assisted
heating was chosen because the necessary high temperatures
(2 200°C) are easier to accomplish and the reaction time is
much shorter compared to ordinary heating.

These conditions were adapted for all Tavs reactions
performed. Nevertheless, some optimizations had to be
carried out to get satisfying results. Since acidity of the sulfonic
acid might be problematic for the reaction and the workup,
the respective tetra-n-butylammonium sulfonates were used.
In contrast to sodium sulfonates, the organic sulfonates
possess a better solubility and have a lower melting point.
Both aspects ensure that the sulfonate mixes and reacts with
triethyl phosphite. The synthesis of sulfonic acid esters, as
described by Montoneri et aI.", becomes irrelevant. The tetra-
n-butylammonium sulfonates are easy and fast to obtain by
treating the respective sulfonic acid with tetra-n-
butylammonium hydroxide.

This procedure was successfully used for the conversion of tri-
substituted bromobenzenesulfonic acids 13 and 16.
Subsequent hydrolysis of the respective phosphonic acid
diethyl esters with conc. hydrochloric acid gave
5-phosphonobenzene-1,3-disulfonic acid (23) and
3,5-diphosphonobenzenesulfonic acid (24).

4| J. Name., 2012, 00, 1-3
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HO,! H HO,! SOH
a)
r Hy
13 23

78%
SOH SO3H
5/@‘ - PQ
>
Br H.0y POH;
16 24
62 %

Scheme 8 Tavs reaction and hydrolysis to obtain 23 and 24. a) 1.NBu,OH; 2. P(OEt);,
PdCl;, MW; 3. HCl(,q); 4. ion exchange.

An unexpected side reaction reduced the yields of the three
phosphonobenzenesulfonic acids 25, 26 and 27 significantly.
An ethylphosphinic acid ethylester group was partly
introduced instead of the desired phosphonic acid diethyl
ester group.

i
Ar—P\
< o—
Scheme 9 The observed ethylphosphinic acid ethyk group.

'H-NMR spectra showed characteristic signals for an ethyl
group connected directly to a phosphorus atom and a second
set of aromatic signals. For all three cases, integration of the
signals showed that the byproduct possesses one
ethylphosphinic acid ethylester group and one phosphonic
acid diethyl ester group. It remains unclear why and how this
side reaction takes place. But it was observed only when a
sulfonate group was in ortho position to a bromine atom.

After ester hydrolysis, the phosphinic acid byproducts could be

separated by recrystallization. Pure 2,5-
diphosphonobenzenesulfonic acid (25), 2,5-
diphosphonobenzene-1,4-disulfonic acid (26) and 4,6-

diphosphonobenzene-1,3-disulfonic acid (27) were obtained.

POH,
H H
a)
Hy
18 25
47 %
POsH;
H a) H
—
HO HO,S
Hy
20 26
40 %
no,s)@(so,u a) SOH
Br Br H0f POH,
22 27
3%

Scheme 10 Synthesis of phosph b slfonic acids 25, 26 and 27. a) 1.NBusOH;
2. P(OEt);, PdCl,, MW; 3. HCli,q); 4. ion exchange.
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Different side reactions were observed during the synthesis of
2,5-diphosphonobenzene-1,3-disulfonic acid (28). The Tavs
reaction at the bromine in 5-position works very well but the
conversion of the bromine in 2-positon is very slow. 'H-NMR
spectra suggested that either the bromine atom did not react
at all or it was substituted by a hydrogen atom. The desired
product 28 was obtained in a mixture which mainly contains
byproducts 29 and 23. 2,5-Diphosphonobenzene-1,3-disulfonic
acid (28) could be obtained by recrystallization in low yield.

POsH, Br
HOS SoH ) no;s@,so,u no;\@,so;u Ho,s\@so,n
+ +
POH, POH, POH,
19 28 29 23
5% not isolated nol isolated

Scheme 11 Synthesis of 2,5-diphosphoncbenzene-1,3-disulfonic acid (28) with non-
isolated byproducts 29 and 23. a) 1.NBu,OH; 2. P(OEt);, PdCl,, MW; 3. HClyy); 4. ion
exchange.

Synthesis of a La-based coordination polymer

High-throughput  experiments were performed using
La(NO3);-6H,0 and flexible linker 9.3 A new La-based CP with
the composition [Las(H;L)s(H;0)s] was obtained. The crystal
structure of this compound was determined from single-crystal
X-ray diffraction data and phase purity was confirmed by
powder X-ray diffraction (see Supporting Information Fig. S1}.
The compound [Las(H,L)s(H;0)g] crystallizes in the monoclinic
space group C2/m. The asymmetric unit contains two La® ions,
two linker molecules on special positions and four water
molecules (see Figure 1).

Figure 1 Extended asymmetric unit of compound [Las(HsL)3(H:0)s] with 50% thermal
ellipsoids. La-O bonds are presented by dashed lines. H atoms are omitted for clarity.
[Symmetry code: (i) x + 0.5,y + 0.5, z; (i) x + 0.5,y - 0.5, z; {iii) x1 - y, z; (W) x, -y, z;
vMxy-1,2]

Both La* ions (Lal and La2) are eightfold coordinated by two
water molecules and six oxygen atoms from five or four
different linker molecules for Lal and La2, respectively. Due to
statistical incorporation of phosphonate and sulfonate groups
the structure was refined with an occupancy of 0.5 for sulfur

This journal is © The Royal Society of Chemistry 20xx
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and phosphorus atoms at  each position. All
sulfonate/phosphonate groups coordinate two La> ions in a
[2, 1 1 0] fashion and connect the linker molecule to six La®
ions (Fig. S2). Every La®* ion is bound to two other La* ions by
three sulfonic/phosphonic groups, forming chains along the b
axis (Figure 2}.

- b

Figure 2 Excerpt of the structure of [La,{H;L}s(H:;0)s]. Chains are formed by
interconnections of La* ions through sulfonate/phosphonate groups. LaOg polyhedra in
light blue and sulfonate/phosphonate groups as purple tetrahedra.

Each chain is interconnected via the organic moieties to three
other chains and a doublelayer in the a-b plane with diamond
shaped pores is built (see Figure 3). Calculation of the Connolly
surface results in one-dimensional pores (see Sl Fig. S3).

Figure 3 Excerpt of the structure of [Las(H:L)s(H20)s]. Doublelayer, in the a-b plane
with diamond shaped pores along the b axis. The orange sphere with a diameter of
68A light blue and
sulfonic/phosphonic groups as purple tetrahedra.

is used for easier visualisation. LaOs polyhedra in

Taking the van der Waals radii into account, the diameter of
the pores is 3.8 A (see Fig. 54). Considering the IR-spectra as
well as the synthesis condition the pores are filled with
disordered water molecules. Based on the distances between
oxygen atoms in the crystal structure, the presence of
hydrogen bonds can be postulated. Thus, the doublelayers are
connected by hydrogen bonds between the oxygen atoms O1
and 02 which are two coordinating water molecules
connected to Lal and La2, respectively, and 010 (Tab. S2). The
latter oxygen atom (010) belongs to a sulfonate/phosphonate
group. Due to charge balancing, two protons must be present
in the structure. Since these could not be localised, we
postulate that —PO;H groups are formed, which is supported
by IR spectroscopy (Fig. S5). The presence of hydrogen

J. Name., 2013, 00, 1-3 | 5
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acceptor and donor groups in combination with the
coordinating water molecules within the pores makes this CP a

potential candidate for proton conduction.

Conclusions

In summary, ten aromatic building blocks (8-11, 23-28) with
phosphonic and sulfonic acid groups were synthesized in batch
sizes and up to several grams. For the literature-known
building block 23, complete characterization and a new
synthetic route was provided. Building blocks 8-11 possess a
flexible methylene unit between each functional group and the
benzene ring. The more rigid building blocks 23-28 have their
functional groups directly connected to the benzene ring. Due
to the coordinating ability of phosphonic and sulfonic acid
groups, all ten building blocks might be used as linkers for CP
or MOF synthesis. First attempts used flexible building block 9
as a linker in high-throughput experiments with
La(NO;);:6H,0. A new La-based CP with the composition
[La,(H,L)5(H,0)s] Single-crystal  X-ray
diffraction data showed free hydrogen acceptor and donor

was discovered.

groups within the pores. These results indicate the potential of
these new organic building blocks for the preparation of
proton conducting materials.
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1. Linker Synthesis

General remarks: All commercially available reagents were used without further purification:
benzene-1,3-disulfonic acid disodium salt (94 %, Alfa Aesar), N-bromosuccinimide (99 %,
Alfa Aesar), 1,3-dibromobenzene (97 %, chemPUR), 1,4-dibromobenzene (98 %, Alfa
Aesar), 3,5-dibromo-1-(trimethylsilyl)benzene (97 %, TCI), 1,2-dichloroethane (anhydrous
99.8 %, VWR), calcium hydroxide (95 %, Alfa Aesar), Dowex 50WX8 hydrogen form (200-
400 mesh, Sigma Aldrich), fuming sulfuric acid 20 - 30 % SO; (abcr), fuming sulfuric acid
65 % SO; (VWR), palladium(ll) chloride (99.9 %, Alfa Aesar), sodium iodide (99+%, Alfa
Aesar), sodium sulfite (98 %, Sigma Aldrich), tetra-n-butylammonium bromide (99 %, Sigma
Aldrich), tetra-n-butylammonium hydroxide 40 % in water (Sigma Aldrich), tetra-n-
butylammonium iodide (98 %, Alfa Aesar), triethyl phosphite (98 %, Alfa Aesar), trimethylsilyl
chlorosulfonate (99 %, Sigma Aldrich). 1,2,4,5-Tetrakis(bromomethyl)benzene (1) was
prepared according to a literature procedure.! Solvents were distilled before use. Column
chromatography was carried out with silica gel (Macherey-Nagel, particle size 0.04-0.063
mm). Melting points were measured with a Gallenkamp MPD350.BM2.5 instrument. NMR
spectra were recorded with a Bruker DRX 500 instrument and assignments were supported
by COSY, HSQC and HMBC. *H-NMR signals of acidic protons were listed with the expected
number of protons, even if the integral was much larger due to moisture. Even when spectra
were obtained as broad-band decoupled **C-NMR, the type of *C signal is always listed as
singlet, doublet, etc. Additionally, the multiplicities for **P-coupled ‘*H-decoupled **C signals
are given in square brackets and the coupling constants were assigned if possible. All
chemical shifts are referenced to the residual proton or carbon of the solvent. EI mass
spectra and HRMS were recorded with a JEOL AccuTOF GCV 4G. ESI mass spectra were
recorded with an Applied Biosystems Mariner 5280. IR spectra were recorded with a Perkin-
Elmer Spectrum 100 spectrometer equipped with a Golden Gate Diamond ATR unit A-531-
G. All IR spectra containing sulfonic acids were dominated by three typical broad bands
besides the fingerpint section. Elemental analyses (EA) were carried out with a Euro EA
3000 Elemental Analyzer from Euro Vector. For Microwave synthesis, a CEM Discover SP

was used.

Procedure for the syntheses of phosphonic acid diethyl esters 2, 4,5 and 6

To a solution of 1,2,4,5-tetrakis(bromomethyl)benzene (1, 15.0 g. 33.33 mmol) in toluene
(400 mL) was added triethyl phosphite (11.4 mL, 66.66 mmol) and the mixture was heated to
reflux for 12 h. The solvent was evaporated in vacuo. To obtain the desired products, the
residue was purified by column chromatography using a gradient of three different solvents.

Starting with cyclohexane/ethyl acetate (2:1) as eluant, the unreacted starting material 1 was

234
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separated. By slowly switching to cyclohexane/ethyl acetate (1:2), the mono-substituted
product 5 was eluated. The gradient was changed to pure ethyl acetate and ethanol was
gradually added to eluate the di-substituted products 2, 3 and 4 with ethyl acetate/ethanol
(95:5). Tri-substituted product 6 was obtained with ethyl acetate/ethanol (65:35) as eluant.
Solvents were removed in vacuo and the residue of the di-substituted products 2, 3 and 4
were dissolved with tert-butyl methyl ether (10 mL) and kept at 5°C for 7 d. Colourless
crystals, a mixture of 2 and 4, were obtained by filtration. The mixture was purified by column
chromatography (ethyl acetate/ethanol 98:2). 2, 4 and 5 were obtained as colourless solids

and 6 as a colourless oil.

[2,4,5-Tris(bromomethyl)phenyllmethylphosphonic acid diethyl ester (5)
Br PO;Et,

Br Br

Yield: 4.61 g (9.09 mmol, 27 %)
M. p.: 76 °C

'H-NMR (500 MHz, 300 K, CDCls): & = 7.35 (s, 1H, Ar-3-H), 7.30 (d, “Jup = 2.8 Hz, 1H,
Ar-6-H), 4.65 (s, 2H, Ar-2-CHy), 4.61 (s, 2H, Ar-5-CH,), 4.60 (s, 2H, Ar-4-CH,), 4.04 (m, 4H,
P-O-CHy), 3.31 (d, “Jup = 22.0 Hz, 2H, Ar-1-CH,), 1.27 (t, ®J = 7.1 Hz, 6H, CH,) ppm.

13C-NMR (125 MHz, 300 K, CDCl3): 6 = 138.0 (s[dp], *Jcp = 6.3 Hz, Ar-2-C), 137.3 (s[dp],
“Jc.p = 3.8 Hz, Ar-5-C), 136.0 (s[dp], *Jc.r = 4.0 Hz, Ar-4-C), 134.5 (d[dp], *Jcr = 5.6 Hz, Ar-6-
C), 133.5 (d[dp], “Jc.r = 3.2 Hz, Ar-3-C), 132.7 (s[dp], 2Jc.p = 9.5 Hz, Ar-1-C), 62.6 (t[dp], Jcp
= 6.8 Hz, P-O-CH,), 31.1 (t, Ar-2-CH,), 30.8 (t[dp], *Jc.p = 137.6 Hz, Ar-1-CH,), 29.2 (t, Ar-
4,5-CH,), 16.6 (q[dp], 3Jc.p = 6.0 Hz, CH3) ppm.

3P.NMR (202 MHz, 300 K, CDCl3): 24.4 (s, 1P, POsEt,) ppm.

MS (El): m/z = 510, 508, 506, 504 (1.2, 3.6, 3.7, 1.3) [M]™, 429, 427, 425 (27.5, 56.1, 28.6)
[M -Br]", 347, 345 (94.1, 77.9) [M -H -2Br]", 267 (80.8) [M -3Br]", 211 (100) [M -3Br -C,4Hg]""

HRMS (EI): m/z=  Cy4Hz°Br,"'BrOsP calcd. 505.8680; found 505.8682 (A <0.4 ppm);

Ci14H20"°Br¥*Br,04P calcd. 507.8659; found 507.8664 (A 0.9 ppm).
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IR (ATR): V = 3044 (aryl-H val.), 2978, 2903 (CH,-val.), 1508 (arom. C=C), 1439 (CH,-def.)

cm™.

EA

(C14H20Br05P) (506.99): calcd. C 33.17 H 3.98;

(C14H2()Br303P - 0.166 C4H802) (52168) calcd. C 33.77 H 412,

found C 33.78 H 4.05.
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4 Linker-Synthese und PSM zur Darstellung von protonenleitfahigen MOFs

[2,5-Bis(bromomethyl)-benzene-1,4-diyllbis(methylphosphonic acid diethyl ester) (2)

r PO3Et2

p03Et2 Br
Yield: 602 mg (1.07 mmol, 3 %)
M. p.: 115°C
'H-NMR (500 MHz, 300 K, CD,Cl,): 6 = 7.28 (d, *J..p = 1.8 Hz, 2H, Ar-3,6-H), 4.68 (s, 4H,
Ar-2,5-CH,), 4.00 (m, 8H, P-O-CH,), 3.31 (d, 2Ju.p = 20.4 Hz, 4H, Ar-1,4-CH,), 1.24 (t, %J =
7.1 Hz, 12H, CHs) ppm.
13C-NMR (125 MHz, 300 K, CD,Cl,): 6 = 138.0 (s, Ar-2,5-C), 134.5 (d, Ar-3,6-C), 131.3 (s,
Ar-1,4-C), 62.9 (tfmp], P-O-CH,), 32.1 (t, Ar-2,5-CH,), 31.0 (f[dp], Jcp =137.9 Hz,
Ar-1,4-CH,), 16.8 (g[mp], CH3) ppm.

$P-NMR (202 MHz, 300 K, CD,Cl,): 24.4 (s, 2P, POsEt,) ppm.

MS (EI): m/z = 566, 564, 562 (0.9, 1.9, 1.0) [M]™, 485, 483 (21.0, 21.4) [M -Br]*, 403 (86.7)
[M -H -2B1]", 375 (100) [M -2Br -C,Hs]""

HRMS (El): m/z=  CygHso"°Br¥!BrOgP, calcd. 563.9864; found 553.9838 (A 4.6 ppm).
IR (ATR): Vv = 2980, 2905 (CH,-val.), 1508 (arom. C=C), 1440 (CH,-def.) cm™.

EA (C18H30Br,0O¢P5) (564.18): calcd. C 38.32 H 5.36;
found C 38.71 H 5.52.
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—24.44
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$p_NMR (202 MHz, 300 K, CD,Cly) of 2

[4,5-Bis(bromomethyl)-benzene-1,2-diyllbis(methylphosphonic acid diethyl ester) (4)

r PO3Et2

Br PO3Et2
Yield: 584 mg (1.04 mmol, 3 %)
M. p.: 107 °C

'H-NMR (500 MHz, 300 K, CD,Cl,): 6 = 7.27 (d, *Jup = 1.9 Hz, 2H, Ar-3,6-H), 4.64 (s, 4H,
Ar-4,5-CH,), 4.00 (m, 8H, P-O-CH,), 3.37 (d, 2Ju.r = 20.4 Hz, 4H, Ar-1,2-CH,), 1.24 (t, %J =
7.1 Hz, 12H, CHz) ppm.

¥C-NMR (125 MHz, 300 K, CD,Cl,): & = 135.9 (s, Ar-4,5-C), 134.7 (d, Ar-3,6-C), 133.6
(s[mp], Ar-1,2-C), 62.8 (ffmp], P-O-CH,), 32.5 (t[dpdp], *Jcp =137.1 Hz, “Jcp = 1.5 Hz,

Ar-1,2-CH,), 30.2 (t, Ar-4,5-CH,), 16.8 (q[mp], CHs) ppm.
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4 Linker-Synthese und PSM zur Darstellung von protonenleitfahigen MOFs

3Ip_NMR (202 MHz, 300 K, CD,Cl,): 25.4 (s, 2P, POsEt,) ppm.
MS (El): m/z = 566, 564, 562 (3.4, 7.0, 3.6) [M]™, 485, 483 (100, 99.3) [M -Br]".
HRMS (EI): m/z = C1gH30"°Br,0gP- calcd. 561.9884: found 561.9882 (A 0.5 ppm);

CisH30"°Br¥'BrOgP, calcd. 563.9864; found 563.9864 (A <0.1 ppm);
Ci1sH30*'Br,0gP; calcd. 565.9843; found 565.9849 (A 1.0 ppm).

IR (ATR): V =2979, 2926 (CH.-val.), 1508 (arom. C=C), 1474, 1441 (CH,-def.) cm™.

EA (C18H30Br,0¢P>) (564.18): calcd. C 38.32 H 5.36;
found C 38.51 H 5.58.
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4 Linker-Synthese und PSM zur Darstellung von protonenleitfahigen MOFs

[5-(Bromomethyl)-benzene-1,2 4-triyl]tris(methylphosphonic acid diethyl ester) (6)

r PO3Et2

PO;Et, PO;Et,
Yield: 3.52 g (5.66 mmol, 17 %)
M. p.: Oil

'H-NMR (500 MHz, 300 K, CD,Cl,): & = 7.25 (Mg, 1H, Ar-6-H), 7.18 (m, 1H, Ar-3-H), 4.67 (s,
2H, Ar-5-CH,), 4.00 (m, 12H, P-O-CH,), 3.36 (d, 2Ju.» = 20.7 Hz, 2H, Ar-2-CH,), 3.34 (d,
23p = 20.2 Hz, 2H, Ar-1-CH,), 3.27 (d, 2Ju.p = 21.7 Hz, 2H, Ar-4-CH,), 1.26-1.21 (m, 18H,
CHs) ppm.

B3C-NMR (125 MHz, 300 K, CD,Cl,): & = 136.1 (s[mp], Ar-5-C), 135.2 (d[ms], Ar-3-C), 134.3
(d[me], Ar-6-C), 133.0 (s[mp], Ar-2-C), 131.5 (s[mg], Ar-1-C), 130.7 (s[m], Ar-4-C), 63.0-62.7
(tfmg], P-O-CH,), 32.5 (t, Ar-5-CH,), 31.5 (t[ds], *Jc.p = 135.9 Hz, Ar-1-CH,), 31.3 (t[de], Yep
= 136.7 Hz, Ar-2-CH,), 30.9 (t[d], *Jc.p = 137.3 Hz, Ar-4-CH.,), 16.8 (q[ms], CH3) ppm.

3P.NMR (202 MHz, 300 K, CD,Cl,): 25.9 (dd, °J = 9.0 Hz, 'J = 2.7 Hz, 1P, Ar-1-CH,-P), 25.9
(dd, °J = 9.0 Hz, ®J = 8.5 Hz, 1P, Ar-2-CH,-P), 24.9 (dd, ®J = 8.5 Hz, 'J = 2.7 Hz, 1P, Ar-4-

CH,-P) ppm.

MS (EN): m/z = 622, 620 (0.1, 0.1) [M]*, 586 (5.5) [M -Br +C,HsO]", 557 (100) [(M -Br
+CzH50) 'CzH5]+', 529 (793) [(M -Br +C2H5O) 'C4H9]+'.

IR (ATR): V' =2980, 2930 (CH.-val.), 1507 (arom. C=C), 1478, 1443 (CH,-def.) cm™.
EA (C2oHa0BrOgP3) (621.37): calcd. C 42.52 H 6.49;

(CaH40BrOgPs - 2 C,HgO) (713.51): calcd. C 43.77 H 7.35;
found C 44.00 H 7.45.
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[5-(Phosphonomethyl)benzene-1,2,4-triyl]tris(methylsulfonic acid) (8)

O3H PO3H,

SO;H SO,H

To a saturated agueous solution of sodium sulfite (100 mL) was added water (25 mL) and
[2,4,5-tris(bromomethyl)phenyl]methylphosphonic acid diethyl ester (5, 6.30 g, 12.43 mmol)
dissolved in acetone (20 mL). The reaction mixture was stirred at 100 °C for 12 h. Acetone
was removed in vacuo and conc. hydrochloric acid (100 mL) was added to the aqueous
solution and the mixture was stirred at 120 °C for 2 d. The solvent was removed in vacuo and
the residue was treated with dimethyl sulfoxide (200 mL) to dissolve the product.
Undissolved sodium chloride was separated by filtration. The solution was poured into
dichloromethane (2000 mL) and the precipitate was collected by filtration. To exchange the
sodium ions, the residue was dissolved in water and rinsed over a column filled with ion-
exchange resin (Dowex 50WX8 hydrogen form). The eluate was concentrated and dried for

24 h at 60 °C in a vacuum oven, to yield a colourless solid.
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4 Linker-Synthese und PSM zur Darstellung von protonenleitfahigen MOFs

Yield: 3.59 g (7.91 mmol, 64 %)

M. p.: 250 °C (decomposition)

'H-NMR (500 MHz, 300 K, DMSO-d6): 6 = 8.80 (br. s, 5H, SOsH, PO3H,), 7.09 (s, 1H, Ar-3-
H), 7.08 (d, *Ju.p = 2.6 Hz, 1H, Ar-6-H), 4.09 (s, 2H, Ar-1-CH,), 4.05 (s, 2H, Ar-2-CH,), 4.00
(s, 2H, Ar-4-CH,), 3.25 (d, 2Jup = 21.0 Hz, 2H, Ar-5-CH,) ppm.

13C-NMR (125 MHz, 300 K, DMSO-d6): & = 135.7 (d[dp], “Jc.p = 2.0 Hz, Ar-3-C), 134.5 (d[d5],
3Jc.p = 4.9 Hz, Ar-6-C), 132.3 (s[dp], *Jc.p = 3.1 Hz, Ar-2-C), 131.9 (s[dp], *Jc.r = 3.8 Hz, Ar-1-
C), 131.5 (s[dp], “Jcp = 9.0 Hz, Ar-5-C), 131.4 (s[dp], *Jc.p = 5.7 Hz, Ar-4-C), 54.7 (t, Ar-4-
CHy,), 54.6 (t, Ar-1-CH,, Ar-2-CH,), 32.3 (t[dp], *Jc.p = 130.0 Hz, Ar-5-CH,) ppm.

3P.NMR (202 MHz, 300 K, DMSO-d6): 22.6 (s, 1P, PO3H,) ppm.

MS (ESlheg): M/z = 453 [M -HJ, 435 [M -H30] .

IR (ATR): Vv =2655, 2166 (br. O-H), 1655 (H;0"), 1508 (arom. C=C) cm™.

EA  (CioH1501,PS3) (454.39): caled. C 26.43 H 3.33 S 21.17;

(C10H15012PS3 - 4 H,0) (526.45): calcd. C 22.81 H 4.40 S 18.27,
found C 22.61 H 4.55 S 18.40.
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—22.62
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$p_NMR (202 MHz, 300 K, DMSO-d6) of 8

[2,5-Bis(phosphonomethyl)-benzene-1,4-diyllbis(methylsulfonic acid) (9)

O3H PO3H,

PO;H, SO,H

To a saturated aqueous solution of sodium sulfite (20 mL) was added water (5 mL) and [2,5-
bis(bromomethyl)-benzene-1,4-diyl]bis(methylphosphonic acid diethyl ester) (2, 878 mg,
1.56 mmol) dissolved in acetone (15 mL). The reaction mixture was stirred at 100 °C for
12 h. Acetone was removed in vacuo and conc. hydrochloric acid (40 mL) was added to the
aqueous solution and the mixture was stirred at 120 °C for 2 d. The solvent was removed in
vacuo and the residue was treated with dimethyl sulfoxide (50 mL) to dissolve the product.
Undissolved sodium chloride was separated by filtration. The solution was poured into
dichloromethane (500 mL) and the precipitate was collected by filtration. To exchange the
sodium ions, the residue was dissolved in water and rinsed over a column filled with ion-
exchange resin (Dowex 50WX8 hydrogen form). The eluate was concentrated to give yellow

oil which was dissolved in ethanol (3 mL). Acetonitrile (20 mL) was added and the solution
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was kept at 5 °C for 2 h. The precipitate was filtered and dried for 24 h at 60 °C in a vacuum

oven, to yield a colourless solid.
Yield: 532 mg (1.17 mmol, 75 %)
M. p.: 285 °C (decomposition)

'H-NMR (500 MHz, 300 K, DMSO-d6): & = 10.46 (br. s, 6H, SOsH, PO3sH,), 7.08 (s, 2H, Ar-
3,6-H), 3.97 (s, 4H, Ar-1,4-CH,), 3.21 (d, 2Jy.p = 19.7 Hz, 4H, Ar-2,5-CH,) ppm.

3C-NMR (125 MHz, 300 K, DMSO-d6): & = 134.6 (d[ms], Ar-3,6-C), 131.6 (s[ms], Ar-2,5-C),
131.1 (s[mg], Ar-1,4-C), 54.7 (t, Ar-1,4-CH,), 32.3 (t[ds], Jc.r = 130.6 Hz, Ar-2,5-CH,) ppm.

31p-NMR (202 MHz, 300 K, DMSO-d6): 22.0 (s, 2P, PO3H,) ppm.

MS (ESlneg): M/z = 453 [M -HJ, 435 [M -H50]J.

IR (ATR): V = 2753, 2249 (br. O-H), 1667 (H;0"), 1510 (arom. C=C) cm™.

EA (C10H16012P>S,) (454.30): calcd. C 26.44 H 3.55 S 14.12;

(C10H16012P2S; - 0.33 C,HsO - 0.33 H,0) (475.66): calcd. C 26.93 H 3.96 S 13.48;
found C 27.29 H 4.03 S 13.34.
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—21.95
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$p_NMR (202 MHz, 300 K, DMSO-d6) of 9

[4,5-Bis(phosphonomethyl)-benzene-1,2-diyl]bis(methylsulfonic acid) (10)

O3H PO3H,

SO;H PO;H,

To a saturated aqueous solution of sodium sulfite (10 mL) was added water (2.5 mL) and
[4,5-bis(bromomethyl)-benzene-1,2-diyl]bis(methylphosphonic acid diethyl ester) (4, 342 mg,
606 umol) dissolved in acetone (10 mL). The reaction mixture was stirred at 100 °C for 12 h.
Acetone was removed in vacuo and conc. hydrochloric acid (30 mL) was added to the
aqueous solution and the mixture was stirred at 120 °C for 2 d. The solvent was removed in
vacuo and the residue was treated with dimethyl sulfoxide (50 mL) to dissolve the product.
Undissolved sodium chloride was separated by filtration. The solution was poured into
dichloromethane (500 mL) and the precipitate was collected by filtration. To exchange the
sodium ions, the residue was dissolved in water and rinsed over a column filled with ion-
exchange resin (Dowex 50WX8 hydrogen form). The eluate was concentrated to give yellow

oil, which was dissolved in ethanol (3 mL). Acetonitrile (20 mL) was added and the solution
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was kept at 5 °C for 2 h. The precipitate was filtered and dried for 24 h at 60 °C in a vacuum

oven, to yield a colourless solid.
Yield: 225 mg (495 umol, 82 %)
M. p.: >300 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): & = 9.95 (br. s, 6H, SO3H, PO3H,), 7.07 (s, 2H, Ar-
3,6-H), 4.03 (s, 4H, Ar-1,2-CH,), 3.13 (d, 2J,.» = 20.3 Hz, 4H, Ar-4,5-CH,) ppm.

3C-NMR (125 MHz, 300 K, DMSO-d6): & = 134.6 (d[ms], Ar-3,6-C), 132.2 (s[me], Ar-1,2-C),
130.4 (s[mg], Ar-4,5-C), 54.7 (t, Ar-1,2-CH,), 32.3 (t[ds], Jc.p = 131.5 Hz, Ar-4,5-CH,) ppm.

3Ip-NMR (202 MHz, 300 K, DMSO-d6): 22.2 (s, 2P, PO3H,) ppm.

MS (ESlneg): M/z = 453 [M -HJ, 435 [M -H50]J.

IR (ATR): V' =2957 (br. O-H), 1657 (H;0"), 1513 (arom. C=C) cm™.

EA (C10H16012P»S>) (454.30): calcd. C 26.44 H 3.55 S 14.12;

(C10H16012P2S; - 0.2 C,HO - 0.2 H,0) (467.12): calcd. C 26.74 H 3.80 S 13.73;
found C 26.47 H 3.77 S 13.36.
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[2,4,5-Tris(phosphonomethyl)phenyllmethylsulfonic acid (11)

O3H PO;H,

PO;H, PO;H,

To a saturated aqueous solution of sodium sulfite (40 mL) was added water (10 mL) and [5-
(bromomethyl)-benzene-1,2,4-triylJtris(methylphosphonic acid diethyl ester) (6, 2.39g,
3.85 mmol) dissolved in acetone (15 mL). The reaction mixture was stirred at 100 °C for
12 h. Acetone was removed in vacuo and conc. hydrochloric acid (40 mL) was added to the
aqueous solution and the mixture was stirred at 120 °C for 2 d. The solvent was removed in
vacuo and the residue was treated with dimethyl sulfoxide (100 mL) to dissolve the product.
Undissolved sodium chloride was separated by filtration. The solution was poured into
dichloromethane (1000 mL) and the precipitate was collected by filtration. To exchange the
sodium ions, the residue was dissolved in water and rinsed over a column filled with ion-
exchange resin (Dowex 50WX8 hydrogen form). The eluate was concentrated and dried for

24 h at 60 °C in a vacuum oven, to yield a colourless solid.
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Yield: 1.52 g (3.35 mmol, 87 %)

M. p.: 246 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): 6 = 8.08 (br. s, 7H, SOsH, PO3H,), 7.09 (s, 1H, Ar-6-
H), 7.06 (m¢, 1H, Ar-3-H), 3.90 (s, 2H, Ar-1-CH,), 3.19 (d, 2Jup = 20.3 Hz, 2H, Ar-2-CH,),
3.11 (d, 2Ju.p = 20.3 Hz, 4H, Ar-4,5-CH,) ppm.

3C-NMR (125 MHz, 300 K, DMSO-d6): 6 = 134.8 (d[mp], Ar-6-C), 133.4 (d[mg], Ar-3-C),
131.6 (s[mp], Ar-1-C), 131.3 (s[mp], Ar-2-C), 130.6 (s[mp], Ar-4-C), 129.9 (s[mp], Ar-5-C), 54.7
(t, Ar-1-CH,), 32.3 (t[dp], *Jcp = 129.8 Hz, Ar-2-CH,), 32.2 (t[dg], *Jcp = 132.8 Hz, Ar-4,5-
CHy,) ppm.

3P.NMR (202 MHz, 300 K, DMSO-d6): 21.9 (m¢, 3P, PO3H,) ppm.

MS (ESlneg): m/z = 453 [M -HJ', 435 [M -H30].

IR (ATR): Vv = 2752, 2291 (br. O-H), 1505 (arom. C=C) cm™.

EA (C1oH1701,P5S) (454.22): calcd. C 26.44 H 3.77 S 7.06;
found C 26.53 H 3.76 S 7.20.
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2,5-Dibromobenzenesulfonic acid (18)

SO;H

Br
Fuming sulfuric acid (20 - 30 % SOs3) (10 mL) was added to 1,4-dibromobenzene (17, 5.0 g,
21.2 mmol) under nitrogen atmaosphere. The suspension was stirred at 150 °C until it became
a dark brown solution (ca. 2 h). The reaction mixture was poured carefully into ice-cold water
(100 mL). After treating the mixture with saturated aqueous sodium hydrogen carbonate
solution until pH = 7 was reached, the water was evaporated in vacuo and the residue was
dried for 2 d at 60 °C in a vacuum oven. Methanol (1000 mL) was added to the dry solid and
the suspension was heated to 60 °C. Undissolved sodium sulfate was separated by filtration
and the solvent was evaporated in vacuo. The residue was mixed with 2 M agueous sodium
hydroxide (200 mL) and water (50 mL) to give a suspension, which was stirred at 50 °C for
1 h. After 15 h at room temp., the undissolved solid was filtered off to give the sodium salt as
a colourless solid (2.60 g). Concentration of the mother liquor to 50 % of the volume led to
precipitation. Filtration gave about 800 mg of additional product. To exchange the sodium

ion, the combined residue was dissolved in water and rinsed over a column filled with ion-
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exchange resin (Dowex 50WX8 hydrogen form). The eluate was concentrated and dried for

24 h at 60 °C in a vacuum oven, to yield a colourless solid.

Yield: 3.01 g (9.53 mmol, 45 %) (Lit.*: 86 % of the sodium salt)

M. p.: 138 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): & = 8.00 (d, *J = 2.6 Hz, 1H, Ar-6-H), 7.53 (d, 3J =
8.4 Hz, 1H, Ar-3-H), 7.42 (dd, 3J = 8.4 Hz, *J = 2.6 Hz, 1H, Ar-4-H), 6.67 (br. s, 1H, SO3H)

ppm.

3C-NMR (125 MHz, 300 K, DMSO-d6): & = 148.8 (s, Ar-1-C), 135.9 (d, Ar-3-C), 132.8 (d, Ar-
4-C), 131.4 (d, Ar-6-C), 119.8 (s, Ar-5-C), 118.7 (s, Ar-2-C) ppm.

MS (El): m/z = 318, 316, 314 (52, 100, 50) [M]".
HRMS (EI): m/z=  CgH,"°Br,05S calcd. 313.8248; found 313.8243 (A 1.5 ppm);

CeH,"°Br¥*BrOsS calcd. 315.8227; found 315.8222 (A 1.7 ppm);
CeH,®'Br,03S calcd. 317.8207; found 317.8202 (A 1.6 ppm).

IR (ATR): v =3087 (aryl-H val.), 2900, 2169 (br., OH), 1673 (H;0") cm™.
EA  (CeH4Br,05S) (315.97): calcd. C 22.81 H 1.28 S 10.15;

(CsH4Br,05S - 1 H,0) (333.98): calcd. C 21.58 H 1.81 S 9.60;
found C 21.19 H 2.20 S 9.83.
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2,5-Diphosphonobenzenesulfonic acid (25)

PO,H,
SO;H

PO;H,

A solution of 2,5-dibromobenzenesulfonic acid (18, 1.93 g, 6.12 mmol) in water (50 mL) was
treated with aqueous tetra-n-butylammonium hydroxide (40 % in water) until pH = 7 was
reached. The solvent was removed in vacuo and the residue was dried in a vacuum oven at
60 °C for 12 h to obtain the respective tetra-n-butylammonium salt. Three microwave vials
were charged each with salt (3 x1.13 g, 3 x 2.03 mmol), palladium(ll) chloride (3 x 36 mg,
3 x 203 pumol) and triethyl phosphite (3 x 4 mL, 3 x 16.7 mmol). The vials were irradiated in a
microwave oven (max. 200 W, 220 °C) for 1 h. The combined dark brown solution was added
to a mixture of ethyl acetate (100 mL) and water (100 mL) in a separatory funnel. The
aqueous layer was washed with ethyl acetate (3 x 100 mL) and water was removed in vacuo.
The residue was dissolved in a mixture of water (50 mL) and conc. hydrochloric acid
(100 mL) and stirred for 12 h at 120 °C. After removing the solvent in vacuo, the residue was
dissolved in acetone (50 mL) and mixed with four equivalents of sodium iodide (3.67 g,
24.5 mmol) dissolved in acetone (30 mL). The precipitate was collected by filtration and
recrystallized from a mixture of ethanol and water. To exchange the sodium ions, the residue
was dissolved in water and rinsed over a column filled with ion-exchange resin (Dowex
50WX8 hydrogen form). The eluate was concentrated and dried for 24 h at 60 °C in a

vacuum oven, to yield a colourless solid.

Yield: 922 mg (2.90 mmol, 47 %)

M. p.: 172 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): & = 8.26 (ddd, Ju.p = 13.2 Hz, Jup = 4.8 Hz, *J =
1.3 Hz, 1H, Ar-6-H), 8.04 (ddd, Jy.r = 13.9 Hz, 3J = 7.6 Hz, Jup = 3.7 Hz, 1H, Ar-3-H), 7.79
(m¢, H, Ar-4-H), 6.79 (br. s, 5H, PO3zH,, SO3H) ppm.

3C-NMR (125 MHz, 300 K, DMSO-d6): 6 = 146.6 (S[dpdp], Jc.p = 13.4 Hz, Jc.p = 9.3 Hz, Ar-
1'C), 137.0 (S[dpdp], l\JC_p =137.0 HZ, 4JC_p =26 HZ, AI’-5-C), 133.1 (d[dpdp], JC_p = 13.6 HZ,
Jep = 7.0 Hz, Ar-3-C), 132.5 (s[dpdp], *Jc.p = 164.3 Hz, *Jcp = 2.9 Hz, Ar-2-C), 131.2 (d[dpdp],
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Jop = 12.3 Hz, Jcp = 9.5 Hz, Ar-4-C), 129.4 (d[dpdp], 2Jcp = 11.5 Hz, 3Jcp = 11.5 Hz, Ar-6-C)

ppm.

$P_NMR (202 MHz, 300 K, DMSO-d6): 10.5 (d, *Jp.p = 3.2 Hz, 1P, PO3H,), 9.3 (d, *Jp.s = ca.

3 Hz, 1P, PO3H,) ppm.

MS (ESlheg): M/z = 953 [3M -HJ', 635 [2M -H], 317 [M -H], 299 [M -H0]".

IR (ATR): V = 2758, 2290 (br., OH), 1684 (H;0") cm™.

EA  (CeHsOsP,S) (318.13): calcd. C 22.65 H 2.53 S 10.08;
(CsHsOsP»S - 2 H,0) (354.17): calcd. C 20.35 H 3.42 S 9.05;
found C 20.53 H 3.21 S 9.26.
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4.6-Dibromobenzene-1,3-disulfonic acid (22)

HO,S SO;H
BerEBr
1,3-Dibromobenzene (21, 9.2 mL, 76.13 mmol) was added in portions to fuming sulfuric acid
(65 % SO3) (60 mL) and the reaction mixture was stirred for 5 h at 120 °C followed by 12 h at
room temp. The mixture was poured carefully into ice-cold water (300 mL) and treated with
sodium hydroxide until pH = 7 was reached. The water was removed in vacuo and the
residue was dried for 2 d at 60 °C in a vacuum oven. Dimethyl sulfoxide (150 mL) was added
to the dried solid and the suspension was stirred for 1 h at 60 °C. Undissolved sodium sulfate
was removed by filtration and the filtrate was poured into dichloromethane (800 mL).
Filtration of the precipitate and washing with dichloromethane (200 mL) gave a colourless
solid. To exchange the sodium ions, the residue was dissolved in water and rinsed over a

column filled with ion-exchange resin (Dowex 50WX8 hydrogen form). The eluate was
concentrated and dried for 24 h at 60 °C in a vacuum oven, to yield a colourless solid.

Yield: 23.57 g (59.52 mmol, 78 %)
M. p.: 200 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): & = 8.44 (s, 1H, Ar-2-H), 7.74 (s, 1H, Ar-5-H), 5.70
(br. s, 2H, SOzH) ppm.

®C-NMR (125 MHz, 300 K, DMSO-d6): & = 145.4 (s, Ar-1,3-C), 137.6 (d, Ar-5-C), 129.4 (d,
Ar-2-C), 119.9 (s, Ar-4,6-C) ppm.

MS (El): m/z = 398, 396, 394 (56, 100, 49) [M]".
HRMS (El): m/z = C¢H5"°Br,06>*S*'S calcd. 395.7689; found 395.7686 (A 0.9 ppm).

IR (ATR): Vv = 3101 (aryl-H val.), 2170 (br., OH), 1684 (HsO"), 1559, 1528 (arom. C=C)

cm™.

EA (CH4Br,06S,) (396.03): calcd. C 18.20 H 1.02 S 16.19;
(CeH4Br,06S; - 2 H,0) (432.06): calcd. C 16.68 H 1.87 S 14.84;

found C 16.65 H 1.79 S 15.14.
263



4 Linker-Synthese und PSM zur Darstellung von protonenleitfahigen MOFs

—8.44
—7.74
—5.70

o o
Ho._ / \ _OH

S S
J ]@ -
e} o
Br Br

]
' |
4,)Jt L
! ian
: %
™~

|
o wn
S =
— —
T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
(ppm)
1
H-NMR (500 MHz, 300 K, DMSO-d6) of 22
[=] [se] <
¥ 3 < a
wn ™~ [=)] [=)]
s (3] o~ —
T T
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 90 ( )80 70 60 50 40 30 20 10 0
ppm

3C-NMR (125 MHz, 300 K, DMSO-d6) of 22

264



4 Linker-Synthese und PSM zur Darstellung von protonenleitfahigen MOFs

4,6-Diphosphonobenzene-1,3-disulfonic acid (27)

HO;S SO;H

H,0,P PO;H,

4,6-Dibromobenzene-1,3-disulfonic acid (22, 3.00 g, 7.57 mmol) dissolved in water (50 mL)
was treated with aqueous tetra-n-butylammonium hydroxide (40 % in water) until pH = 7 was
reached. The solvent was removed in vacuo and the residue was dried in a vacuum oven at
60 °C for 12 h to obtain the respective tetra-n-butylammonium salt. Four microwave vials
were charged each with salt (4 x 1.66 g, 4 x 1.89 mmol), palladium(ll) chloride (4 x 34 mg,
4 x 189 pmol) and triethyl phosphite (4 x 5 mL, 4 x 20.9 mmol). The vials were irradiated in a
microwave oven (max. 200 W, 220 °C) for 60 min. The combined dark brown solution was
added to a mixture of ethyl acetate (150 mL) and water (150 mL) in a separatory funnel. The
aqueous layer was washed with ethyl acetate (3 x 150 mL) and water was removed in vacuo.
The residue was dissolved in a mixture of water (100 mL) and conc. hydrochloric acid
(200 mL) and stirred for 12 h at 120 °C. After removing the solvent in vacuo, the residue was
dissolved in acetone (100 mL) and mixed with five equivalents of sodium iodide (5.67 g,
37.85 mmol) dissolved in acetone (50 mL). The precipitate was collected by filtration and
recrystallized from a mixture of ethanol and water. To exchange the sodium ions, the residue
was dissolved in water and rinsed over a column filled with ion-exchange resin (Dowex
50WX8 hydrogen form). The eluate was concentrated and dried for 24 h at 60 °C in a

vacuum oven, to yield a colourless solid.

Yield: 987 mg (2.48 mmol, 33 %)

M. p.: >300 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): 6 = 8.61 (t, *Jy.» = 13.9 Hz, 1H, Ar-5-H), 8.47 (t, “Jup
= 4.6 Hz, 1H, Ar-2-H), 6.31 (br. s, 6H, PO3H,, SOsH) ppm.

13C-NMR (125 MHz, 300 K, DMSO-d6): & = 149.0 (s[dpdp], Jcp = 9.9 Hz, Jcp = 3.5 Hz, Ar-
1,3-C), 138.8 (d[tp], 2Jc.p = 8.9 Hz, Ar-5-C), 130.8 (s[dpdp], *Jcp = 166.3 Hz, *Jcp = 11.3 Hz,
Ar-4,6-C), 126.8 (d[tg], 3Jc.» = 10.8 Hz, Ar-2-C) ppm.

3P.NMR (202 MHz, 300 K, DMSO-d6): 8.6 (s, 2P, PO3H,) ppm.
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MS (ESlneg): M/z = 795 [2M -H], 397 [M -HJ, 379 [M -H;OT".

IR (ATR): vV =3127 (aryl-H val.), 2753, 2257, (br., OH), 1654 (H;0") cm™.

EA

(CeHgO1,P,S,) (398.20): calcd. C 18.10 H 2.03 S 16.11;

found C 16.28 H 3.30 S 13.85.
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Procedure for the synthesis of disulfonic acids 19 and 20

A suspension of 1,4-dibromobenzene (17, 10.00 g, 42.39 mmol) and fuming sulfuric acid (20
- 30 % SO3) (40 mL) was stirred for 24 h at 200 °C. The brown solution was poured into ice-
cold water (300 mL) and treated with sodium carbonate until pH = 7 was reached. Water was
removed in vacuo and the residue was dried for 2d at 60 °C in a vacuum oven. N,N-
Dimethylformamide (200 mL) was added to the dried solid and the suspension was stirred for
6 h at 60 °C. Undissolved sodium sulfate was removed by filtration and the DMF was
evaporated in vacuo. The obtained solid was dried for 5 d at 60 °C in a vacuum oven. The
residue, which is a mixture of 2,5-dibromobenzene-1,3-disulfonic acid disodium salt and 2,5-
dibromobenzene-1,4-disulfonic acid disodium salt, was extracted with ethanol using Soxhlet
extraction. Because the 2,5-dibromobenzene-1,4-disulfonic acid sodium salt is insoluble in
ethanol, it stayed in the extraction thimble and was investigated by 'H- and *C-NMR to
determine the extraction time. When only pure 2,5-dibromobenzene-1,4-disulfonic acid
sodium salt was left in the thimble, the extraction was stopped. The colourless solid in the
thimble was dried for 1 d at 60 °C in a vacuum oven. Evaporation of ethanol in vacuo from
the filtrate gave pure 2,5-dibromobenzene-1,3-disulfonic acid sodium salt. The residue was
dried for 1 d at 60 °C in a vacuum oven to give a colourless solid. To exchange the sodium
ions, the respective sodium salt was dissolved in water and rinsed over a column filled with
ion-exchange resin (Dowex 50WX8 hydrogen form). The eluate was concentrated and dried
for 24 h at 60 °C in a vacuum oven, to yield a colourless solid in both cases.

2,5-Dibromobenzene-1,3-disulfonic acid (19)

r
HO,S SO;H

Br
Yield: 10.64 g (26.9 mmol, 63 %)

M. p.: 220 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): & = 8.02 (s, 2H, Ar-4,6-H), 5.29 (br. s, 2H, SO3H)

3C-NMR (125 MHz, 300 K, DMSO-d6): & = 150.4 (s, Ar-1,3-C), 131.4 (d, Ar-4,6-C), 118.3 (s,
Ar-5-C), 117.2 (s, Ar-2-C) ppm.
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MS (EI): m/z = 398, 396, 394 (56, 100, 49) [M]*, 316, 314, 312 (74, 94, 36) [M -H,05S]",
235, 233 (79, 47) [M -H,0,S -Br]*.

HRMS (EI): m/z = CeH4°Br,0¢S, calcd. 393.7816; found 393.7813 (A 0.8 ppm);
CeH,°Br¥'BrOgS; calcd. 395.7796; found 395.7795 (A 0.2 ppm);
CeH,*'Br,06S, calcd. 397.7775; found 317.7774 (A 0.3 ppm).

IR (ATR): Vv = 2518, 2163 (br., OH), 1749, 1630 (H;0"), 1548 (arom. C=C) cm™.
EA  (C¢H4Br.0sS,) (396.03): calcd. C 18.20 H 1.02 S 16.19;

(CeH4Br06S; - 2 H,0) (432.06): calcd. C 16.68 H 1.87 S 14.84;
found C 17.05H 1.89 S 15.09.
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2,5-Dibromobenzene-1,4-disulfonic acid (20)

SOzH

HO5S
Br

Yield: 4.56 g (11.5 mmol, 27 %) (Lit.%: 38 % of the sodium salt)

M. p.: >300 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): & = 8.00 (s, 2H, Ar-3,6-H), 4.59 (br. s, 2H, SO3H)

3C-NMR (125 MHz, 300 K, DMSO-d6): & = 148.0 (s, Ar-1,4-C), 134.0 (d, Ar-3,6-C), 117.5 (s,
Ar-2,5-C) ppm.
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4 Linker-Synthese und PSM zur Darstellung von protonenleitfahigen MOFs

MS (El): m/z = 398, 396, 394 (40, 71, 35) [M]", 318, 316, 314 (18, 23, 12) [M -O,S]", 157
(100) [MH -O3S -2Br]".

HRMS (EI): m/z = CeH4°Br,0¢S, calcd. 393.7816; found 393.7803 (A 3.3 ppm);
CeH,°Br¥'BrOgS; calcd. 395.7796; found 395.7786 (A 2.5 ppm);
CeH,*'Br,06S, calcd. 397.7775; found 317.7767 (A 2.0 ppm).

IR (ATR): V' =3112 (aryl-H val.), 2480, 2082 (br., OH), 1697 (H;0") cm™.
EA  (CeH4Br,06S,) (396.03): calcd. C 18.20 H1.02 S 16.19;

(CeH4Br06S; - 2 H,0) (432.06): calcd. C 16.68 H 1.87 S 14.84;
found C 16.99 H 1.90 S 14.92.
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2,5-Diphosphonobenzene-1,3-disulfonic acid (28)

PO3H,
HO,S SO3H

PO;H,

A solution of 2,5-dibromobenzene-1,3-disulfonic acid (19, 861 mg, 2.17 mmol) in water
(20 mL) was treated with agueous tetra-n-butylammonium hydroxide (40 % in water) until pH
= 7 was reached. The solvent was removed in vacuo and the residue was dried in a vacuum
oven at 60 °C for 12 h to obtain the respective tetra-n-butylammonium salt. Two microwave
vials were charged each with salt (2x955mg, 2x1.09 mmol), palladium(ll) chloride
(2x19 mg, 2x109 pmol) and triethyl phosphite (2 x4 mL, 2 x 16.7 mmol). The vials were
irradiated in a microwave oven (max. 200 W, 220 °C) for 60 min. The combined dark brown
solution was added to a mixture of ethyl acetate (100 mL) and water (100 mL) in a
separatory funnel. The aqueous layer was washed with ethyl acetate (3 x 100 mL) and water
was removed in vacuo. The residue was dissolved in a mixture of water (50 mL) and conc.

hydrochloric acid (100 mL) and stirred for 12 h at 120 °C. After removing the solvent in
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vacuo, the residue was dissolved in acetone (50 mL) and mixed with five equivalents of
sodium iodide (1.63 g, 10.9 mmol) dissolved in acetone (30 mL). The precipitate was
collected by filtration and recrystallized two times from a mixture of ethanol and water. To
exchange the sodium ions, the residue was dissolved in water and rinsed over a column
filled with ion-exchange resin (Dowex 50WX8 hydrogen form). The eluate was concentrated
and dried for 24 h at 60 °C in a vacuum oven, to yield a colourless solid.

Yield: 42 mg (105 pmol, 5 %)
M. p.: 158 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): & = 8.48 (dd, 3J.p = 13.1 Hz, *J4p = 3.6 Hz, 2H, Ar-
4,6-H), 5.78 (br. s, 6H, PO3H,, SO3H) ppm.

13C-NMR (125 MHz, 300 K, DMSO-d6): & = 148.6 (s[dpdp], Jc.p = 12.8 Hz, Jcp = 8.3 Hz, Ar-
1,3-C), 136.3 (s[dpdp], *Jcp = 180.6 Hz, “Jcp = 2.7 Hz, Ar-5-C), 131.9 (d[dpdp], ZJcp =

11.1 Hz, 3Jcp = 11.1 Hz, Ar-4,6-C), 129.5 (s[dpdp], Jcp = 161.1 Hz, *Jc.p = 2.9 Hz, Ar-2-C)
ppm.

31p_NMR (202 MHz, 300 K, DMSO-d6): 9.2 (d, °Jop = 3.7 Hz, 1P, PO3zH,), 7.2 (m., 1P,
POzH,) ppm.

MS (ESlneg): M/z = 795 [2M -HJ, 397 [M -HJ, 379 [M -H;0J".
IR (ATR): v =2785, 2219 (br., OH), 1694 (H;0") cm™.
EA  (CeHsO12P5S;) (398.20): calcd. C 18.10 H 2.03 S 16.11;

(CeHsO12P5S; - 1 H,0) (416.21): calcd. C 17.31 H 2.42 S 15.41;
found C 17.66 H 2.45 S 15.11.
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2,5-Diphosphonobenzene-1,4-disulfonic acid (26)

PO;H,
SO;H

HO,S
PO3H,

2,5-Dibromobenzene-1,4-disulfonic acid (20, 469 mg, 1.18 mmol) dissolved in water (20 mL)
was treated with aqueous tetra-n-butylammonium hydroxide (40 % in water) until pH = 7 was
reached. The solvent was removed in vacuo and the residue was dried in a vacuum oven at
60 °C for 12 h to obtain the respective tetra-n-butylammonium salt. A microwave vial was
charged with salt (1.04 g, 1.18 mmol), palladium(ll) chloride (21 mg, 118 pmol) and triethyl
phosphite (4 mL, 16.7 mmol). The vial was irradiated in a microwave oven (max. 200 W, 220
°C) for 60 min. The dark brown solution was added to a mixture of ethyl acetate (100 mL)
and water (100 mL) in a separatory funnel. The aqueous layer was washed with ethyl acetate
(3 x 100 mL) and water was removed in vacuo. The residue was dissolved in a mixture of
water (15 mL) and conc. hydrochloric acid (30 mL) and stirred for 12 h at 120 °C. After

removing the solvent in vacuo, the residue was dissolved in acetone (15 mL) and mixed with
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five equivalents of sodium iodide (884 mg, 5.90 mmol) dissolved in acetone (10 mL). The
precipitate was collected by filtration and recrystallized from a mixture of ethanol and water.
To exchange the sodium ions, the residue was dissolved in water and rinsed over a column
filled with ion-exchange resin (Dowex 50WX8 hydrogen form). The eluate was concentrated
and dried for 24 h at 60 °C in a vacuum oven, to yield a colourless solid.

Yield: 187 mg (470 umol, 40 %)

M. p.: >300 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): & = 9.35 (br. s, 6H, PO3H,, SO;H), 8.53 (m, 2H, Ar-
3,6-H) ppm.

3C-NMR (125 MHz, 300 K, DMSO-d6): & = 147.7 (s[mg], Ar-1,4-C), 133.06 (S[dpdp], "Jcp =
165.4 Hz, *Jc.p = 2.8 Hz, Ar-2,5-C), 133.05 (d[tp], *Jc.p = 9.8 Hz, Ar-3,6-C) ppm.

3P.NMR (202 MHz, 300 K, DMSO-d6): 8.5 (s, 2P, PO3H,) ppm.

MS (ESlneg): M/z = 795 [2M -H]', 397 [M -HJ, 379 [M -H;0].

IR (ATR): Vv =2796, 2250, (br., OH), 1683 (H;0") cm™.

EA (CeHgO1,P5S,) (398.20): calcd. C 18.10 H 2.03 S 16.11;

(CeHgO12P2S; - 0.4H,0 - 0.2C,H(0) (414.62): calcd. C 18.54 H 2.43 S 15.47,
found C 18.67 H 2.30 S 15.58.
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5-Bromobenzene-1,3-disulfonic acid (13)

HO,S SO;H

Br

To conc. sulfuric acid (40 mL) was added benzene-1,3-disulfonic acid disodium salt (12,
10.0g, 35.44 mmol) and the suspension was stirred until everything was dissolved.
N-bromosuccinimide (6.94 g, 38.98 mmol) was added in portions and the reaction mixture
was stirred for 12 h at room temp..The solution was poured into water (500 mL) and
neutralized with calcium hydroxide. Undissolved calcium sulfate was removed by filtration.
After removing the water in vacuo, the residue was dried in a vacuum oven at 60 °C for 12 h.
To remove impurities of unreacted benzene-1,3-disulfonic acid disodium salt, the residue
was dissolved in water (250 mL) and tetra-n-butylammonium bromide (25.1 g, 77.88 mmol)
was added. The aqueous solution was extracted with dichloromethane (3 x 150 mL) and the
organic layer was dried with magnesium sulfate. After removing the solvent in vacuo, the
residue was dissolved in acetone (50 mL) and mixed with four equivalents of sodium iodide

(21.22 g, 141.6 mmol) dissolved in acetone (100 mL). The precipitate was collected by
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filtration and washed with acetone (250 mL). To exchange the sodium ions, the residue was
dissolved in water and rinsed over a column filled with ion-exchange resin (Dowex 50WX8
hydrogen form). The eluate was concentrated and dried for 24 h at 60 °C in a vacuum oven,
to yield a colourless solid.

Yield: 9.34 g (29.5 mmol, 83 %)
M. p.: 134 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): & = 7.84 (t, “J = 1.4 Hz, 1H, Ar-2-H), 7.63 (d, ‘= 1.4
Hz, 2H, Ar-4,6-H), 6.80 (br. s, 2H, SO3H) ppm.

13C-NMR (125 MHz, 300 K, DMSO-d6): 6 = 150.0 (s, Ar-1,3-C), 128.1 (d, Ar-4,6-C), 122.0
(d, Ar-2-C), 120.1 (s, Ar-5-C) ppm.

MS (EI): m/z = 318, 316 (100, 94) [M]".

HRMS (EI): m/z=  CgHs°BrOgS, calcd. 315.8711; found 315.8705 (A 1.8 ppm);
CeHs®'BrOgS; calcd. 317.8690; found 317.8686 (A 1.5 ppm).

IR (ATR): v = 3081 (aryl-H val.), 2634, 2187, (br., OH), 1685 (H;0") 1568 (arom. C=C)

cm™.

EA (CeHsBrogS,) (317.13): caled. C 22.72 H 1.59 S 20.22;

(CeHsBrogS, - 2 H,0) (353.16): calcd. C 20.41 H 2.57 S 18.16;
found C 20.58 H 2.49 S 17.98.
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5-Phosphonobenzene-1,3-disulfonic acid (23)

HO,S SO;H

PO;H,

5-Bromobenzene-1,3-disulfonic acid (13, 992 mg, 2.75 mmol) dissolved in water (20 mL) was
treated with aqueous tetra-n-butylammonium hydroxide (40 % in water) until pH = 7 was
reached. The solvent was removed in vacuo and the residue was dried in a vacuum oven at
60 °C for 12 h to obtain the respective tetra-n-butylammonium salt. Two microwave vials
were charged with salt (2 x 1.09 g, 2 x 1.37 mmol), palladium(ll) chloride (2 x 24 mg, 2 x 137
pmol) and triethyl phosphite (2 x4 mL, 2 x 16.7 mmol). The vials were irradiated in a
microwave oven (max. 200 W, 220 °C) for 60 min. The combined solution was added to a
mixture of ethyl acetate (100 mL) and water (100 mL) in a separatory funnel. The aqueous
layer was washed with ethyl acetate (3 x 100 mL) and water was removed in vacuo. The
residue was dissolved in a mixture of water (20 mL) and conc. hydrochloric acid (40 mL) and
stirred for 12 h at 120 °C. After removing the solvent in vacuo, the residue was dissolved in
acetone (25 mL) and mixed with five equivalents of sodium iodide (1.65 g, 10.99 mmol)
dissolved in acetone (20 mL). The precipitate was collected by filtration and washed with
ethanol (150 mL). To exchange the sodium ions, the residue was dissolved in water and
rinsed over a column filled with ion-exchange resin (Dowex 50WX8 hydrogen form). The
eluate was concentrated and dried for 24 h at 60 °C in a vacuum oven, to yield a colourless

solid.

Yield: 684 mg (2.15 mmol, 78 %)

M. p.: 225 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): & = 8.76 (br. s, 4H, PO3H,, SOzH), 7.99 (dt, J =
1.7 Hz, °Jy.p = 1.0 Hz, 1H, Ar-2-H), 7.91 (dd, %J,.,p = 13.0 Hz, “J= 1.7 Hz, 1H, Ar-4,6-H) ppm.

3C-NMR (125 MHz, 300 K, DMSO-d6): 6 = 147.5 (s[dp], *Jc.r = 13.8 Hz, Ar-1,3-C), 133.06
(s[dp], "Jc.p = 180.0 Hz, Ar-5-C), 127.9 (d[dp], Jcp = 11.2 Hz, Ar-4,6-C), 125.4 (d[dp], “Jc.p =
2.5 Hz, Ar-2-C) ppm.

31p_NMR (202 MHz, 300 K, DMSO-d6): 12.2 (s, 1P, POsH,) ppm.
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MS (ESlheg): M/z = 635 [2M -HJ", 317 [M -HJ", 299 [M -HOJ".

IR (ATR): V = 2743, 2198 (br., OH), 1684 (H;0"), 1588 (arom. C=C) cm™.

EA (CeH;0O4PS;) (318.22): calcd. C 22.65 H 2.22 S 20.15;

(CsH,O4PS; - 1 H,0) (336.23): calcd. C 21.43 H 2.70 S 19.07;

found C 21.25 H 2.63 S 18.94.
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3,5-Dibromobenzenesulfonic acid (16)

O;H

Br Br

Under nitrogen, 3,5-dibromo-1-(trimethylsilyl)benzene (14, 2.86 g, 9.28 mmol) was dissolved
in 1,2-dichloroethane (20 mL) and trimethylsilyl chlorosulfonate (1.86 mL, 12.08 mmol) was
added. The reaction mixture was stirred for 2 d at 90 °C. After adding 2 M aqueous sodium
hydroxide (15 mL), the mixture was stirred at room temp. for 1 h. Water (100 mL) and
dichloromethane (100 mL) were added and the aqueous layer was washed with
dichloromethane (3 x 100 mL). The aqueous layer was treated with conc. sulfuric acid until
pH = 7 was reached. Tetra-n-butylammonium iodide (5.15 g, 13.9 mmol) was dissolved in the
aqueous layer to transfer the product ions into the organic layer by extraction with
dichloromethane (3 x 100 mL). After drying with magnesium sulfate, the solvent was
removed in vacuo. The residue was dissolved in acetone (20 mL) and mixed with two
equivalents of sodium iodide (2.78 g, 18.58 mmol) dissolved in acetone (30 mL). A
precipitate formed within 12 h and was separated by filtration. To exchange the sodium ion,
the residue was dissolved in water and rinsed over a column filled with ion-exchange resin
(Dowex 50WX8 hydrogen form). The eluate was concentrated and dried for 24 h at 60 °C in

a vacuum oven, to yield a colourless solid.

Yield: 2.49 g (7.88 mmol, 85 %)

M. p.: 133 °C

'H-NMR (500 MHz, 300 K, DMSO-d6): & = 7.80 (t, *J = 1.8 Hz, 1H, Ar-4-H), 7.68 (d, *J =
1.8 Hz, 2H, Ar-2,6-H), 7.66 (br. s, 1H, SO3H) ppm.

13C-NMR (125 MHz, 300 K, DMSO-d6): & = 151.9 (s, Ar-1-C), 133.4 (d, Ar-4-C), 127.5 (d, Ar-
2,6-C), 122.0 (s, Ar-3,5-C) ppm.

MS (El): m/z = 318, 316, 314 (52, 100, 50) [M]", 237, 235, 233 (13, 31, 16) [M -HO,S]"".

HRMS (El): m/z=  CgH,"°Br,03*'S calcd. 315.8206; found 315.8212 (A 1.8 ppm);
CeH,"°Br #'BrO;S calcd. 315.8227; found 315.8212 (A 5.0 ppm).
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IR (ATR): v = 3065 (aryl-H val.), 2554, 2187 (br., OH), 1666 (H;0"), 1560 (arom. C=C)

cm™.

EA  (Ce¢H4Br,05S) (315.97): calcd. C 22.81 H 1.28 S 10.15;
(CsH4Br,05S - 1 H,0) (333.98): calcd. C 21.58 H 1.81 S 9.60;
found C 21.82 H 1.69 S 9.77.

T T T T L e L e B ) I S B S S —
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
(ppm)

'"H-NMR (500 MHz, 300 K, DMSO-d6) of 16
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—151.89
133,37
—127.47
122,03

T T T T T T T E— T T T T T L E— T T T g T T T T T L T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
(ppm)

3C_NMR (125 MHz, 300 K, DMSO-d6) of 16

3,5-Diphosphonobenzenesulfonic acid (24)

O;H

H,O;P PO3H,

3,5-Dibromobenzenesulfonic acid (16, 1.76 g, 5.59 mmol) dissolved in water (40 mL) was
treated with aqueous tetra-n-butylammonium hydroxide (40 % in water) until pH = 7 was
reached. The solvent was removed in vacuo and the residue was dried in a vacuum oven at
60 °C for 12 h to obtain the respective tetra-n-butylammonium salt. Three microwave vials
were charged with salt (3 x 1.03 g, 3 x 1.86 mmol), palladium(ll) chloride (3 x 33 mg, 3 x 186
pmol) and triethyl phosphite (3 x4 mL, 3 x 16.7 mmol). The vials were irradiated in a
microwave oven (max. 200 W, 220 °C) for 60 min. The combined solution was added to a
mixture of ethyl acetate (100 mL) and water (100 mL) in a separatory funnel. The aqueous
layer was washed with ethyl acetate (3 x 100 mL) and water was removed in vacuo. The
residue was dissolved in a mixture of water (40 mL) and conc. hydrochloric acid (80 mL) and
stirred for 12 h at 120 °C. After removing the solvent in vacuo, the residue was dissolved in

acetone (40 mL) and mixed with four equivalents of sodium iodide (3.35 g, 22.38 mmol)
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dissolved in acetone (20 mL). The precipitate was collected by filtration and washed with
ethanol (150 mL). To exchange the sodium ions, the residue was dissolved in water and
rinsed over a column filled with ion-exchange resin (Dowex 50WX8 hydrogen form). The
eluate was concentrated and dried for 24 h at 60 °C in a vacuum oven, to yield a colourless
solid.

Yield: 1.11 g (3.49 mmol, 62 %)

M. p.: 292 °C

IH-NMR (500 MHz, 300 K, DMSO-d6): & = 9.91 (br. s, 5H, POsH,, SOsH), 8.06 (M., 2H, Ar-
2,6-H), 7.96 (tt, 3Jup= 12.6 Hz, *J= 1.4 Hz, 1H, Ar-4-H) ppm.

3C-NMR (125 MHz, 300 K, DMSO-d6): & = 147.8 (s[tp], 3Jc.p = 13.2 Hz, Ar-1-C), 133.7
(s[dpdp], *Jcp = 180.1 Hz, 3Jcp = 12.7 Hz, Ar-3,5-C), 132.6 (d[tp], 2Jc.p = 10.8 Hz, Ar-4-C),
130.0 (d[mg], Ar-2,6-C) ppm.

3P.NMR (202 MHz, 300 K, DMSO-d6): 11.6 (s, 2P, PO3H,) ppm.

MS (ESlneg): m/z =317 [M -HJ..

IR (ATR): vV =3074 (aryl-H val.), 2657, 2226 (br., OH), 1587 (arom. C=C) cm™,

EA (CeHsOoP.S) (318.13): calcd. C 22.65 H 2.53 S 10.08;
found C 22.70 H 2.54 S 10.03.
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2. Synthesis and characterization of [Las(H2L)3(H20)s]

Synthesis procedure

Using high-throughput methods, the following optimized synthesis was established. A
mixture of [2,5-bis(phosphonomethyl)-benzene-1,4-diyl]bis(methylsulfonic acid) (9, 15.4 mg,
340 pmol), La(NO3);-6H,0 (14.7 mg, 340 umol) and 1.5 mL H,O was heated to 160 °C within
2 h. After 84 h at 160 °C, the sample was cooled to room temperature within 12 h and the

resulting yellowish crystals were filtered off, washed with H,O and dried in air.

Structure solution and refinement

The crystal structure of [Las(H.L)s(H.O)s] was determined from single-crystal X-ray diffraction
data. X-ray diffraction measurements were performed on a Stoe IPDS diffractometer
equipped with an image-plate detector using Mo-K, radiation (A=71.073 pm). The crystal
structure was solved in the space group C2/m by direct methods with the program SHELXT-
2014 and refined using the program SHELXL-2014°. The functional groups —SO; and

—PO;zH have very similar coordination properties and in addition, phosphorus and sulfur can
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hardly be distinguished by X-ray diffraction due to the very similar scattering power. In our
structure refinement, the linker molecules are located on special positions (Wyckoff letter 4i
and 2a with site symmetry m and 2/m, respectively) and thus the atomic positions of the P/S
atoms were refined with an occupancy of 0.5 each, utilizing the EADP and EXYZ commands.
Numerical absorption correction was carried out by using XShape and XRed>. The electron
density inside the pores was removed via SQUEEZ by Platon®.

Table S13 Results of the crystal structure determination of [Las(H2L)3(H20)s].

Formula LasS6P6C30044H46
Crystal system monoclinic
Space group C2/m

a(A) 20.047(4)

b (A) 11.357(2)

c(A) 18.677(4)

a(°) 90

8 (°) 118.51(3)

v (°) 90

V(A3 3736.3(16)

VA 6

Abs. coeff. (mm™) 2.625

Crystal size (mm) 0.133 x 0.106 x 0.06
Reflections collected 19490/ 4470
Symmetry independent

Rint 0.0691

No. of parameters 218
R1[I>20(l)], R1 (all data) 0.0696, 0.0762
wR2 [/ > 20(/)], wR2 (all data) 0.1919, 0.1954
Largest diff. peak (e A™) -1.38/1.83
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Figure S45: Pawley-Fit of [Las(H2L)3(H20)s]. Measured and calculated PXRD data, the difference of both and the
allowed reflections are shown in black, red, blue and as black bars, respectively.

Figure S2: Representation of the two crystallographically independent linker molecules connecting six La®* ions
each via sulfonate/phosphonate groups. Lanthanum atoms are shown in teal, oxygen atoms in red, sulfur /
phosphor in yellow, carbon atoms in black and hydrogen in white.
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& iah.t _3%

Figure S3: Representation of 1D channels in [Las(H2L)3(H20)s] along the b axis. Lanthanum atoms are shown in
teal, oxygen atoms in red, and carbon atoms in gray. The Connolly surface was calculated with a probe diameter
of 2.6 A (kinetic diameter of H,0) using Materials Studio and is shown in blue/gray.”

Figure S4: Space filling representation of 1D channels in [Las(H2L)3(H20)g] along the b axis. The orange sphere
with a diameter of 3.8 A is used for easier visualisation. Lanthanum atoms are shown in teal, oxygen atoms in red,
sulfur and phosphor in yellow and carbon atoms in black.
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Transmittance / a.u.

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [cm™]

Figure S5: IR spectrum of [Las(H2L)3(H20)s]. A broad band between 4000 and ~2500 cm™ is visible and most
likely attributed to water molecules as suggested by single-crystal X-ray diffraction. In addition, C-H stretchinq
vibrations of the CH, groups are around ~2970 and ~2910 cm™ Within the region of 2650 and 2300 cm’
pronounced signals for the presence of protonated phosphonate groups can be found (marked with a *), which
supports the finding of the single-crystal X-ray diffraction data.® The sharp Signal at 1630 cm™ is assigned to the
deformation vibration of water.

Table S14: Possible hydrogen bonds (oxygen ‘- oxygen distance) within the crystal structure of
[La4(H2L)3(H20)3].

Atoms Atomic distance [A]
Lal1-01 --- O10 3.082
La2-02 --- 010 2.976
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4.2 PSM von Cr-MIL-101-Derivaten zur Implementierung von

Phosphonsaure-Gruppen

Ein anderer Ansatz zur Darstellung protonenleitfahiger MOFs ist die postsynthetische
Modifikation. Durch den postsynthetischen Einbau von organischen S&uregruppen konnte
eine Koordination am Metall-lon vermieden werden und die Protonenleitfahigkeit eines
MOFs eventuell verbessert werden. Die postsynthetische Modifikation zur Darstellung von
MOFs mit freien Carbon- und Sulfonsdure-Gruppen ist bereits mehrfach beschrieben (s.
Kapitel 1.2). Vor allem MOFs mit Sulfonsdure-Gruppen zeigen grofles Potential als
protonenleitféhige Materialien.™*! Ein Beispiel ist der durch postsynthetische Modifikation
erhaltene UiO-66(SOsH),.1**") Die Protonenleitfahigkeit dieses MOFs gilt bis heute als eine

der héchsten, die je fir einen MOF gemessenen wurde.

Obwohl Phosphonséure-Gruppen eine &hnlich hohe Aciditat wie Sulfonséure-Gruppen
besitzen und der positive Einfluss von Phosphonséure-Gruppen auf die Protonenleitfahigkeit
schon in mehreren MOFs beobachtet wurde (s. Kapitel 1.3), ist bis heute nur eine PSM zum
Einbau von Phosphonséure-Gruppen in MOFs bekannt.**! Hierbei ist zu erwahnen, dass die
Phosphonséure-Gruppen zwar postsynthetisch durch Hydrolyse der jeweiligen Ethylester
erhalten wurden, aber die Phosphonsdurediethylester-Gruppen schon vor der MOF-Synthese
am Linker vorlagen. Die einzige erfolgreiche PSM zur Implementierung von
Phosphonséurediethylester-Gruppen wurde 2016 von VAN DER VOORT beschrieben.!8Y In
diesem Fall wurden die Ester jedoch nicht hydrolysiert. In den folgenden Kapiteln sollen
neue, postsynthetische Madglichkeiten zur Implementierung von Phosphonséure-Gruppen

aufgezeigt und diskutiert werden.

Um ein moglichst breites Spektrum an postsynthetischen Test-Reaktionen durchfiihren zu
kénnen, wurde ein MOF ausgewéhlt, der sich durch eine hohe thermische und chemische
Stabilitat auszeichnet und mit einer groBen Variation an funktionellen Gruppen ausgestattet
werden kann. Daflr empfahl sich das erstmals von FEREY beschriebene pordse Cr-MIL-
1012 welches aus Cr(NOs); und Terephthalsaure (BDC) dargestellt wird. Cr-MIL-101
besitzt Poren mit einer GroRe von 30 bis 34 A, die wiederrum durch Porenfenster von 12 bis
16 A erreicht werden kénnen. Es besitzt eine thermische Stabilitat bis zu 275 °C und konnte
seine chemische Stabilitat bereits unter sehr extremen postsynthetischen Modifikationen wie

[183-185]

z.B. Sulfonierung oder Nitrierung!® unter Beweis stellen. AuBerdem ist bis heute eine
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Vielzahl an prasynthetisch funktionalisierten Cr-MIL-101-Derivaten bekannt.l®® Fir die
postsynthetische Modifikation zur Implementierung von Phosphonsaure-Gruppen wurden
folgende drei Cr-MIL-101-Derivate ausgewdhlt: unfunktionalisierter Cr-MIL-101, Cr-MIL-
101-Br und Cr-MIL-101-NH,. Die Synthesen der MOFs wurden von THOMAS HOMBURG
durchgefuhrt.

4.2.1 Generelle Methoden zur Darstellung von  organischen

Phosphonsauren

Das folgende Kapitel soll einen Uberblick tiber Synthesemethoden der organischen Chemie
zur Darstellung von Phosphonsdauren geben. Dabei wird, aufgrund der zur Verfligung
stehenden MOFs, hauptsdachlich auf Methoden eingegangen, die Phosphonsaure-Gruppen
durch Ausbildung von Kohlenstoff-Phosphor-Bindungen und Stickstoff-Phosphor-Bindung
darstellen. Auch die Madglichkeit, Phosphonsdure-Gruppen mit Hilfe anderer funktioneller
Gruppen einzufiihren, wird besprochen. Da fast alle bekannten Synthesemethoden zur
Darstellung von organischen Phosphonsauren auf der Synthese der jeweiligen
Phosphonsdurealkylester ~ basieren, wird zundchst nur die Darstellung von
Phosphonsauredialkylestern beschrieben. Auf moégliche Methoden zur Hydrolyse der Ester

wird erst im Anschluss eingegangen.

Zur Darstellung von Kohlenstoff-Phosphor-Bindungen ist eine Vielzahl an Methoden
bekannt.®  Je nach Hybridisierung des reaktiven Kohlenstoff-Atoms  konnen
unterschiedliche Methoden verwendet werden. Eine der bekanntesten Methoden zur
Darstellung von Phosphonséuredialkylestern an sp®-hybridisierten Kohlenstoffatomen ist die
Arbuzov-Reaktion.*®¥ Dabei wird ein Alkylhalogenid mit z. B. Triethylphosphit (oder
anderen Trialkylphosphiten) umgesetzt und der jeweilige Alkylphosphonsdurediethylester
erhalten. Eine andere Moglichkeit ist die Michaelis-Becker-Reaktion*®**®! Auch in diesem
Fall dienen Alkylhalogenide als Elektrophil und werden mit Dialkylphosphiten und einer
Base zum jeweiligen Phosphonsdureester umgesetzt. Andere Beispiele sind die Palladium-
katalysierte Kreuzkupplungsreaktion von Benzylhalogeniden mit Dialkylphosphiten**:%2
und die Umsetzung von Grignard- oder Organolithium-Verbindungen  mit

Chlorphosphorsaurediethylester*%-2%1,
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RT™X + H 6E?Et o RAE’OEt Michaelis-Becker-Reaktion
OEt
R = Alkyl- oder Aryl-Rest X = Halogen

Abb. 27: Umsetzung von Alkylhalogeniden in einer Arbuzov-Reaktion bzw. einer Michaelis-Becker-Reaktion.

Fir die R Ausbildung einer Kohlenstoff-Phosphor-Bindung an sp®-hybridisierten
Kohlenstoffatomen sind diverse Metall-katalysierte Kupplungsreaktionen bekannt. Dabei
kénnen Arylhalogenide mit Dialkylphosphiten oder Trialkylphosphiten unter Einfluss von
Palladium-9 1% Nickel-2%21 oder Kupfert?92?l.Katalysatoren zu den jeweiligen
Arylphosphonsauredialkylestern umgesetzt werden. Eine andere Mdglichkeit zur Synthese
von Arylphosphonsédureestern ist die oxidative Kupplung aromatischer Verbindungen mit
Dialkylphosphiten. Als Katalysator kann Mangan(ll)diacetat oder Mangan(lll)triacetat
verwendet werden.?**2%! AuRerdem sind Darstellungen von Phosphonsaureestern ausgehend

von Carbonylverbindungen %27 ynd q,B-ungesattigten Carbonylverbindungen!?%2%!
bekannt.
OR
P
RO” “OR Q
Kat. _OR
Ar—X + oder E — Ar—l|°
o) OR
H
H” 1 OR X = Halogen
OR g
R = Alkyl-Rest
o) o)
1 Mn(OAc n
Ar—H + P (A, ar—p-OR
H” 1 OR .
OR OR

Abb. 28: Darstellung aromatischer Phosphonsédureester aus Arylhalogeniden mittels Metall-katalysierter

Kreuzkupplungsreaktionen (oben) und durch oxidative Kupplung am Aromaten (unten).

Zuletzt sei noch auf die Darstellung von Phosphonsdureestern an sp-hybridisierten
Kohlenstoffatomen eingegangen. Mittels Kupfer-katalysierter Kupplung kdnnen terminale
Alkine mit Dialkylphosphiten zu den jeweiligen Alkinphosphonséuredialkylestern umgesetzt

werden.% Ausgehend von den gleichen Edukten konnen mit Palladium-?212 Nickel-?*!
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und Molybdan-?*“Katalysatoren auRerdem Phosphonsdureester an die Dreifachbindung

addiert werden.

o
1] C
R—= -+ |.|'E""OR2 i} R1;§’0R2
2 - 1
OR OR?
iy [N RorR: Rl Qoo
R—= + yFf-oR? — + p-OR
OR? R'-/" oR? SR2
OR
2 2
RoSPP R R'= Aryl, Alkyl
I [Pd]
RR—= + y-F~oRZ ———» R2= Alkyl
OR? R*— 0
P—OR? R® = Aryl
R?0

Abb. 29: Unterschiedliche Madglichkeiten der Umsetzung von Alkinen mit Dialkylphosphiten in Metall-

katalysierten Kupplungsreaktionen.

Eine weitere Moglichkeit, Phosphonsaureester einzufuhren, ist die Umsetzung von
organischen Aminen zu Phosphorsaureamiden. Die Darstellung kann unter anderem durch
nukleophile Substitution an einem Chlorphosphorséauredialkylester erfolgen. Auch fur die
Umsetzung mit Dialkylphosphiten sind verschiedene Synthesebedingungen zur Darstellung
von Phosphorsaureamiden bekannt. Bei der Atherton-Todd-Reaktion®>#® wird aus dem
Dialkylphosphit mit Hilfe einer Base und Tetrachlorkohlenstoff der, fur die nukleophile
Substitution bendtigte, Chlorphosphorséauredialkylester in situ erzeugt. Andere Beispiele sind

oxidative Kupplungen mit Kupfer(l)salzen**"! oder elementarem lod'**®! als Katalysator.

R Base ] E,ORZ

R-NH, + . f~orRZ2 ——» RiNPOR2

2
OR H R = Alkyl, Aryl
o o R? = Alkyl
1 1 I, 0. Cu(l) 1 I:',OR2

R'-NH, + -P~orz2 —— R e

OR? 0

Abb. 30: Darstellung von Phosphorsaureamiden mittels nucleophiler Substitution (oben) oder oxidativer

Kupplung (unten).

Ist die direkte Darstellung eines Phosphonsdureesters am gewinschten Molekdl nicht
maoglich, kdnnten Precursor-Verbindungen verwendet werden. Als Precursor werden im

Folgenden Molekiile bezeichnet, die neben einer Phosphonsdureester-Gruppe noch eine
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weitere funktionelle Gruppe besitzen. Die zweite funktionelle Gruppe dient zur Verknupfung
des Precursors mit der gewiinschten Verbindung. So konnte z. B. eine aminofunktionalisierte
Verbindung mit einem Carbonsdurechlorid-Precusor zu einem Amid umgesetzt werden,
welches eine Phosphonséaureester-Gruppe besitzt. Die Darstellung von Phosphonsdureestern
ist bei dieser Methode lediglich durch die Reaktivitdt der Ausgangsverbindung und die
Verfugbarkeit der Precusor limitiert. So ware z. B. auch die Umsetzung von einem Amin mit
cyclischen Phosphonsdureestern, analog der Umsetzung mit Sultonen (s. Kap. 1.2), denkbar.
Allerdings ist die Synthese von cyclischen Phosphonséureestern und deren Umsetzung mit

Aminen bis heute kaum untersucht.?*%

0 ﬂ o]
11

N
OEt H OEt
11 9
R-NH; + g ~y-F~0Et —— R~ -P~0Et
OEt H OEt
H o) H o)
11 n
R—NH, + o~ —_—)
2 oJ\x"? OEt R~NJ\XJ."-0Et
OEt OFEt
o)
R—NH, + O=C=N B ¥ H 9
2 T ‘*x’f"OEt R’N N\XrE“OEt
OEt 5 OEt

Abb. 31: Umsetzung eines Amins mit einer Precusor-Verbindung, um Phosphonséureester-Gruppen

einzufiihren.

Fur die Hydrolyse der Phosphonsdureester zu den jeweiligen Phosphonséauren eignen sich
zwei unterschiedliche Arten von Reagenzien. Entweder kdnnen waéssrige Ldsungen von
starken anorganischen S&uren wie z. B. HCI oder HBr verwendet werden oder bestimmte
Trimethylsilylhalogenide. Die Hydrolyse mit HCI oder HBr verlauft zwar in guten Ausbeuten,
jedoch konnen die extremen Bedingungen zu unerwiinschten Nebenreaktionen filhren. Der
Vorteil von Trimethylsilylhalogeniden ist, dass die Esterspaltung bei Raumtemperatur und in
organischen Ldsungsmitteln durchgefiihrt werden kann. Nachteile sind die etwas schlechteren
Ausbeuten im Vergleich zu den anorganischen S&uren und ebenfalls eventuelle

Nebenreaktionen.*¢]
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HCl,q bzw. HBr,

oder
2 1.TMSX, 2. H,0 0
R—R-0 .
\ » R—B-OH
\ \
o OH
< X=Br, |

Abb. 32: Esterspaltung am Beispiel eines Phosphonséurediethylesters.

4.2.2 Vorversuche mit den Methylestern der Linker

Viele der genannten Methoden kdénnen nicht direkt auf die postsynthetische Modifikation
eines MOFs Ubertragen werden, da nicht bekannt ist, ob die jeweiligen Linker unter den
angegebenen Synthesebedingungen umgesetzt werden konnen. AuRerdem kdnnen nur
Synthesebedingungen gewahlt werden, bei denen das MOF stabil bleibt. Um die Reaktivitét
der Linker gegenuber den verschiedenen Methoden zu testen, wurden Vorversuche mit den
Methylestern der jeweiligen Linker durchgefiihrt. Die Methylester wurden gewahlt, da sie
eine bessere Loslichkeit in organischen Losungsmitteln im Vergleich zu den Carbonséure-
Derivaten besitzen und generell eine bessere Handhabbarkeit in Bezug auf
Aufreinigungsmethoden wie z. B. Chromatographie besitzen. Ist die Modifikation mit einer
Phosphonsaureester-Gruppe erfolgreich, kann die Verbindung aufRerdem als Referenz fur auf
gleichem Wege modifizierte MOFs dienen. In den folgenden Abschnitten werden sowohl
erfolgreiche als auch fehlgeschlagene Umsetzungen von Terephthalsduredimethylester (1),
2-Bromterephthalsauredimethylester (6) und 2-Aminoterephthalsauredimethylester (8)
diskutiert.

Terephthalsduredimethylester

Basierend auf der in Kapitel 4.2.1 beschriebenen oxidativen Kupplung mit Mn(OAc); wurde
versucht, eine Phosphonséaureester-Gruppe direkt am Aromaten einzufihren. Da in der
Literaturt?®® schon ahnliche Molekile auf diese Weise erfolgreich umgesetzt wurden, wurden
die Synthesebedingungen mit kleinen Variationen adaptiert. Terephthalsauredimethylester (1),
Mn(OAC)3*2H,0 und Diethylphosphit (2) wurden in Essigsaure fur 12 h bei 60 °C gerihrt.
Nach Aufarbeitung und sdulenchromatographischer Reinigung konnte der gewunschte

Phosphonsdurediethylester 3 mit einer Ausbeute von 20 % isoliert werden.
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Me o] Me o] o
Mn(OAc); IIDI
ﬁ,OEt *2H,0 1~ OEt
—_— OEt
HOAc
0“ "OMe 0” "OMe
1 2 3 (20 %)

Abb. 33: Synthese des Phosphonsaurediethylesters 3 mittels oxidativer Kupplung.

Ein weiterer Ansatz basiert auf der von GOESTEN beschriebenen Chlormethylierung am Cr-
MIL-101.2%1 AN DER VOORT nutzte und erweiterte diese PSM, um Phosphonsaureester-
Gruppen in das Cr-MIL-101 einzufiihren.!"®] Diese vielversprechenden Ergebnisse sollten in
Vorversuchen mit dem Terephthalsduredimethylester (1) reproduziert werden und zusétzlich
neue Methoden zur Implementierung von Phosphonséaureester-Gruppen an der Chlormethyl-
Gruppe ausprobiert werden. Da flir den Terephthalsduredimethylester (1) keine
Chlormethylierungen in  der Literatur bekannt sind, wurden die gleichen
Synthesebedingungen verwendet, die zur Modifizierung von Cr-MIL-101 beschrieben sind.
Dafiir wurde Terephthalsauredimethylester (1) mit Methoxyacetylchlorid (4) und
Aluminiumtrichlorid in Nitromethan bei 100 °C geriihrt. Jedoch konnte, trotz Variation der
Reaktionstemperatur und Reaktionsdauer, keine Umsetzung des Edukts 1 beobachtet werden.
Weitere Versuche der Chlormethylierung wurden direkt am Cr-MIL-101 durchgefuhrt (s.
Kap.4.2.3).

AICI, MeO__.O
*6 H20
el S O
MENOZ
0~ "OMe
5

Abb. 34: Eine Chlormethylierung des Terephthalséduredimethylesters (1) mit Methoxyacetylchlorid (4) war nicht
erfolgreich.

2-Bromterephthalsauredimethylester

Fur die Umsetzung des 2-Bromterephthalsduredimethylesters (6) wurden zwei
unterschiedliche Palladium-katalysierte Kreuzkupplungsreaktionen ausprobiert. Zunéchst soll
auf die zuerst von HIRAOM® beschriebene Kreuzkupplung von Arylhalogeniden mit

Diethylphosphit (2) eingegangen werden. 2-Bromterephthalsduredimethylester (6) wurde
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4 Linker-Synthese und PSM zur Darstellung von protonenleitfahigen MOFs

analog einer literaturbekannten(?2” Synthese (Literatur geht von
2-lodterephthalséduredimethylester aus) mit Diethylphosphit (2), Triethylamin als Base,
Pd(PPh3), als Katalysator und Ethanol als Losungsmittel umgesetzt. Eine Reaktionskontrolle
per Dunnschichtchromatographie (DC) zeigte jedoch auch nach 24 h unter Rickfluss keine
vollstandige Umsetzung. Basierend auf den Ergebnissen von STAwINSKIM®® beziglich
Mikrowellen-assistierter Synthese konnte die Umsetzung und die Reaktionszeit optimiert
werden. Mit Toluol als Losungsmittel und Pd(dppf)Cl, als Katalysator wurde nach 15 min in

der Mikrowelle (max. 200 W, 150 °C) eine vollstdndige Umsetzung beobachtet.

MeO 8] MeO. o) o

Br ﬂ Pd(dppf)Cl, B\

P. NEt3 1 “OEt
* HICOEt ——» OEt
OEt Toluol
MW, 150 °C
0] OMe 0 OMe
6 2 3

Abb. 35: Mikrowellen-assistierte Synthese des Phosphorsaurediethylesters 3 mit Diethylphosphit (2).

Eine andere Mdglichkeit zur Darstellung von Arylphosphonsaureestern ist die von TAvs?%
beschriebene Reaktion von Arylhalogeniden mit Triethylphosphit (7) und Nickeldichlorid als
Katalysator. Nachteile dieser Reaktion sind die extremen Reaktionsbedingungen (200 °C) und
die hohe Empfindlichkeit von NiCl, gegeniiber Luftfeuchtigkeit. Im Jahr 2003 berichtete
VILLEMIN®®® von kiirzeren Reaktionszeiten durch Mikrowellen-assistierte Synthese und von
héheren Ausbeuten mit Palladiumdichlorid als Katalysator. Basierend auf diesen Ergebnissen
wurde 2-Bromterephthalsauredimethylester (6) mit Triethylphosphit (7) und PdCI, in einer
Mikrowellen-gestitzten Synthese umgesetzt. Triethylphosphit (7) dient hierbei gleichzeitig
als Reaktionspartner und Ldsungsmittel. Reaktionskontrolle nach 20 min mittels DC zeigte,
dass die Umsetzung sowohl bei 150 °C als auch 170 °C nicht vollstandig war. Ein weiterer

Versuch bei 200 °C fuhrte letztlich zu einer vollstandigen Umsetzung.

Me 8] MeO. 0

Br
QEt PdCl, okt
+ _Po _— OEt
07 0OMe 07 0OMe
6 7 3

Abb. 36: Optimierte Synthesebedingungen zur Darstellung des Phosphorsdurediethylesters 3 mit
Triethylphosphit (7) und PdCl,.
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2-Aminoterephthalsauredimethylester

Angelehnt an eine Literaturvorschrift®®  zur Darstellung von aromatischen
Phosphorséureamiden wurde 2-Aminoterephthalsauredimethylester (8) mit Diethylphosphit
(2) und elementarem lod als Katalysator umgesetzt. Dabei ist entscheidend, dass die Reaktion
unter Anwesenheit von Sauerstoff bzw. Luftsauerstoff durchgefiihrt wird, da sonst keine
Umsetzung stattfindet. Mit Dichlormethan als Ld&sungsmittel wurde das gewinschte
Phosphorséaureamid 9 nach Aufarbeitung und sdulenchromatographischer Reinigung in einer

Ausbeute von 27 % erhalten.

MeO. o] Me 0
HO
NH, E,OEt 1, 0, N.Ii_OEt
1
* H” “OEt CH,CI, OEt
(o) OMe o) OMe
8 2 9 (27 %)

Abb. 37: Oxidative Kupplung zur Darstellung des literaturunbekannten Phosphorséureamids 9.

Eine andere Mdglichkeit das Phosphorsaureamid 9 zu synthetisieren, ist die Umsetzung von
2-Aminoterephthalsauredimethylester (8) mit Chlorphosphorsdurediethylester (10). Mit
Dichlormethan als Lésungsmittel und Triethylamin als Base konnte das Phosphorsdureamid 9
nach Aufarbeitung und séulenchromatographischer Aufreinigung in einer Ausbeute von 18 %

erhalten werden.

Me o] MeO. 0
HO
—_—
* ¢I” T“OEt CH,Cl, 6Et
(o) OMe (o] OMe
8 10 9 (18 %)

Abb. 38: Nukleophile Substitution zur Darstellung des Phosphorsédureamids 9.

Analog zur nukleophilen Substitution am Chlorphosphorsaurediethylester (10) wurde
versucht, 2-Aminoterephthalsauredimethylester (8) mit einer &quimolaren Menge
Phosphoroxychlorid (11) umzusetzen. Durch eine anschlieBende Hydrolyse mit Wasser sollte
die jeweilige Phosphorsaureamid-Gruppe erhalten werden. Ob das gewilinschte Produkt 12
entstanden war, konnte aufgrund von diversen Nebenprodukten nicht eindeutig geklart

werden. Eine sdulenchromatographische Trennung war nicht erfolgreich. Die groe Anzahl an
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Verunreinigungen lasst vermuten, dass eine Mischung aus einfach-, zweifach- und dreifach-

substituierten Phosphoroxychloriden entstanden sein konnte.

Me o] MeO. o)
HoO
NH, _cl 1. NEt;, CH.Cl; N\H,OH
+ ~ — 1
clI” ~cl OH
2. H,0
0“ “OMe 0“ “OMe
8 11 12

Abb. 39: Fehlgeschlagene Umsetzung mit Phosphoroxychlorid (11).

Auf Optimierungen der Reaktionsbedingungen wurde im Rahmen der Vorversuche
groftenteils verzichtet. Die Vorversuche sollten zeigen, dass eine Umsetzung der Linker-
Molekile  unter den  gewéhlten  Bedingungen  mdglich  ist.  Notwendige
Reaktionsoptimierungen wurden erst wahrend der postsynthetischen Modifizierung

vorgenommen.

4.2.3 Postsynthetische Modifikation von Cr-MIL-101-Derivaten

Auf Basis der Vorversuche wurden postsynthetische Modifikationen am Cr-MIL-101, Cr-
MIL-101-Br und Cr-MIL-101-NH, durchgefiihrt. Zum Nachweis der potentiellen
Modifikationen am Linker wurde das MOF zunachst mit Natronlauge aufgelost, die Cr**-
lonen abgetrennt und die Linker mittels NMR-Spektroskopie untersucht. Das Abtrennen der
Cr¥-lonen ist entscheidend, da paramagnetische Metall-lonen zu einer starken
Linienverbreiterung im NMR-Spektrum filhren. 'P-NMR-Spektren wurden fir alle
Verbindungen aufgenommen (s. Kapitel 6.3), werden aber im folgenden Kapitel nicht naher
diskutiert, da die Aussagekraft aufgrund von Verunreinigungen oft nur gering ist. Genaue
Details zur Durchfiihrung der jeweiligen Modifikationen sind in Kapitel 6.2.2 zu finden.

Cr-MIL-101

Eine Chlormethylierung von Cr-MIL-101 wurde schon mehrfach in der Literatur™84

beschrieben und deshalb trotz fehlgeschlagener VVorversuche ausprobiert. Jedoch konnte unter
den angegebenen Reaktionsbedingungen keine Umsetzung beobachtet werden. Auch die
Variation der Reaktionsbedingungen (héhere Reaktionstemperatur, langere Reaktionszeiten)

flhrte nicht zum Erfolg.
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Cr Cr Cr Cr
OunsO AlCl, (o KT 0]

*6 H,0

Cl
Cwo s

MeNOz
9 o 9 9 D> 9
Cr Cr Cr Cr

Cr-MIL-101 4 Cr-MIL-101-CH,-CI

Abb. 40: Eine literaturbekannte™®! Chlormethylierung von Cr-MIL-101 war im Rahmen dieser Arbeit nicht
erfolgreich.

Da die Umsetzung des Terephthalsduredimethylesters (1) mit Diethylphosphit (2) und
Mn(OAc); erfolgreich war, wurde versucht, Cr-MIL-101 unter den gleichen Bedingungen
umzusetzen. Jedoch konnte sowohl bei 60 °C als auch bei 100 °C nach 12 h Rihren keine
Modifizierung beobachtet werden. Da zusatzlich die Abtrennung des schlecht l6slichen

Mn(OAc); vom MOF schwierig war, wurden keine weiteren Versuche zur Optimierung

unternommen.
Cr Cr
Mn(OAc); 0x:20 o
*«2 H,0 u
ﬂ OEt 1 OEt
e —
HOAc
0™ 0
Cr Cr Cr Cr
Cr-MIL-101 2 Cr-MIL-101-PO,Et,

Abb. 41: Eine oxidative Kupplung am Cr-MIL-101 war nicht erfolgreich.

Cr-MIL-101-Br

Analog der Vorversuche wurde versucht, Cr-MIL-101-Br sowohl mit Diethylphosphit (2) als
auch mit Triethylphosphit (7) zum Cr-MIL-101-POsEt, umzusetzen. Daflr wurde Cr-MIL-
101-Br in einer Mikrowellen-gestitzten Synthese mit Diethylphosphit (2), Pd(dppf)Cl,,
Triethylamin und Toluol fiir 15 min bei 150 °C gerdihrt.
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gr Cr
O
o]
Pd(dppf)Cl, 1
ﬂ Base ?\OEt
N OEt
WogE A

MW, 150 °C

Cr Cr

Cr-MIL-101-Br 2 Cr-MIL-101-PO4Et,

Abb. 42: Bei der Palladium-katalysierten Kreuzkupplung mit Diethylphosphit (2) konnte trotz Variation der

Reaktionsbedingungen keine Umsetzung von Cr-MIL-101-Br beobachtet werden.

NMR-spektroskopische Untersuchungen des aufgelosten MOFs zeigten, dass nur
unmodifizierter Cr-MIL-101-Br vorlag. Weitere Versuche wurden durchgefihrt, in denen
sowohl Reaktionszeit, -temperatur, Losungsmittel, Base und Katalysator variiert wurden (s.
Tab. 1). Unter keiner der Bedingungen konnte eine Umsetzung zum Cr-MIL-101-PO3Et,
beobachtet werden. In einigen Fallen konnte Terephthalsdure nach der Reaktion
nachgewiesen werden. Dies ldasst vermuten, dass der Palladiumkatalysator zwar in die
Kohlenstoff-Brom-Bindung insertiert, aber nicht mit der jeweiligen Phosphor-Spezies

weiterreagiert.

Tab. 1: Ubersicht der Reaktionsbedingungen von Cr-MIL-101-Br mit Diethylphosphit (2).

Katalysator Base Losungsmittel  Zeit (min) Temperatur
°C)
Pd(dppf)Cl, NEt; Toluol 15 150
Pd(dppf)Cl; NEt; Toluol 60 200
Pd(dppf)Cl, NEts DMF 60 200
Pd(dppf)Cl; KOAc THF 60 200
Pd(PPhs), NEt; EtOH 60 200

Analog zum Vorversuch wurde Cr-MIL-101-Br mit Triethylphosphit (7) und PdCl, als
Katalysator umgesetzt. Die Reaktionsmischung wurde fir 60 min bei 200 °C in der

Mikrowelle gerihrt.
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Cr-MIL-101-Br 7 Cr-MIL-101-PO4Et,

Abb. 43: Palladium-katalysierte Kreuzkupplung mit Triethylphosphit (7).

Nach geeigneter Aufarbeitung wurde das MOF im Basischen aufgelést und mittels *H-NMR-
Spektroskopie untersucht. Dabei wurden zusatzlich zu den Signalen der Bromterephthalséure
auch Signale fir Terephthalsaure und eine weitere Spezies beobachtet. Um die unbekannte
Spezies zu identifizieren, sollten die Carbonséduremethylester-Gruppen von 3 hydrolysiert
werden und das *H-NMR-Spektrum mit der unbekannten Spezies verglichen werden. Unter
basischen Bedingungen wurde Phosphonséduremonoethylester 13 und unter sauren
Bedingungen  Phosphonsdure 14  erhalten. In  beiden Fallen werden die

Carbonsauremethylester zu Carbonséuren hydrolysiert.

¢Hs
e0_ _0 0 H o)

: i i

I ~OEt ™ 1 ~OH
0 M oct  _MCha OH

0~ ~0®° 070 0“ ™ OH
CHs
13 3 14

Abb. 44: Hydrolyse des Phosphonséurediethylesters 3.

Die 'H-NMR-Spektren wurden trotzdem verglichen und zeigten, dass es sich im Fall der
unbekannten Spezies um den Phosphonsduremonoethylester 13 handelt. Es wird vermutet,
dass der Monoethylester 13 erst beim Auflésen des MOFs im basischen Milieu entstanden ist
und zuvor der jeweilige Diethylester vorlag.
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Abb. 45: Vergleich von *H-NMR-Spektren zur Identifizierung des Monoethylesters 13.

Die Ergebnisse zeigen, dass die postsynthetische Modifikation zur Implementierung einer
Phosphonsaurediethylester-Gruppe  erfolgreich  war. Durch die Messung eines
Rontgendiffraktogramms konnte auflerdem gezeigt werden, dass die Struktur nach der
postsynthetischen Modifikation erhalten wurde (s. Kapitel 6.2.2). Der Umsatz lag jedoch
lediglich bei 23 %. Davon konnten 15 % dem Phosphonsaurediethylester und 8 % der
Terephthalsdure zugeordnet werden. Es wurde versucht, durch Variation der
Reaktionsbedingungen einen hoheren Umsatz zu erzielen. Neben der Reaktionszeit wurde die
Menge des Triethylphosphits (7) und die Menge des Katalysators variiert. Es konnte jedoch
kein Trend zu hoéheren Umsatzen ausgemacht werden. Die Optimierungsversuche zeigten
vielmehr, dass sich der Umsatz, bei gleicher MOF-Charge und gleichen
Reaktionsbedingungen, um bis zu 20 % unterscheiden kann. Auch das Verhéltnis von
Terephthalsdure zu Phosphonsaurediethylester war nicht beeinflussbar und bei jedem Ansatz
unterschiedlich. Zusammenfassend kann man sagen, dass die postsynthetische Modifikation
zwar erfolgreich, aber nicht reproduzierbar war. Dabei variierte der allgemeiner Umsatz
zwischen 14 und 34 % und der Umsatz zum Phosphonséurediethylester zwischen 7 und 25 %.
Ein moglicher Grund fir die grofle Variation ist, dass die Reaktion bevorzugt an der
Oberflache des MOFs ablduft. Da das MOF vor der Reaktion nicht gemérsert wurde, kdnnte
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die unterschiedliche GroRe der Kristalle einen Einfluss auf den Umsatz gehabt haben. Dies

wurde im Rahmen dieser Arbeit jedoch nicht genauer untersucht.

Cr-MIL-101-NH,

Zur Darstellung eines MOFs mit Phosphorsdureamid-Gruppen wurde von Cr-MIL-101-NH,
ausgegangen. Dieser sollte zunachst analog der Vorversuche in einer oxidativen Kupplung
mit Diethylphosphit (2) umgesetzt werden. Daflir wurde Cr-MIL-101-NH; in Dichlormethan
vorgelegt und mit Diethylphosphit (2) und elementarem lod fir 12 h in Sauerstoff- bzw.
Luftsauerstoff-Atmosphare gerlihrt. Es konnte sowohl bei Raumtemperatur als auch unter

Rickfluss keine Umsetzung beobachtet werden. Weitere Optimierungsversuche wurden nicht

durchgefuhrt.
Cr Cr Cr Cr
I,, O H
NH, E’OEt 2 ™2 N.,ﬁ,OEt
+ -~ +’ !
H OEt OEt
CH,CI,
9 eSO 0 9 oo o
Cr Cr Cr Cr
Cr-MIL-101-NH, 2 Cr-MIL-101-NHPO4Et,

Abb. 46: Die Darstellung von Cr-MIL-101-NHPOsEt, in einer oxidativen Kupplung war nicht erfolgreich.

Eine andere Mdglichkeit zur Darstellung von Phosphorsaureamiden ist die nukleophile
Substitution an Phosphorséaurechloriden. Analog zu den Vorversuchen kann Cr-MIL-101-NH,
mit Chlorphosphorsaurediethylester (10) oder Phosphoroxychlorid (11) umgesetzt werden.
Obwohl die Umsetzung mit Phosphoroxychlorid (11) in den Vorversuchen nicht erfolgreich
war, wurde dieser Syntheseweg fur Cr-MIL-101-NH; trotzdem ausprobiert. Dieser Weg hat
den Vorteil, dass bei erfolgreicher Umsetzung eine Zwischenstufe erhalten wird, die durch
Hydrolyse mit Wasser oder Hydroxid-lonen ein Phosphorsaureamid mit freier
Phosphonséuregruppe ergibt. Mehrfachsubstitutionen am Phosphoroxychlorid (11) sollten
nicht auftreten, da die Aminogruppen der Linker im MOF rdumlich voneinander getrennt

vorliegen.
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Cr Cr Cr Cr
Oz o XY

Cr Cr Cr Cr Cr Cr
Cr-MIL-101-NH, 11 Cr-MIL-101-NHPOCI, Cr-MIL-101-NHPO3H,

Abb. 47: Darstellung von Cr-MIL-101-NHPOzH,.

Fur die Umsetzung von Cr-MIL-101-NH,; mit Phosphoroxychlorid (11) wurden

unterschiedliche Reaktionsbedingungen und der Einfluss einer Base untersucht.

Tab. 2: Postsynthetische Modifikation von Cr-MIL-101-NH, mit POCI; (11, min. 10 Ag.) unter Einfluss einer
Base (min. 10 Ag.) mit Toluol als Losungsmittel. (MW = Mikrowellensynthese)

Ansatz Base Verhéltnis Temperatur Zeit Umsatz
POCI; : Base
1 keine - Raumtemp. 24 h 0%
2 NEt; 1:1 Raumtemp. 24 h 0%
3 keine - 80 °C 24 h 0%
4 NEt; 1:1 80 °C 24 h 20 %
5 NEt; 1:3 100 °C 48 h 20 %
6 Pyridin 4:1 120 °C 12 h 16 %
7 Pyridin 1:1 120 °C 12 h 18 %
8 NEt; 1:1 105 °C (MW) 1h 21 %
9 NEt; 8:1 105 °C (MW) 1h 23 %
10 Pyridin 8:1 105 °C (MW) 1h 49 %

Die Untersuchungen zeigten, dass nach 24 h bei Raumtemperatur sowohl mit als auch ohne
Base keine Umsetzung erfolgte (Ansatz 1 und 2). Erhoht man die Temperatur auf 80 °C, kann
mit Triethylamin als Base ein Umsatz von 20 % mittels *H-NMR-Spektroskopie beobachtet
werden (Ansatz 4). Ohne Base findet auch nach 24 h bei 80 °C keine Reaktion statt (Ansatz

3). In einem weiteren Ansatz wurde Reaktionszeit, -temperatur und die Menge an
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Triethylamin erhéht, was jedoch nicht zu einer Erhdhung des Umsatzes fiihrte (Ansatz 5). Mit
Pyridin als Base konnte nach 12 h Ruhren bei 120 °C ein vergleichbarer Umsatz beobachtet
werden (Ansatz 6 und 7). Weitere Untersuchungen mit Mikrowellen-gestiitzter Synthese
fihrten mit Triethylamin als Base nur zu einer geringfugigen Erhéhung des Umsatzes (Ansatz
8 und 9). Mit Pyridin als Base konnte der Umsatz bei gleichen Synthesebedingungen auf 49
% verbessert werden (Ansatz 10). Dabei wurde ein achtfacher Uberschuss an
Phosphoroxychlorid (11) gegentiber Pyridin verwendet. Zusammenfassend lasst sich sagen,
dass das Verhaltnis von Base zu Phosphoroxychlorid (11) keinen ersichtlichen Einfluss auf
den Umsatz hat. Die Mikrowellen-gestitzte Synthese mit Pyridin erwies sich als

vielversprechender Ansatz zur Darstellung von Phosphorsaureamid-Gruppen.

0.__0© o o. 09
HO o
c N.g-0 3 NH,
1]
b a o 2 1
0~ 0O 0~ 0B
a 1
3
[+
b [2
NH
T T T T
=t 233 =R
o -—|1—|;—| — o~

T T T T T
8.9 8.8 87 8.6 85 8.4 83 8.2 8.1 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2
(ppm)

Abb. 48: 'H-NMR-Spektrum des aufgelésten MOF nach der Synthese von Cr-MIL-101-NH, mit POCI; (11)

zeigt einen Umsatz von 49 %.

Ein entscheidender Schritt bei der postsynthetischen Modifikation von Cr-MIL-101-NH, mit
Phosphoroxychlorid (11) ist die Aufarbeitung. Daflr muss der modifizierte MOF zuné&chst
grindlich mit wasserfreien organischen Ldsungsmitteln gewaschen werden, um die Base und
unreagiertes Phosphoroxychlorid (11) mdoglichst vollstdndig abzutrennen. Bei der

anschlieBenden Hydrolyse mit Wasser wurde, vermutlich aufgrund der hohen
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Reaktionswarme und den sehr aciden Bedingungen, héufig ein Auflésen des MOFs
beobachtet. Im Rahmen dieser Arbeit wurden die modifizierten MOFs, nach dem Waschen
mit organischen Losungsmitteln, direkt mit Natronlauge behandelt. Dies sollte zum einen die
entstandenen Phosphorsaurechloride hydrolysieren und zum anderen den MOF auflésen, um
NMR-spektroskopische Untersuchungen durchfiuihren zu kénnen. Ob die Struktur des MOFs
nach der postsynthetischen Modifikation noch intakt ist, wurde nicht untersucht. Dafiir muss

in weiteren Arbeiten zunéchst eine Moglichkeit zur ,,milden” Hydrolyse gefunden werden.

Wahrend die gerade erwéhnten Versuche zur Implementierung von Phosphonsaure-Gruppen
auf der postsynthetischen Darstellung von Phosphorsaureamiden beruhen, soll im folgendem
eine andere Mdoglichkeit, basierend auf der in Kapitel 4.2.1 erwdhnten Precusor-Methode,
beschrieben werden. Analog einer literaturbekannten!””! Heck-Kupplung von Cr-MIL-101-
NH, mit endstandigen Alkenen sollten Phosphonsaurediethylester-Gruppen in den MOF
implementiert werden. Dafiir wurde Cr-MIL-101-NH; zunéchst mit HBF,; und NaNO; in das
Diazonium-Salz Cr-MIL-101-N,"BF,” tiberfiihrt. AnschlieRend wurde der diazotierte MOF in
einer Heck-Kupplung mit Pd(OAc),, CaCOs; und Allylphosphonséurediethylester (15)

umgesetzt.
¢r Cr Cr Cr
O:..20 0 . 0
Pd(OAc), 0
i OEt CaCO; > p-OE
NS |
~ OEt MeOH OEt
9
Cr Cr Cr Cr Cr Cr
Cr-MIL-101-NH, Cr-MIL-101-N,*BF 15 Cr-MIL-101-C;H4PO;Et,

Abb. 49: Diazotierung von Cr-MIL-101-NH, und anschliefende Heck-Kupplung.

Nach Auflssen des MOFs mit einer 2m-Natriumhydroxid-Lésung zeigte das *H-NMR-
Spektrum eine Mischung aus dem gewunschten Produkt der Heck-Kupplung und
Terephthalsdure. Die Abwesenheit von 2-Aminoterephthalsdure bedeutet, dass die
Diazotierung quantitativ.  abgelaufen sein  muss. Die oxidative Addition des
Palladiumkatalysators muss ebenfalls quantitativ abgelaufen sein, da keine Nebenprodukte
der Phenol-Verkochung nachgewiesen werden konnten. Einen Vergleich der Integrale im *H-
NMR-Spektrum ergab ein Umsatz von 58 % fur das Produkt der Heck-Kupplung. Durch die
basischen Bedingungen beim Aufldsen des MOFs wurde der Phosphonséurediethylester zum

jeweiligen Monoester hydrolysiert. Linkermolekile, die nicht in einer Heck-Kupplung
311



4 Linker-Synthese und PSM zur Darstellung von protonenleitfahigen MOFs

umgesetzt wurden, konnten als Terephthalsdure identifiziert werden. Ein Vergleich der
Rontgenpulverdiffraktogramme von Cr-MIL-101-NH, und Cr-MIL-101-C3H4POsEt, zeigte,
dass die Struktur wéhrend der postsynthetischen Modifikation erhalten geblieben ist (s.
Kapitel 6.2.2).

R R b R R A B By

IR Lo ) o) o —

S®oo a a © N —

AN o o < o (se]
T T

T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 1.5
(ppm)

Abb. 50: 'H-NMR-Spektrum nach dem Auflésen des Cr-MIL-101-C3H,POsEt, in NaOH,g.

Im Rahmen dieser Arbeit sollten neue postsynthetische Methoden zur Implementierung von
Phosphonsaure-Gruppen in einen MOF entwickelt werden. Bei zwei der gewahlten Methoden
konnte ein Umsatz zum jeweiligen Phosphonséurediethylester nachgewiesen werden. Zur
Darstellung von MOFs mit freien Phosphonsdaure-Gruppen sind jedoch noch weitere
Untersuchungen beziiglich der Hydrolyse von Phosphorséurechloriden und der Hydrolyse von
Phosphonsaurediethylestern — notwendig.  Zusatzlich wurde ein  Uberblick  ber
Synthesemethoden zur Darstellung von Phosphonséauredialkylestern bzw. Phosphonséuren
gegeben.
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5 Zusammenfassung und Ausblick

Die Ergebnisse der préa- und postsynthetischen Modifikation zur Darstellung wvon
funktionalisierten IRMOFs und protonenleitfahigen MOFs sind in den folgenden Kapiteln
zusammengefasst. Ergebnisse bezlglich der Synthese von funktionalisierten Triazin-Linkern
und der postsynthetischen Modifikation eines funktionalisierten IRMOFs werden in Kapitel
5.1 zusammengefasst. In Kapitel 5.2 werden die Ergebnisse beziglich der Synthese neuer
Phosphosulfonsaure-Linker und in Kapitel 5.3 die Ergebnisse zur Implementierung von

Phosphonsaure-Gruppen in Cr-MIL-101-Derivate zusammengefasst.
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5 Zusammenfassung und Ausblick

5.1 Funktionalisierte Triazin-Linker: Synthese und PSM

Ein Ziel dieser Arbeit war die Synthese von erweiterten und funktionalisierten Triazin-
Linkern. Diese sollten flr die Darstellung von isoretikularen MOFs zur Verfligung gestellt
werden. Dafir wurden sowohl literaturbekannte als auch literaturunbekannte Triazin-Linker

synthetisiert.

Die Erweiterung der von KLINKEBIEL""? beschriebenen TAPB-Linker erfolgte ausgehend von
Tribromtriazin V1-3a, V1-3b oder V1-3c und Biphenylboronséureester VV1-18. Daflir wurde
jedes der Tribromtriazine V1-3a, V1-3b oder V1-3c mit jeweils drei Aquivalenten des
Biphenylboronsaureester V1-18 in einer Suzuki-Kupplung umgesetzt. Die jeweiligen
Trimethylester V1-19a, VV1-19b und V1-19c konnten erfolgreich in Ausbeuten von 24 % [V1-
19a], 16 % [V1-19a] und 81 % [V1-19a] erhalten werden. Sowohl der unfunktionalisierte
Trimethylester VV1-19a als auch der nitrofunktionalisierte Trimethylester V1-19b konnte in
guten Ausbeuten zur entsprechenden Tricarbonsaure V1-20a (99 %) bzw. V1-20b (79 %)
hydrolysiert werden. Der methoxyfunktionalisierte Trimethylester V1-19¢ wurde mit
geschmolzenen Pyridinhydrochlorid umgesetzt. Auf diese Weise konnten gleichzeitig die

Methylester-Gruppen und der Methylether gespalten werden. Der hydroxyfunktionalisierte

Tricarbonsaure-Linker VV1-20c konnte in einer Ausbeute von 62 % isoliert werden.

Q0
" O O

vi-3al H V1-20a | H
V1-3b| NO; V1-20b | NO,
V1-3c| OMe V1-20c | OH

Abb. 51: Synthese der erweiterten Triazin-Linker VV1-20a, VV1-20b und V1-20c.
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5 Zusammenfassung und Ausblick

Die Spaltung eines Methylethers mit Pyridinhydrochlorid konnte auBerdem erfolgreich zur
Darstellung des hydroxyfunktionalisierten HsTAPB-Linker V1-17e genutzt werden. Dieser

konnte ausgehend vom Trimethylester V1-16c¢ in einer Ausbeute von 52 % erhalten werden.

02Me

®
O o

Pyrldlnhydrochlond

V1-16¢

V1-17e (52 %)

Abb. 52: Darstellung des hydroxyfunktionalisierten H;TAPB-Linker V1-17e.

Die funktionalisierten HsTATB-Linker V2-5a, VV2-5b, V2-5¢ und H3TATB-NH,(ortho) und
der H;TAPB-OMe-Linker wurden erfolgreich im Multigrammmalstab synthetisiert und fir

die Darstellung von MOFs zur Verfligung gestellt.

COOH COOH
NOZ NHZ
N™~N N”SN
| |
N N
HOOC COOH HOOC COOH
V2-5a V2-5¢
COOH COOH
NO, NH,
NI ~N NN
|
~
/th /@/J\N/’J\@
HOOC COOH HOOC COOH
V2-5b H;TATB-NH,(ortho)

Abb. 53: Funktionalisierte H;TATB-Linker V2-5a, V2-5b, VV2-5¢ und H;TATB-NH,(ortho).
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5 Zusammenfassung und Ausblick

Der meta-substituierte H3TATB-NH(m)-Linker V2-5¢ wurde von ERIKA VIRMANI (geb.
MUHLBAUER) und STEFAN WUTTKE erfolgreich mit Cu(NOs3),¢3H,0 zu einem MOF mit
PCN-6-Struktur umgesetzt. Die nitrofunktionalisierten Triazin-Linker V2-5a und V2-5b
sowie der H3TAPB-OMe-Linker wurden von ERIKA VIRMANI zur Darstellung neuer
Eisen(l11)-basierter Misch-Linker-MOFs mit MIL-143-Struktur verwendet. Mit Hilfe des
aminofunktionalisierten H3TATB-NH,(ortho) wurde von MILAN KOPPEN ein Bismut-MOF
(CAU-7-TATB-NH,) mit CAU-7-Struktur dargestellt.

Aufgrund der Verfugbarkeit von aminofunktionalisiertem CAU-7-TATB-NH, sollten
aullerdem Methoden zur postsynthetischen Modifikation entwickelt werden. Dafir wurden
verschiedene, fir Amino-MOFs etablierte, postsynthetische Modifikationen untersucht
(s. Kapitel 1.2). CAU-7-TATB-NH, konnte erfolgreich mit Essigsdureanhydrid,
Valeriansaureanhydrid, Bernsteinsaureanhydrid, Phthalsdureanhydrid und 1,3-Propansulton
umgesetzt werden. Der Funktionalisierungsgrad variierte je nach Reaktionspartner zwischen
33 % und 79 %. Mit Hilfe von Rontgenpulverdiffraktogrammen konnte, fur jeden der finf
modifizierten MOFs, ein Erhalt der Struktur bestatigt werden. Durch die Umsetzung mit
Bernsteinsédureanhydrid, Phthalsdureanhydrid und 1,3-Propansulton konnten auBerdem
organische S&duregruppen in die Struktur implementiert werden. Dies sind die ersten
beschriebenen Beispiele fur eine postsynthetische Modifikation an einem Bismut-MOF.

Bi Bi Bi Bi

[o R Xe ] OO

H
NH, N

CAU-7-TATB-NH,

0 [;: :] 0
1_OH
R= AI/ Ar(\/\ An/\)'LOH A/\/ \0
(o] (0]
° ° 0] OH

79 % 47 % 67 % 35 % 33 %

Abb. 54: PSM am CAU-7-TATB-NH, mit unterschiedlichen Anhydriden und 1,3-Propansulton.
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5 Zusammenfassung und Ausblick

Zusétzlich  wurden postsynthetische  Modifikationen mit Methansulfonsdaurechlorid,
Acetylchlorid und Ethylisocyanat ausprobiert. Dabei wurde entweder ein Auflésen oder eine

Zersetzung der Struktur beobachtet.
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5 Zusammenfassung und Ausblick

5.2 Synthese von Phosphosulfonsaure-Linkern

Ein weiteres Ziel dieser Arbeit war die Synthese von Phosphosulfonsdure-Linkern zur
Darstellung von protonenleitfadhigen MOFs. Fir die Darstellung dieser Linker wurden zwei

unterschiedliche Syntheserouten entwickelt.

Ausgehend von Tetrakis(brommethyl)benzol (M3-1) wurde im Rahmen dieser Arbeit eine
Syntheseroute zur Darstellung von vier Phosphosulfonsdaure-Linkern entwickelt. Dafur wurde
Tetrakis(brommethyl)benzol (M3-1) in einer nukleophilen Substitution zundchst mit zwei
Aquivalenten Triethylphosphit umgesetzt. Unter den gewahlten Reaktionsbedingungen wurde
ein Gemisch aus unsubstituierten sowie einfach-, zweifach-, dreifach- und vierfach-

substituiertem Tetrakis(brommethyl)benzol erhalten.

Br Br
M3-1

v v l v
Tr PO;Et, Tr POsEt, PO;Et, PO;Et, r PO,Et, r PO;Et,

P03Et2 Br Br Br Br PO3Et2 P03Et2 P03Et2
M3 5 (27 %) M3 2 (3 %) m3-3 M3-4 (3 %) M3-6 (17 %)

(nicht isoliert) l J’
E sH PO;H, O;H PO;H, O;H PO;H, 0;H PO;H,
O;H

SO,H SO, PO;H,  SOH SO,H PO;H, POsH,  POH,

M3-8 (64 %) M3-9 (75 %) M3-10 (82 %) M3-11 (87 %)
Abb. 55: Synthesetibersicht zur Darstellung der Phosphosulfonséure-Linker M3-8, M3-9, M3-10 und M3-11.

Mit Hilfe einer sdulenchromatographischen Reinigung konnten der Monophosphonsédure-
diethylester M3-5 und der Triphosphonsdurediethylester M3-6 vom Reaktionsgemisch
abgetrennt und in einer Ausbeute von 27 % bzw. 17 % isoliert werden. Zusatzlich wurde ein
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5 Zusammenfassung und Ausblick

Gemisch der schwierig zu trennenden Diphosphonséurediethylester M3-2, M3-3 und M3-4
erhalten. Mittels Kristallisation und anschlieBender s&ulenchromatographischer Reinigung
konnten die Diphosphonsaurediethylester M3-2 und M3-4 zwar vom Gemisch abgetrennt
werden, aber nur in geringen Ausbeuten von jeweils 3 % isoliert werden. Der
Diphosphonsaurediethylester M3-3 konnte zwar NMR-spektroskopisch nachgewiesen
werden, eine Isolierung war jedoch nicht erfolgreich. Durch Umsetzung mit Natriumsulfit und
anschlieBender  Hydrolyse der  Phosphonséurediethylester-Gruppen  konnten  die
Phosphosulfonsaure-Linker M3-8, M3-9, M3-10 und M3-11 in guten Ausbeuten dargestellt

werden.

Ein anderer Ansatz zur Darstellung von Phosphosulfonsdaure-Linkern ist die direkte
Verknupfung von Phosphonsdure- und Sulfonséure-Gruppen mit einem Benzol-Ring. Im
Rahmen dieser Arbeit wurde eine Syntheseroute zur Darstellung von tri- und
tetrasubstituierten Phosphosulfonsdure-Linkern entwickelt. In einem ersten Syntheseschritt
wurden  verschiedene Brom-substituierte  Benzolsulfonséduren  synthetisiert, welche
anschlieBend in einer Palladium-katalysierten Kreuzkupplung mit Triethylphosphit umgesetzt
wurden. Die erhaltenen Phosphonséurediethylester-Gruppen wurden durch Hydrolyse in die

jeweiligen Phosphonsaure-Gruppen tberfthrt.

Die trisubstituierten Brombenzolsulfonsauren M3-13, M3-16 und M3-18 konnten durch

Bromierung, ipso-Sulfonierung oder Sulfonierung in guten Ausbeuten dargestellt werden.

HO,S SO;H HO, SO;H
NaO,S SO;Na
—_— —_—
Br PO;H,
M3-12 M3-13 (83 %) M3-23 (78 %)
\ : , r\ ; , H203 ~ : ,P03H2
SiMe, SO;H SO,H
M3-14 M3-16 (85 %) M3-24 (62 %)
r r P03H2
SO;H SO;3H
—_— —_—
Br Br PO3zH,
M3-17 M3-18 (45 %) M3-25 (47 %)

Abb. 56: Synthese der trisubstituierten Phosphosulfonsaure-Linker M3-23, M3-24 und M3-25.
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Phosphonsdure-Gruppen konnten erfolgreich durch Mikrowellen-gestitzte Kreuzkupplung

mit Triethylphosphit und anschlielende Hydrolyse eingefiihrt werden. Die trisubstituierten

Phosphosulfonsaure-Linker M3-23, M3-24 und M3-25 wurden in guten Ausbeuten isoliert.
Durch Sulfonierung von 1,4-Dibrombenzol M3-17 und 1,3-Dibrombenzol M3-21 konnten die
drei tetrasubstituierten Brombenzolsulfonsduren M3-19, M3-20 und M3-22 dargestellt

werden. Nach anschlieRender Kreuzkupplung und Hydrolyse wurden die tetrasubstituierten

Phosphosulfonsaure-Linker M3-23, M3-24 und M3-25 isoliert.

r P03H2
HO,;S SO;H HOgS SO;H
—
r
Br P03H2
— M3-19 (63 %) M3-28 (5 %)
Br r PO;H,
SO;H SO;H
M3-17 aH :
—>
HO,S HO,S
Br P03H2
M3-20 (27 %) M3-26 (40 %)
Br Br Br. Br H203 P03H2
o —
HO,S SOzH HO3S SO.H
M3-21 M3-22 (78 %) M3-27 (33 %)

Abb. 57: Synthese der tetrasubstituierten Phosphosulfonsaure-Linker M3-26, M3-27 und M3-28.

Die Phopshosulfonséure-Linker M3-9, M3-10, M3-11 und M3-26 konnte bereits erfolgreich

zur Darstellung verschiedener Lanthan-MOFs bzw. CPs verwendet werden. 122222
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5.3 PSM von Cr-MIL-101-Derivaten

Ein weiteres Ziel dieser Arbeit war die Entwicklung von postsynthetischen Methoden zur
Implementierung von Phosphonséure-Gruppen in verschiedene Cr-MIL-101-Derivate (Cr-
MIL-101, Cr-MIL-101-Br, Cr-MIL-101-NH,). Dafur wurden zunéchst Vorversuche zum
Einfuhren von Phosphonsaurediethylester-Gruppen durchgefiihrt. Um die Reaktionskontrolle
zu vereinfachen, wurde von den Dimethylestern der Linker-Molekile Terephthalsaure (Cr-
MIL-101), 2-Bromterephthalsdure (Cr-MIL-101-Br) und 2-Aminoterephthalséure (Cr-MIL-
101-NH;) ausgegangen.

Terephthalsduredimethylester (1) konnte erfolgreich, in einer oxidativen Kupplung mit
Diethylphosphit (2), funktionalisiert werden. Der Phosphonsdurediethylester 3 konnte mit

einer Ausbeute von 20 % isoliert werden.

MeO._ _O MeO_ O
e e 9
E OEt |-:“OEt
< — E
* H” “OEt OEt
0“ “OMe 0“ “OMe
3

1 2

Abb. 58: Oxidative Kupplung zur Darstellung des Phosphonsaurediethylester 3.

2-Bromterephthalsduredimethylester  (6) konnte in  einer Palladium-katalysierten

Kreuzkupplung mit Triethylphosphit (7) ebenfalls zum Phosphonsdurediethylester 3

umgesetzt werden.
Me 0 Me 0 9
Br QEt P
I ~OEt
+ P g OEf
EtO” TOEt
(o] OMe (o) OMe
6 7 3

Abb. 59: Palladium-katalysierte Kreuzkupplung zur Darstellung des Phosphonsaurediethylester 3.

Das Einfuhren von Phosphonsdurediethylester-Gruppen am 2-Aminoterephthalsdure-
dimethylester (8) konnte erfolgreich durch nukleophile Substitution oder oxidative Kupplung
erreicht  werden. Die oxidative Kupplung erfolgte durch Umsetzung des
2-Aminoterephthalsduredimethylesters (8) mit Diethylphosphit unter Einfluss von
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elementarem lod und Luftsauerstoff. Das Phosphorsaureamid 9 konnte nach
sédulenchromatographischer Reinigung mit einer Ausbeute von 27 % isoliert werden.

MeO. o) ﬁ,OEt MeO. o)
H” “OEt Ho
NH, 2 N\B _OEt
+ oder —_— 6Et
0
B JOEt
8 10 9

Abb. 60: Synthese des Phosphorséureamids 9 mittels oxidativer Kupplung (27 %) oder nukleophiler Substitution
(18 %).

Zusétzlich konnte das Phosphorsaureamid 9 durch nukleophile Substitution des
Chlorphosphorséaurediethylester (10) mit 2-Aminoterephthalsauredimethylester (8) dargestellt

werden.

Auf Basis der erfolgreichen Vorversuche wurden postsynthetische Modifikationen an Cr-
MIL-101-Derivaten durchgefuhrt. Die Implementierung von Phosphonséurediethylester-
Gruppen mittels oxidativer Kupplung war sowohl fiir den Cr-MIL-101 als auch fir den Cr-
MIL-101-NHj; nicht erfolgreich.

Bei der postsynthetischen Modifikation des Cr-MIL-101-Br mit Triethylphosphit (7) konnte
eine  Umsetzung der 2-Bromterephthalsdure-Linker  beobachtet werden. NMR-
spektroskopische Untersuchungen nach Auflosen des MOFs zeigten, dass sich die
2-Bromterephthalsdure sowohl zum gewiinschten Phosphonséurediethylester als auch zur

Terephthalsdure umgesetzt hatte.

gr Cr

Cr Cr Cr Cr
Cr-MIL-101-Br 7 Cr-MIL-101-PO,Et,

Abb. 61: Palladium-katalysierte Kreuzkupplung zur postsynthetischen Implementierung von Phosphonsaure-
diethylester-Gruppen.
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Die Umsetzung zum Phosphonséurediethylester variierte je nach Ansatz zwischen 7 % und
25 %. Rontgenpulverdiffraktogramme vom modifizierten MOF bestétigen, dass die Struktur
nach der posytsynthetischen Modifikation intakt geblieben ist.

Basierend auf den Vorversuchen zur nukleophilen Substitution konnte Cr-MIL-101-NH,
erfolgreich mit Phosphoroxychlorid (11) modifiziert werden. Durch Optimierung der
Reaktionsbedingungen konnte eine Umsetzung von bis zu 49 % erreicht werden.

gr Cr
H
. 18 on
1
Cr-MIL-101-NH, 11 Cr-MIL-101-NHPO3H,

Abb. 62: Nukleophile Substitution mit Phosphoroxychlorid (11) und anschliefende Hydrolyse.

Ausgehend von Cr-MIL-101-NH, konnte auBerdem eine Heck-Kupplung zur
Implementierung von Phosphonsédurediethylester-Gruppen etabliert werden. Daflr wurde die
Aminogruppe von Cr-MIL-101-NH; zuné&chst in ein Diazionium-Salz berfuhrt und dieses
anschlieBend in einer Heck-Kupplung mit Allylphosphonsaurediethylester (15) umgesetzt.
NMR-spektroskopische Untersuchungen zeigten eine Umsetzung von 58 % fir das Produkt

der Heck-Kupplung.

¢

Cr Cr Cr Cr Cr Cr
Cr-MIL-101-NH, Cr-MIL-101-N,*BF 15 Cr-MIL-101-C3H,4PO4Et,

Abb. 63: Heck-Kupplung zur Implementierung von Phosphonséurediethylester-Gruppen.
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5.4 Ausblick

Im Rahmen dieser Arbeit wurden Methoden zur pra- und postsynthetischen Darstellung von
funktionalisierten IRMOFs und protonenleitfahigen MOFs entwickelt. Fur die présynthetische
Darstellung wurden funktionalisierte Triazin-Linker bzw. Phosphosulfonséure-Linker
synthetisiert. Die postsynthetischen Reatkionen erfolgten an prasynthetisch funktionalisierten
MOFs.

Um den Pool an funktionalisierten Triazin-Linkern noch zu erweitern, konnte die in dieser
Arbeit etablierte Methode zur Darstellung von hydroxyfunktionalisierten Triazin-Linkern
genutzt werden, um hydroxyfunktionalisierte H3TATB-Linker zu synthetisieren. Zusétzlich
konnte versucht werden, den nitrosubstituierten Linker V1-20b durch Reduktion in den

entsprechenden aminosubstituierten Linker zu Uberfihren.

Weitere Arbeiten sollten sich zunachst mit der Darstellung von MOFs basierend auf den in
dieser Arbeit beschriebenen Triazin- und Phosphosulfonsdure-Linkern beschéaftigen. Dabei
sollten vor allem die physikalischen und chemischen Eigenschaften dieser MOFs in Hinblick
auf potentielle Anwendungen untersucht werden. MOFs, basierend auf den beschriebenen
Phosphosulfonsaure-Linkern, kénnten als protonenleitfahige Materialien oder heterogene
Bregnsted-acide Katalysatoren eingesetzt werden. Die funktionalisierten Triazin-Linker sollten
zur Darstellung weiterer isoretikularer MOFs verwendet werden. Durch Variation der
LinkergroRe, der funktionellen Gruppen oder durch postsynthetische Modifikation kénnten
auf diesem Weg MOFs mit definierten Poreneigenschaften (Aciditat, Porengrofie, Polaritét,
katalytische Aktivitat) dargestellt werden.

Die in dieser Arbeit gezeigten Ansatze zur postsynthetischen Implementierung von
Phosphonsdure-Gruppen sollten in folgenden Arbeiten weiter untersucht und optimiert
werden. Dabei muss vor allem eine Methode zur Hydrolyse der Phosphonséurediethylester-
Gruppen entwickelt werden. Fir die vielversprechende Umsetzung des Cr-MIL-101-NH; mit
Phosphoroxychlorid (11) muss ebenfalls eine Methode zur Hydrolyse der entstandenen
Phosphonsaurechlorid-Gruppen gefunden werden, bei der sich das MOF nicht auflést. In
weiteren Arbeiten konnten auflerdem andere Methoden zur Implementierung von
Phosphonsdure-Gruppen bzw. Phosphonsdurediethylester-Gruppen ausprobiert werden. Ein

Uberblick tiber mégliche Methoden ist in Kapitel 4.2.1 gegeben.

324



6 Experimenteller Teil

6 Experimenteller Teil

6.1 Allgemeine Hinweise

6.1.1 Verwendete Gerate

Schmelzpunktbestimmung

Schmelzpunktbestimmungsgerat der Fa. Gallenkamp.

NMR-Spektroskopie
FT-NMR-Spektrometer DRX 500, (*H: 500 MHz, *3C: 125 MHz, 'P: 202 MHz), Fa. Bruker.

Alle Spektren wurden, wenn moglich, mit Hilfe des nicht vollstandig deuterierten
Losungsmittels referenziert. Die chemischen Verschiebungen ¢ sind in ppm und die
Kopplungskonstanten J in Hertz (Hz) angegeben. Kopplungen mit Phosphor-Atomen werden
im *H-NMR mit Ju.p und im *C-NMR mit Jc.» gekennzeichnet. Alle Spektren wurden bei
300 K gemessen. Bei literaturunbekannten Substanzen wurden einige Signale mit Hilfe
zweidimensionaler ~ Messmethoden (COSY, HSQC, HMBC) zugeordnet. Die
Spinmultiplizitaten im 'H-NMR (Singulett, Dublett, Triplett, Quartett, Multiplett und
zentriertes Multiplett) wurden mit s, d, t, g, m und m. abgekirzt. Im *C-NMR geben die
Abkilrzungen den Strukturtyp des Kohlenstoffatoms an (s: quartér, d: tertiér, t: sekundar, q:
primér). Fiir Kopplungen mit Phosphor-Atomen wird im **C-NMR die jeweilige Multiplizitat
in eckigen Klammern und mit einem ,,P* im Index angegeben. Zur Charakterisierung von
literaturbekannten Strukturen wurden lediglich *H-NMR-Spektren und fiir phosphorhaltige
Strukturen zusitzlich ein *'P-NMR angefertigt. Bei der Auswertung der NMR-Spektren
wurden ,,Are als Abkurzung fur Aryl verwendet.

Massenspektrometrie

Applied Biosystems Mariner 5280 (ESI).

JEOL AccuTOF GCV 4G (HRMS, Elektronenstol3-lonisation erfolgte bei 70 eV).
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IR-Spektroskopie

Perkin Elmer Spectrum 100 mit Golden Gate Diamond ATR Einheit A531-G.

Roéntgenbeugung

STOE-Stadi-P Combi Diffraktometer.

Synthese-Mikrowelle

Discover SP Mikrowellen-System mit Explorer 12 Hybrid-Autosampler.

6.1.2 Verwendete Chemikalien

Die folgenden Chemikalien wurden k&uflich erworben oder dem Laborbestand entnommen

und ohne weitere Reinigung eingesetzt.

Chemikalie Hersteller Reinheit
Allylphosphonséurediethylester Sigma Aldrich 98 %
Aluminiumchlorid-Hexahydrat Merck 97 %

2-Aminoterephthalsauredimethylester Alfa Aesar 97 %
1,1-Bis(diphenylphqsphiq)ferrocen- ABCR 99.9 %

palladiumdichlorid

2-Bromterephthalsauredimethylester TCI 98 %
Calciumcarbonat Merck 99 %
Chlorphosphorséaurediethylester Fluka 97 %
Diethylphosphit ABCR 94 %
Essigsédure Merck 99.8 %

lod Laborbestand reinst
Magnesiumsulfat Grissing reinst
Mangan(lll)acetat-Dihydrat Sigma Aldrich 97 %
Methoxyacetylchlorid Sigma Aldrich 97 %
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Natriumhydrogencarbonat Grissing 99 %
Natriumhydroxid Merck 99.9 %
Natriumnitrit Laborbestand reinst
Palladium(ll)acetat TCI 98%
Palladium(ll)chlorid Alfa Aesar 99%
Phosphoroxychlorid Sigma Aldrich 99 %
Pyridin Acros 98 %
Salpetersdure Acros 65 %
Salzséure Merck 37 %
Terephthalsauredimethylester Sigma Aldrich 99 %
Tetrafluorborséure Alfa Aesar 48 %
Triethylamin Fisher Scientific 99.5 %
Triethylphosphit Alfa Aesar 98 %

6.1.3 Verwendete Losungsmittel

Die folgenden Ldsungsmittel wurden vor der Verwendung durch Destillation gereinigt und
gegebenenfalls unter Verwendung des angegebenen Trockenmittels getrocknet. Wasserfreies
Dichlormethan wurde unter Stickstoffatmosphdre aus einer Trocknungsanlage bezogen

(PureSolv MD3 Solvent Purification System, Fa. Inert).

Loésungsmittel Trockenmittel/Indikator Hersteller
Aceton Molekularsieb, 3 A BCD.
Cyclohexan BCD
Dichlormethan BCD
Dichlormethan, HPLC grade PureSolv MD3 Prolabo
Essigsaureethylester BCD
Ethanol Walther CMP
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Methanol BCD

Toluol Molekularsieb, 4 A BCD

6.1.4 Adsorbentien fir Chromatographie

Fur saulenchromatographische Reinigungen wurde Kieselgel der Fa. Macherey-Nagel mit
einer Korngrofe von 0.04-0.063 mm verwendet.

Diinnschichtchromatographie wurde mit DC-Aluminiumfolien (Kieselgel 60 Fys4) der Fa.
Merck durchgefihrt.

Die  angegebenen  Ry-Werte  beziehen sich auf das Ergebnis aus der
Dinnschichtchromatographie.
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6.2 Synthesen

6.2.1 Vorversuche

6.2.1.1 2-(Diethoxyphosphonyl)terephthalsauredimethylester (3)

MeO 0

Vorschrift A:

Terephthalsduredimethylester (1, 500 mg, 2,575 mmol) und Mangan(lll)triacetat-Dihydrat
(2.07 g, 7.73 mmol) wurden in Eisessig (10 mL) vorgelegt und mit Diethylphosphit (2,
663 uL, 5.15 mmol) versetzt. Die Reaktionsmischung wurde fur 12 h bei 60 °C gertihrt.
AnschlieBend wurde Wasser (50 mL) zugegeben und mit Ethylacetat (3 x 50 mL) extrahiert.
Die vereinigten org. Extrakte wurden mit ges. Natriumchlorid-Losung (50 mL) gewaschen,
uber Magnesiumsulfat getrocknet und das Losungsmittel i. Vak. entfernt. Der Rickstand
wurde mittels Saulenchromatographie (Kieselgel, Cyclohexan/Ethylacetat = 1:1, Ry = 0.12)

gereinigt. Ein farbloser Feststoff wurde erhalten.
Ausbeute: 170 mg (515 pmol, 20 %).
Vorschrift B:

2-Bromterephthalsduredimethylester (6, 50.0 mg, 183 umol), Diethylphosphit (2, 94 pL,
732 umol) und Triethylamin (100 pL, 732 umol) wurden in einem Mikrowellen-Vial
vorgelegt und mit Toluol (2 mL) versetzt. Anschliefend wurde Pd(dppf)Cl, (1.4 mg,
1.8 umol) zugegeben und das Vial in einer Synthese-Mikrowelle fir 15 min bei 150 °C (max.
200 W) bestrahlt. Die Reaktionsmischung wurde mittels Dunnschichtchromatographie (DC)

untersucht.

Ausbeute: Die Ausbeute wurde nicht bestimmt. Mittels DC-Untersuchung konnte das
gewiinschte Produkt 3 nachgewiesen werden. Die Abwesenheit von Edukt 6 deutet auf eine

vollstandige Umsetzung hin.
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Vorschrift C:

2-Bromterephthalsduredimethylester (6, 50.0 mg, 183 umol) und Triethylphosphit (7, 200 pL,
1.17 mmol) wurden in einem Mikrowellen-Vial vorgelegt und mit PdCl, (3.2 mg, 18 pmol)
versetzt. Das Vial wurde in einer Synthese-Mikrowelle fur 20 min bei 200 °C (max. 200 W)
bestrahlt. Die Reaktionsmischung wurde mittels Diunnschichtchromatographie (DC)

untersucht.

Ausbeute: Die Ausbeute wurde nicht bestimmt. Mittels DC-Untersuchung konnte das
gewiinschte Produkt 3 nachgewiesen werden. Die Abwesenheit von Edukt 6 deutet auf eine

vollstandige Umsetzung hin.

'H-NMR (500 MHz, CDCls): 8.59 (ddd, ®J4.p = 14.3 Hz, *J = 1.7 Hz, °J = 0.4 Hz, 1H,
Ar-3-H), 8.23 (m¢, 1H, Ar-5-H), 7.75 (ddd, %J = 8.0 Hz, *Ju.p = 4.8 Hz, °J = 0.4 Hz, 1H,
Ar-6-H), 4.27 - 4.09 (m, 4H, CH,), 3.95 (s, 6H, CO,CHs), 1.35 (td, 3J = 7.1 Hz, “Jyp =
0.5 Hz, 6H, CHg3) ppm.

3'P_.NMR (202 MHz, CDCl3): 14.6 (s, 1P, Ar-P) ppm.

6.2.1.2 2-Phosphoterephthalsaure (14)

HO_ _O
0
I
1 OH
OH
0% “OH

2-(Diethoxyphosphonyl)terephthalsduredimethylester (3, 100 mg, 303 umol) wurde mit
Wasser (4.5 mL) und konz. Salzséure (1.5 mL) versetzt und fiir 72 h bei 80 °C gertihrt. Beim
Abkuhlen der Reaktionslosung auf Raumtemp. fiel ein farbloser Feststoff aus. Dieser wurde
abfiltriert und i. Vak. getrocknet.

Ausbeute: 72 mg (293 umol, 97 %).
Schmp.: 298 °C (Lit.1?*: 296 - 298 °C)

'H-NMR (500 MHz, D,O/NaOD): 7.98 (dd, 3Ju.p = 12.2 Hz, J = 1.5 Hz, 1H, Ar-3-H), 7.58
(br. d, 33 =7.9 Hz, 1H, Ar-5-H), 7.05 (dd, *J = 7.9 Hz, *Jy.» = 3.5 Hz, 1H, Ar-6-H) ppm.

*IP-NMR (202 MHz, D,O/NaOD): 9.24 (s, 1P, Ar-P) ppm.
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MS (ESlpos): Mz = 247 [M + H], 229 [M - OH]",

6.2.1.3 2-(Diethoxyphosphonylamino)terephthalsauredimethylester (9)

MeO o}
H OEt
N, 1 OEt
11
(o]
(0] OMe

Vorschrift A:

2-Aminoterephthalsauredimethylester (8, 100 mg, 478 umol), Diethylphosphit (2, 123 pL,
955 pumol) und lod (4.0 mg, 15.7 umol) wurden vorgelegt und mit Dichlormethan (5 mL)
versetzt. Die Reaktionsmischung wurde unter Luftsauerstoff fir 12 h bei Raumtemp. gerihrt.
AnschlieBend wurde Ethylacetat (10 mL) und Wasser (10 mL) zugegeben. Die wéssr. Phase
wurde mit Ethylacetat (3 x 10 mL) extrahiert. Die vereinigten org. Extrakte wurden mit ges.
Natriumchlorid-Lésung (40 mL) gewaschen und ber Magnesiumsulfat getrocknet. Das
Losungsmittel wurde i. Vak. entfernt und der Rickstand mittels S&ulenchromatographie
(Kieselgel, Cyclohexan/Ethylacetat = 1:1, R¢ = 0.17) gereinigt. Ein farbloser Feststoff wurde

erhalten.
Ausbeute: 44 mg (127 umol, 27 %).
Vorschrift B:

Unter Stickstoffatmosphdre wurden 2-Aminoterephthalsduredimethylester (8, 100 mg,
478 pmol) und Triethylamin (70 pL, 505 pumol) in wasserfr. Dichlormethan (2 mL) vorgelegt
und die Reaktionsmischung auf 0 °C abgekihlt. In einem Tropftrichter wurde wasserfr.
Dichlormethan (2 mL) vorgelegt und Chlorphosphorsaurediethylester (10, 80 uL, 574 pumol)
zugegeben. Diese Losung wurde innerhalb von 15 min zugetropft und die Reaktionsmischung
flr 12 h bei Raumtemp. gertihrt. Anschliefend wurde Wasser (20 mL) zugegeben und weitere
5 h bei Raumtemp. geriihrt. Die wassr. Phase wurde mit Dichlormethan (3 x 10 mL) extrahiert
Die vereinigten org. Extrakte wurden mit ges. Natriumhydrogencarbonat-Lésung (40 mL)
gewaschen, ber Magnesiumsulfat getrocknet und das Losungsmittel wurde i. Vak. entfernt.
Der Rickstand wurde mittels Saulenchromatographie (Kieselgel, Cyclohexan/Ethylacetat =

1:1, Rf = 0.17) gereinigt. Ein farbloser Feststoff wurde erhalten.

Ausbeute: 30 mg (87 pumol, 18 %).
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Schmp.: 64 °C.

'H-NMR (500 MHz, CDCl3): 9.17 (d, 2Ju.p = 10.0 Hz, 1H, NH), 8.10 (d, *J = 1.5 Hz, 1H,
Ar-3-H), 8.04 (dd, %3 = 8.3 Hz, >Ju.p = 1.5 Hz, 1H, Ar-6-H), 7.57 (dd, 3J = 8.3 Hz, “J = 1.5 Hz,
1H, Ar-5-H), 4.30 - 4.10 (m, 4H, CH,), 3.93 (2s, 6H, CO,CHs), 1.35 (t, *J = 7.0 Hz, 6H, CH3)
ppm.

B3C-NMR (125 MHz, CDCl3): 168.2 (s, 1-Ar-CO,Me), 166.2 (s, 4-Ar-CO,Me), 144.1 (s[dp],
2Jep = 1.8 Hz, Ar-2-C), 135.4 (s, Ar-4-C), 131.4 (d, Ar-6-C), 120.9 (d, Ar-5-C), 119.1 (d[dp],
3Jc.p = 2.2 Hz, Ar-3-C), 117.5 (s[dp], *Jc-p = 9.4 Hz, Ar-1-C), 63.5 (t[dp], 2Jc.p = 5.4 Hz, P-O-
CH,), 52.67, 52.63 (2q, 1,4-Ar-CO,CHs), 16.3 (q[dp], *Jc.p = 6.7 Hz, P-O-CH,CH3) ppm.

3IP_NMR (202 MHz, CDCls): 0.33 (s, 1P, NH-P) ppm.
HRMS (EI): m/z = C14H20NO-P ber. 345.0977; gef. 345.0977 (A <0.2 ppm).

IR (ATR): v = 3245 (N-H Valenzschw.), 2956 (aliph. C-H-Valenzschw.), 1720, 1689
(C=0-Valenzschw.), 1576, 1507 (arom. C=C-Valenzschw.), 1297 (P=0), 1259, 1234 (C-O-

Valenzschw.) cm™,

6.2.2 Postsynthetische Modifikationen

6.2.2.1 Probenvorbereitung fir NMR-spektroskopische Untersuchungen

Die Untersuchung der postsynthetisch modifizierten Cr-MIL-101-Derivate erfolgte mit Hilfe
der NMR-Spektroskopie. Dafur wurde der jeweilige MOF mit einer 2mM-Natriumhydroxid-
Losung versetzt. Die Suspension wurde geschittelt, bis eine klare griine Lésung entstand.
AnschlieBend wurde die Ldsung mit 6M Salzsdure versetzt, bis ein pH-Wert zwischen 8 und
10 erreicht wurde. Unter diesen Bedingungen fielen die Cr**-lonen als Chrom(l11)hydroxid
aus, welches durch Zentrifugieren und Abdekantieren abgetrennt werden konnte. Die
abdekantierte Losung wurde i. Vak. eingeengt. Der Riickstand wurde mit D,O oder einer 4%-
igen Losung von NaOD in D,O gelost und NMR-spektroskopisch untersucht. Der Umsatz
einer postsynthetischen Modifikation wurde durch Vergleich der Integrale von

unmodifizierten und modifizierten Linkern bestimmt.
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6.2.2.2 PSM von Cr-MIL-101-Br mit Triethylphosphit (7)

Cr-MIL-101-Br (20mg) wurde in einem Mikrowellen-Vial vorgelegt und mit
Triethylphosphit (7, 0.2 mL) und PdCl, (5.0 mg) versetzt. Die Suspension wurde in einer
Synthese-Mikrowelle fur 60 min bei 200 °C (max. 200 W) geriihrt. Nach dem Abkihlen
wurde die Reaktionsmischung zentrifugiert und die Uberstehende Losung abgetrennt. Der
grine Feststoff wurde nacheinander mit Dichlormethan (3 x 10 mL), Ethanol (3 x 10 mL) und
Wasser (3 x 10 mL) gewaschen. Daftir wurde der Feststoff mit dem jeweiligen Losungsmittel
versetzt und 10 min mit einem Vortex-Schittler geschuttelt. AnschlieBend wurde das
Losungsmittel durch Zentrifugieren abgetrennt. Dieser Vorgang wurde mit jedem
Losungsmittel dreimal durchgefiihrt. Zuletzt wurde das MOF fur 24 h bei 60 °C im
Vakuumofen getrocknet und nach dem Auflésen mit 2M-Natriumhydroxid-Lésung NMR-

spektroskopisch untersucht.

Cr-MIL-101-Br
Cr-MIL-101-PO3Et2

Absolute Intensity

Abb. 64: Vergleich der Rontgenpulverdiffraktogramme von Cr-MIL-101-Br (unten) und Cr-MIL-101-POsEt,
(oben).

6.2.2.3 PSM von Cr-MIL-101-NH; mit Phosphoroxychlorid (11)

Cr-MIL-101-NH; (10 mg), Pyridin (60 pL) und wasserfr. Toluol (2 mL) wurden in einem
Mikrowellen-Vial vorgelegt und mit Phosphoroxychlorid (11, 500 pL) versetzt. Das Vial
wurde in einer Synthese-Mikrowelle fur 60 min auf 105 °C (max. 200 W) erhitzt. Nach dem
Abktihlen wurde die Suspension zentrifugiert und die tberstehende LOsung abgetrennt. Der
Riickstand wurde nacheinander mit wasserfr. Toluol (3 x 10 mL), wasserfr. Dichlormethan (3
x 10 mL) und wasserfr. Aceton (3 x 10 mL) gewaschen. Dafir wurde der Feststoff mit dem

jeweiligen LoOsungsmittel versetzt und 10 min mit einem Vortex-Schiittler geschdttelt.
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AnschlieBend wurde das Ldésungsmittel durch Zentrifugieren abgetrennt. Dieser Vorgang
wurde mit jedem Lodsungsmittel dreimal durchgefiihrt. Nach dem letzten Waschvorgang
wurde der Rickstand mit 2M-Natriumhydroxid-Lésung versetzt und NMR-spektroskopisch

untersucht.

6.2.2.4 PSM von Cr-MIL-101-NH; mit Allylphosphonsaurediethylester (15)

Cr-MIL-101-NH, (70 mg) wurde mit einer 20%-igen, wéssr. HBF4-L6sung (1.4 mL) und
einer wassr. Natriumnitrit-Lésung (32mg in 1 mL Wasser) versetzt und fur 3 h bei
Raumtemp. geriihrt. Die Suspension wurde zentrifugiert und die Uberstehende Ldsung
abgetrennt. Der Rickstand wurde mit Methanol (2 x 10 mL) gewaschen. Dafir wurde der
Feststoff mit Methanol versetzt und 10 min mit einem Vortex-Schittler geschuttelt.
AnschlieBend wurde das Ldsungsmittel durch Zentrifugieren abgetrennt und der Vorgang
wiederholt. Der gewaschene Feststoff wurde in Methanol (1.6 mL) vorgelegt und mit
Allylphosphonséurediethylester (15, 280 puL, 1.60 mmol), CaCO3; (8 mg, 80 umol) und
Pd(OAC), (1.8 mg, 8.0 umol) versetzt. Die Reaktionsmischung wurde flr 48 h bei Raumtemp.
gertihrt. AnschlieBend wurde die Suspension zentrifugiert und die Uberstehende Ldsung
abgetrennt. Der Rickstand wurde nacheinander mit 5%-iger Salpetersaure (3 x 10 mL),
Methanol (3 x 10 mL) und Dichlormethan (3 x 10 mL) gewaschen. Zuletzt wurde das MOF
fir 24h bei 60°C im Vakuumofen getrocknet und nach dem Auflésen mit 2m-

Natriumhydroxid-Losung NMR-spektroskopisch untersucht.

60000 Cr-MIL-101-NH2
o 0B-105

Intensity

Absolute

A

Abb. 65: Vergleich der Rodntgenpulverdiffraktogramme von Cr-MIL-101-NH, (unten) und Cr-MIL-101-
C;H,PO;EL, (Oben).

10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 2Theta
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6.3 NMR-Spektren
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Abb. 66: 'H-NMR-Spektrum von 2-(Diethoxyphosphonyl)terephthalsauredimethylester (3).
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Abb. 67: *'P-NMR-Spektrum von 2-(Diethoxyphosphonyl)terephthalsiuredimethylester (3).
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Abb. 68: 'H-NMR-Spektrum von 2-Phosphoterephthalsaure (14).
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Abb. 69: *'P-NMR-Spektrum von 2-Phosphoterephthalséure (14).
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170413-36-L504Beye_2287
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Abb. 70: *H-NMR-Spektrum von 2-(Diethoxyphosphonylamino)terephthalsauredimethylester (9).
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Abb. 71: *C-NMR-Spektrum von 2-(Diethoxyphosphonylamino)terephthalsiuredimethylester (9).
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Abb. 72: *P-NMR-Spektrum von 2-(Diethoxyphosphonylamino)terephthalsauredimethylester (9).
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Abb. 73: 'H-NMR-Spektrum nach dem Auflésen von Cr-MIL-101-PO;Et,.
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Abb. 75: 'H-NMR-Spektrum nach dem Auflésen von Cr-MIL-101-NHPO3H,.
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Abb. 77: 'H-NMR-Spektrum nach dem Auflésen von Cr-MIL-101-CsH,PO;Et,.
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