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1 Einleitung

Die elektroorganische Synthese beschiftigt sich mit der Umwandlung von organischen Mo-
lekiilen, die durch Anlegen eines elektrischen Potentials an eine Elektrode erzwungen wer-
den. Als erster Vertreter in diesem Feld gilt die 1834 von FARADAY durchgefiihrte Elektro-
lyse von Acetat unter Bildung von Kohlenstoffdioxid und Ethan.!" Die oxidative Decarboxy-
lierung wurde kurz darauf von KOLBE weiterfiihrend untersucht” und ist daher unter dem
Namen KOLBE-Elektrolyse bekannt. Inzwischen fand sie Einzug in die Industrie und ist
auch heute noch Bestandteil der Forschung.! Viele weitere der heute industriell angewand-
ten elektroorganischen Verfahren fanden ebenfalls erst iiber ein Jahrhundert spéater, ab der
zweiten Halfte des 20. Jahrhunderts, ihren Einzug in die Industrie. Grund hierfiir waren
mitunter die zunehmende Verfiigbarkeit elektroanalytischer Verfahren zwischen 1940 und
1960 wie Potentiometrie und Voltammetrie und das damit einhergehende molekulare Ver-
stdndnis aber auch die zunehmende Verfiigbarkeit technischer Ausriistung. Nennenswert
sind hierbei die Erfindung des mit einer Dreielektrodenanordnung operierenden Potentios-
taten 1942F und die erste Messung eines Cyclovoltammogramms 1948.1 Ebenfalls wurden
in dieser Zeit zunehmend aprotische Losungsmittel verwendet, die sich als Alternative zu
den bis dahin géingigen, wissrigen Elektrolyten etablierten.™

Heutzutage gilt als erfolgreichste grofitechnische Anwendung mit einer Jahresproduktion
von etwa 300 kT der BAIZER-Prozess: Die reduktive Dimerisierung von Acrylnitril zu Adi-
ponitril (Abbildung 1, oben), welches zur Produktion von Nylon 6,6 dient."” Ein weiteres
wichtiges Verfahren ist die Darstellung von Lysmeral, die durch die oxidative Dimethoxy-
lierung von 4-tert-Butyltoluen initiiert wird (Abbildung 1, unten).™ Der Jahresumsatz liegt
hier bei 10 kT.”! Beide Beispiele verdeutlichen, dass die industrielle Anwendung elektroor-
ganischer Prozesse bis in den Multi-Tonnenmafstab méglich ist.!

An vielen Stellen entwickelte sich die elektroorganische Synthese jedoch nicht iiber Nischen-
anwendungen hinaus und iiblicherweise sind technische Verfahren eher in der Darstellung
von Feinchemikalien zu finden."” Haufig wird dies auf einige problematische Punkte zuriick-
gefiihrt: Zum einen besitzen viele der eingesetzten Losungsmittel keine ausreichende Leitfa-
higkeit, weshalb der Einsatz leitfihiger Additive (Leitsalze) obligatorisch ist. Diese ver-
schlechtern die Atomeffizienz eines Verfahrens und miissen aufwendig abgetrennt werden.
Hierfiir existieren bereits einige Losungsansitze.'! Ebenfalls stellt die Kombination aus

Baizer-Prozess:

+2e, +2H"

2 Z>eN O

NC/\/\/CN ———= » Nylon-6,6

Darstellung von Lysmeral:

MeQO =0
OMe
-4e -4H
MeOH

—_— >

tBu Bu tBu

(Lysmeral)

Abbildung 1: Darstellung von Adiponitril (oben) und Lysmeral als Beispiele fiir die
industrielle Anwendung der elektroorganischen Synthese.




FEinleitung

heterogenem Elektroneniibertrag mit homogenen Folgeprozessen eine besondere Herausfor-
derung dar: Das Reaktordesign muss direkt auf den Einzelfall hinsichtlich einer Raum-Zeit-
Ausbeute fiir beide Aspekte angepasst werden. Wenn der Elektroneniibertrag dann langsam
ablauft, ist diese direkt an die Elektrodenoberfliche und -art gebunden. Insbesondere Alte-
rungseffekte an der Elektrode machen einen Prozess dann unattraktiv. Eine Moglichkeit,
dieses Problem zu umgehen, ist die Verlagerung geschwindigkeitsbestimmender Schritte in
die homogene Elektrolytphase. Dies geschieht mittels Redoxkatalysatoren, welche als Elekt-
roneniibertriager zwischen Elektrode und Edukt fungieren (sieche Abschnitt 1.1).

Im Kontrast zu den Nachteilen wird innerhalb der letzten Jahre eine Art Renaissance ver-
zeichnet."” Viele der aktuellen Forschungsthemen umfassen wichtige Reaktionstypen wie
die Darstellung von Heterozyklen"*'" oder C- H-Aktivierungen!" und die Anzahl industrieller
Pilotanalgen wichst." Ebenfalls wird dieser Trend in zahlreichen Review-Artikeln innerhalb
der letzten Jahre zusammengefasst.***!**/ Grund hierfiir sind vor allem die Vorteile gegen-
iiber klassischen Synthesemethoden im Hinblick auf 6kologische und 6konomische Aspekte.
Das Ersetzen (meist gefahrlicher) Reduktions- oder Oxidationsmittel in stéchiometrischen
Mengen durch elektrischen Strom erzeugt weniger Abfall, verbessert die Atomeffizienz eines
Prozesses und erhoht dessen Sicherheit. Des Weiteren laufen elektrochemische Prozesse
meist unter milden Bedingungen (Raumtemperatur und Atmosphérendruck) ab. Durch eine
Einstellung des Redoxpotentials bei geeigneter Prozessfithrung (z.B. bei Potentiostatischem
Betrieb oder stationdrem, galvanostatischem Betrieb von Durchflussreaktoren) kénnen re-
aktive Intermediate in situ gebildet und damit ungewohnlicher Reaktionspfade erschlossen
werden, welche im Idealfall gezielt angesteuert werden konnen. Mit chemischen Aquivalen-
ten kann dies nicht oder nur umstéandlich moglich sein. Aus 6konomischer Sicht stellt elektri-
scher Strom eine preiswerte Alternative gegeniiber géngigen Reduktions- und Oxidations-
mitteln dar (vgl. Tabelle 1).

Wenn die Elektrosynthese mit Strom aus erneuerbaren Energiequellen gekoppelt wird, er-
geben sich dadurch weitere, 6kologische Vorteile. Im Idealfall konnen neun von zwolf Pos-
tulaten fiir das Konzept von Green Chemistry erfiillt werden.” Diese Sichtweise auf den
Okologischen Fufsabdruck wird in der modernen Industrie zunehmend relevanter. Zuletzt
wurde in diesem Zusammenhang das Konzept , Power-to-Chemicals’ entwickelt, bei dem
temporirere Uberschiisse an Energie im Stromnetz durch elektrosynthetische Ansétze und

nachfolgende Schritte in der Erzeugung hochwertiger Verbindungen abgefiihrt werden.*

Tabelle 1: Kosten fiir zwei Aquivalente verschiedener Reduktionsmittel, verglichen
mit elektrischem Strom bei einer Zellspannung von Uy = 3.0 V.

Reduktionsmittel Preis / € mol”

BH;- THF 41
DIBAL-H 35
LiAlH, 19
NaBH, 11

Na 0.80
H, 0.0015

Elektrischer Strom  0.0003




Finleitung

1.1 Kombination elektrochemischer Reaktionen und homo-
gener Folgeprozesse

Allgemein kann eine elektroorganische Reaktion in zwei Teile unterteilt werden: Den hete-
rogenen Elektronentransfer an der Elektrodenoberfliche sowie homogene Folgereaktionen
der dabei gebildeten, reaktiven Intermediate (s. Abbildung 2). Erstere werden bei der An-
gabe von Reaktionssequenzen meistens als , B abgekiirzt, letztere als ein ,,C¢. Ein heteroge-
ner Elektronentransfer, gefolgt von einer chemischen Reaktion wire z.B. ein EC-Mechanis-
mus. Zunéchst soll etwas genauer auf die wichtigsten Aspekte des Elektroneniibertrags, an-
schliefsend auf die chemischen Folgeprozesse eingegangen werden.

Aus thermodynamischer Sicht wird ein Elektronentransfer durch Anlegen eines Gleichge-
wichtspotentials E’ ermdglicht, woraufhin sich fiir das entsprechende Redoxpaar ein Kon-
zentrationsverhéltnis aus oxidierter (co,) und reduzierter (cp.q) Form entsprechend der
NERNST-Gleichung einstellt:""

RT  coy

0 — 00 4
E E +TlFlnCRed (1)

E™ ist hierbei das Standardpotential des Redoxpaares, R die universelle Gaskonstante, T
die Temperatur, n die Zahl iibertragener Elektronen und F die FARADAY-Konstante. Streng
genommen ist die Gleichung nur in Abwesenheit eines elektrischen Feldes und fiir elektro-
chemisch reversible Reaktionen giiltig. Ersteres ist innerhalb des Elektrolyten n&herungs-
weise gegeben, da das elektrische Feld hier sehr viel schwécher ist als in der HELMHOLTZ-
schicht (Direkt an der Elektrodenflédche). Letzteres ist der Fall, wenn der Elektronentransfer
kinetisch ungehindert ablaufen kann. Anhand der Gleichung wird deutlich, dass das ange-
legte Gleichgewichtspotential das Standardpotential iiberschreiten muss, um das Gleichge-
wicht einer Oxidationsreaktion weit auf die Produktseite zu verschieben (Umgekehrtes gilt
fiir Reduktionen). Ebenfalls ist es bei ausreichend schnellem Massentransfer moglich, dass
eine nachfolgende, homogene Reaktion das Produkt aus dem Gleichgewicht entfernt und
dadurch dessen Lage durchgehend verschiebt (vgl. Abschnitt 1.1.1 und 1.1.2).""

Die Kinetik des Elektronentransfers wird durch die BUTLER-VOLMER-Gleichung beschrie-
ben, welche die Stromdichte j in Abhingigkeit einer angelegten Uberspannung n = E° — E”
darstellt:™*

anF _(A-a)nF
j = nFk° (cOX(O, £)e RT " — cpaq(0,t)e” RT ")

(2)

Heterogener Elektronentransfer | Homogene Folgereaktionen

)
Edukte

)

o]

o)

—_

R reaktive

L Intermediate

K - Radikale

- lonen ! ——> . Produkte

— - Radikalionen

Abbildung 2: Allgemeiner Reaktionsmechanismus elektrochemischer Reaktionen.




FEinleitung

K ist hierin die Geschwindigkeitskonstante fiir den heterogenen Elektroneniibertrag. Der
Symmetriefaktor o gibt an, ob sich eine Anderung der angelegten Uberspannung gleich auf
die Aktivierungsbarrieren AG* von Oxidation und Reduktion eines Redoxpaares auswirkt.
An ihm kann also abgelesen werden, ob eine der Reaktionsrichtungen kinetisch bevorzugt
ablauft. Er nimmt Werte zwischen null und eins an, wobei ein Wert von 0.5 bedeutet, dass
der Elektroneniibertrag keine kinetisch bevorzugte Reaktionsrichtung aufweist. Im Bereich
von 0 < o < 0.5 lduft die kathodische Reaktion bevorzugt ab, im Bereich von 0.5 < o < 1 die
anodische.

Gleichung (2) bezieht sich weiterhin auf die zeitabhéngige Konzentrationen des Redoxpaares
direkt an der Elektrodenoberflache (co.(0,t) und cgeq(0,t)), da diese durch Transportlimitie-
rungen von denen des Elektrolyten abweichen kénnen. Oxidations- und Reduktionsreaktion
werden hierin durch die beiden Exponentialterme repréasentiert. Hierbei wird auch deutlich,
dass Oxidation und Reduktion stets gleichzeitig ablaufen und sich die einzelnen Reaktions-
geschwindigkeiten entsprechend der Uberspannung 7 verindern. Dieses wiederum entspricht
einer Gleichgewichtsverschiebung, wie sie auch durch die NERNST-Gleichung erklart wird.
Bei einer mikroskopischen Betrachtung des Elektronentransfers kann dieser in zwei verschie-
dene Fille unterteilt werden: Der Outer-Sphere- (dt. intermolekularer Elektronentransfer)
und der Inner-Sphere-Mechanismus (dt. intramolekularer Elektronentransfer). Im ersten
Fall erfolgt der Elektronentransfer durch rdumliche Nahe beider Reaktionspartner und die
daraus folgende Uberlappung von Orbitalen passender Geometrie, ohne dabei eine Bindung
einzugehen. Haufig sind Elektrode und Reaktionspartner hierbei auch durch eine Schicht
Losungsmittelmolekiile getrennt. Aufgrund der oft fehlenden Eigenschaft von Elektroden,
gerichtete chemische Bindungen auszubilden, verlaufen Redoxreaktionen an ihnen héaufig
nach diesem Mechanismus, wobei das Elektrodenmaterial wenig Einfluss auf die Reaktion
ausiibt. Auch bei nur schwachen Wechselwirkungen wird die Situation am besten mit einem
Outer-Sphere-Mechanismus beschrieben.*!

Im Gegensatz dazu kommt es bei einem Inner-Sphere-Mechanismus zu starken Wechselwir-
kungen zwischen beiden Reaktionspartnern und haufig zur Ausbildung einer Bindung, was
den Einfluss des Elektroneniibertrags sowie der Elektrodenart auf die Gesamtreaktion deut-
lich erhoht. Diese Betrachtungen beschrinken sich nicht nur auf die heterogene Reaktion
zwischen Elektrode und einem Reaktionspartner, sondern sind ebenfalls fiir homogene Re-
doxreaktionen giiltig.”"

Weiterhin kann der Fall eintreten, dass eine Folgereaktion stark an einen vorangegangenen
Elektronentransfer gekoppelt ist und gar kein Intermediat beobachtet werden kann. In die-
sem Fall spricht man von einem konzertierten Prozess. Dies wird gut deutlich beim Vergleich
der Reduktion aromatischer und aliphatischer Halogenide (siche Abbildung 3). Wéhrend

Gekoppelter Prozess (EC-Mechanismus)

Ooro = Qo —0) -0

Konzertierter Prozess:

R3C_C| R R3C + CI

Abbildung 3: Vergleich zwischen normalem und konzertiertem Elektronentransfer.
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eine Reduktion am Aromaten iiber ein Radikalanion als Intermediat verlduft, kann ein ver-
gleichbarer Schritt bei der Oxidation der aliphatischen Verbindungen nicht beobachtet wer-
den.™ Ein anderes, wichtiges Beispiel fiir konzertierte Redoxreaktionen ist deren Kopplung

mit einer Protonierung oder Deprotonierung (,,proton-coupled electron transfer*, PCET)."

1.1.1  Indirekte Elektrosynthese

Im Konzept der indirekten Elektrosynthese wird die direkte Redoxreaktion eines Eduktes
an der Elektrodenoberflache durch eine homogene Reaktion mit einer zuvor elektrochemisch
aktivierten Spezies ersetzt.””® Diese Spezies, hiufig Mediator oder Elektrokatalysator ge-
nannt, dient dann zum Transport der Elektronen von der Elektrode in die Lésung hinein zu
der eigentlich angedachten Reaktion. Bei der Reaktion der aktivierten Form des Mediators
mit dem Edukt wird dann dessen Grundform zuriickgebildet. Dadurch bietet sich die Mog-
lichkeit, eine langsame Redoxreaktion zwischen Elektrode und Edukt oder einer aus dieser
hervorgehenden Bildung einer elektrochemisch inaktiven Schicht an der Elektrodenoberfla-
che (Passivierung) zu umgehen. Ebenfalls kann durch den zusétzlichen chemischen Schritt
Finfluss auf die Selektivitdt der Reaktion ausgeiibt werden. Fiir den Fall einer anodischen
Oxidation ist ein allgemeines Reaktionsschema in Abbildung 4 dargestellt. Die Rolle des
Mediators wird von einem reversiblen Redoxpaar (Medr.)/Medoy) iibernommen, welches
fiir die Dauer der Reaktion in beiden Zustdnden ausreichend stabil sein muss. Weiterhin
sollte der Elektroneniibertrag zwischen Elektrode und Mediator ausreichend schnell ablau-
fen, sodass hier keine Geschwindigkeitslimitierung entsteht. Auf die Rolle der chemischen
Folgereaktionen wird in Abschnitt 1.1.2 eingegangen.

Idealerweise kann der Mediator in einem In-cell-Prozess eingesetzt werden, in welchem Me-
diator und Edukt gleichzeitig in einer Elektrolysezelle vorliegen. Dabei muss fiir eine Oxi-
dationsreaktion das Redoxpotential des Mediators geringer sein, als das des Edukts (Umge-
kehrtes gilt fiir Reduktionen). In diesem Fall wird an der Elektrode stets nur der Mediator
umgesetzt: Bei einer potentiostatischen Elektrolyse kann das angelegte Potential direkt auf
das Redoxpotential des Mediators eingestellt werden, wiahrend bei einem galvanostatischen
Betrieb die vorhandenen Stoffe bevorzugt nach aufsteigendem Redoxpotential oxidiert wer-
den (absteigend fiir Reduktionen). Dadurch kann eine Uberoxidation bzw. -reduktion ver-
mieden werden, wenn die gebildeten Produkte selbst leicht oxidierbar bzw. reduzierbar sind.
Durch die konstante Riickbildung der Grundform des Mediators (Med g.q) in Abbildung 4)
wahrend der Elektrolyse kann er hierbei in substochiometrischen (katalytischen) Mengen
eingesetzt werden.

/ Med(Red) Edukte
K reaktive  ——— _ produkte
Med, — >

Ox) Intermediate

Elektrode

—

Abbildung 4: Allgemeines Reaktionsschema fiir die indirekte Elektrosynthese am
Beispiel einer Oxidation.
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Umgekehrt muss die elektrochemische Aktivierung des Mediators und dessen Folgereaktion
mit einem Edukt getrennt voneinander ablaufen, wenn das Edukt bei geringeren Potentialen
oxidiert wird als der Mediator (Fz-cell-Prozess). Ein Einsatz des Mediators in katalytischen
Mengen ist dadurch unméglich. Weiterhin muss dessen angeregte Form fiir einen l&ngeren
Zeitraum ausreichend stabil sein, da die Elektrolyse des Mediators und der nachfolgende
chemische Umsatz auch zeitlich voneinander getrennt sind. Von der Anwendung her bietet
sich hier der Vorteil, dass beide Teilreaktionen getrennt voneinander optimiert werden kon-
nen, jedoch ist ein In-cellFProzess aufgrund des katalytischen Einsatzes des Mediators er-
strebenswerter. Im folgenden Abschnitt (1.1.2) soll detaillierter auf die katalytischen As-
pekte eingegangen werden.

1.1.2 Kombination elektrochemischer und katalytischer Prozesse

Wie im vorherigen Abschnitt bereits erwidhnt, kann bei einem In-cell-Prozess der Einsatz
des Mediators katalytisch erfolgen, weshalb diese Art der Reaktionsfiihrung auch als (ho-
mogene) Elektrokatalyse bezeichnet wird.™!

Auf molekularer Ebene kann sie hinsichtlich eines Quter-Sphere- und eines Inner-Sphere-
Mechanismus unterschieden werden. Beide Mechanismen sind fiir eine allgemeine Oxidation
A—P in Abbildung 5 (rechts) zusammen mit den einhergehenden Profilen der freien Reak-
tionsenthalpie (links) dargestellt.™!

Da im Verlaufe eines Outer-Sphere-Mechanismus keine chemische Bindung zwischen Edukt
und Mediator entsteht, behélt das allgemeine Energieprofil im Vergleich zur unkatalysierten
Reaktion seine Form bei (Abbildung 5, rote Kurve). Dennoch kénnen unterschiedliche Ak-
tivierungsenergien fiir den Elektronentransfer und damit andere Reaktionsgeschwindigkeiten
auftreten. Beispielsweise kann die Ladung an einem sterisch gehinderten Eduktmolekiil
leichter mit Hilfe eines kleinen Mediatormolekiils iibertragen werden als an der zweidimen-
sionalen Elektrodenoberfliche.®!! Makroskopisch betrachtet wird der Ladungsiibertrag durch
den dreidimensional diffundierenden Mediator in den Elektrolyten hinein und damit auf
einen groferen Bereich verlagert. Dadurch wird die Reaktion makroskopisch betrachtet be-

schleunigt (verglichen mit der zweidimensionalen Elektrodenoberfliche).”

Quter-Sphere-Mechanismus (Redoxkatalyse)

Med,x+ A =< Med,gyg +B —> P

Freie Enthalpie

Inner-Sphere-Mechanismus (Elektrokatalyse)

Med,, + A === Med,y—A —»B —> P

Reaktionskoordinate

Abbildung 5: Links: Verlauf der freien Enthalpie eines Outer-Sphere- (rot) und In-
ner-Sphere-Mechanismus (griin). Rechts: entsprechende Reaktionsmechanismen. Es
sei darauf hingewiesen, dass beide Verldufe unterschiedlichen Reaktionskoordinaten
folgen.
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Thermodynamisch betrachtet bildet sich ein Gleichgewicht zwischen den Redoxpaaren des
Mediators und des Edukts aus, weswegen dieser Spezialfall auch als Redoxkatalyse bekannt
ist.” Die Gleichgewichtskonstante K hingt dabei direkt von der Differenz ihrer Gleichge-
wichtspotentiale AE =E ytediator) — E (g ab:™

nF
In(K) = AE - (3)

Aus Gleichung (3) geht hervor, dass das Gleichgewicht der Redoxreaktion wegen des gerin-
geren Gleichgewichtspotentials des Mediators auf Seiten der Edukte liegt. Durch eine irre-
versible Folgereaktion auf der Produktseite kann es jedoch zu einer kontinuierlichen Ver-
schiebung des Gleichgewichtes kommen, sodass die Reaktion auch gegen ein Potentialgefille
stattfinden kann. Ein Beispiel fiir eine haufig vorkommende Folgereaktion ist die Deproto-
nierung gebildeter Radikalkationen. Besonders grofse Potentialdifferenzen (AFE) resultieren
jedoch in einer zu ungiinstigen Gleichgewichtslage, sodass insgesamt eine Potentialdifferenz
von bis zu 500 mV iiberwunden werden kann.”” Typische Mediatoren, die ,nur“ zum Elekt-
ronentransport dienen, sind beispielsweise Triarylamine mit entsprechend gut stabilisierten
Radikalkationen.®

Der Inner-Sphere-Mechanismus hingegen fiihrt zur Bildung eines Intermediates aus Media-
tor und Edukt, welches sich im energetischen Verlauf durch das das Auftreten eines lokalen
Minimums zeigt (vgl. Abbildung 5, griine Kurve). Dementsprechend kann dieser Mechanis-
mus als elektrochemisches Aquivalent zur klassischen chemischen Katalyse aufgefasst wer-
den. Die starke chemische Interaktion beider Reaktionspartner fiihrt dabei auch zu einem
generell groferen Einfluss auf die Selektivitat der Reaktion und es konnen Potentialdifferen-
zen von bis zu einem Volt iiberwunden werden.”” Bekannte Vertreter dieser Mediatoren
sind Aryliodide mit Tod(I/IIl) als redoxatives Zentrum™ oder N-Oxylradikale wie z.B.
TEMPO (2,2,6,6-Tetramethylpiperidinyloxyl), welche durch Wasserstoffabstraktion Reagie-

ren.

1.1.3  Elektrochemische Katalyse

Die elektrochemische Katalyse ist ein Sonderfall der Kopplung elektrochemischer und kata-
lytischer Reaktionen. Bei dieser werden redoxneutrale Reaktionen durch eine anfinglich
induzierte Ladung (Elektronen oder Elektronenliicken) katalysiert,® wodurch sie bereits bei
Ubertragung substochiometrischer Ladungsmengen einen vollen Umsatz erreichen kénnen.
Auf molekularer Ebene werden diese Besonderheiten durch den in Abbildung 6 fiir eine
allgemeine Reaktion A—P dargestellten Mechanismus erklért, wobei dieser konzertiert
(links) oder stufenweise (rechts) ablaufen kann.” Hier wird die Reaktion unter oxidativen
Bedingungen dargestellt — unter reduktiven Bedingungen wéren Elektronenaufnahme und
-abgabe entsprechend vertauscht. Es sei darauf hingewiesen, dass ,oxidativ* und ,reduktiv
sich an dieser Stelle nur auf die Startsituation der Reaktion bezieht, nicht auf die vollstén-
dige Reaktionsbilanz. Im Falle einer stufenweise ablaufenden Reaktion (Abbildung 6, rechts)
wird Edukt A anodisch zu B oxidiert (typischerweise ein Radikalkation). Durch anschlie-
fende chemische Schritte bildet sich C, typischerweise die oxidierte Form vom Produkt P.
In Abbildung 6 ist dieser Schritt als eine Reaktion zusammengefasst (&), er kann jedoch
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Stufenweise

Abbildung 6: Mogliche Mechanismen fiir eine elektrochemisch katalysierte Reak-

tion A—P unter oxidativen Bedingungen. Unter reduktiven Bedingungen sind ent-

sprechend Elektronenabgabe und -aufnahme vertauscht.
auch aus mehreren Einzelschritten bestehen. Damit die elektrochemische Katalyse ablaufen
kann, ist es wichtig, dass die Reaktion A—P exergonisch verlduft. Dies ist dann der Fall,
wenn sich mit C ein stérkeres Oxidationsmittel bildet (Ep,c > Ejy /). Im Anschluss kann C
seine Ladung abgeben, indem es von der Anode reduziert wird, da das angelegte Elektro-
denpotential E geringer gewéhlt wird als Ep, — ansonsten wiirde sich lediglich C anreichern.
Es kommt also zu einem ,riickwiirts* gerichteten Elektronentransfer (E", backwards electron
transfer).® Im Falle des konzertiert ablaufenden Mechanismus ist der homogene Schritt di-
rekt an die Oxidation gekoppelt und es bildet sich hierbei mit B bereits die oxidierte Form
des Produktes P. Weiterhin kann C in der fliissigen Phase seine Ladung weitergeben, indem
es dort A chemisch oxidiert. Dadurch wird ein Kettenmechanismus gestartet, weil das ge-
bildete B erneut zu C weiterreagiert und seine Ladung erneut weitergeben kann. Hieran
wird deutlich, dass die induzierte Ladung selbst als Katalysator betrachtet werden kann.?
Die beiden Mdglichkeiten (Kettenmechanismus und ECE"™-Mechanismus) schliefen sich
nicht gegenseitig aus, sondern stellen zwei Wege dar, die zu einer gemittelten Geschwindig-
keitskonstante (k) beitragen. Die verschiedenen Anteile beider Wege héngen unter anderem
von der Geschwindigkeitskonstante &k, (B—C) ab. Wenn diese im Vergleich zur Diffusion
von C in den Elektrolyten grof ist, wird der ECE’-Mechanismus bevorzugt, andernfalls der
Kettenmechanismus. Dementsprechend verlduft im Falle einer konzertierten Oxidation die
Ladungsabgabe fast ausschlieflich iiber den ECE"-Mechanismus (Abbildung 6, links), wobei
der Kettenmechanismus theoretisch nicht ausgeschlossen ist. In allen Féllen fiihrt die kata-
lytische Ladungsmenge formal zu FARADAYschen Ausbeuten (FE) von iiber 100%. Aufgrund
der Redoxneutralitidt und dem daraus resultierenden Widerspruch zur Definition der FARA-
DAYschen Ausbeute wurde vor kurzem in Analogie zur chemischen Katalyse die Einfiihrung
eines TON-Wertes vorgeschlagen, welcher Angibt, wie viele Umsétze ein iibertragenes
Elektron durchschnittlich auslést:®

TON, = MpF
s ()

A Unter reduktiven Bedingungen gilt fiir die Lage der Potentiale entsprechend: Exp > E > Ep/c.
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np ist hier die gebildete Stoffmenge vom Produkt, ¢ die iibertragene Ladung und F die
FARADAY-Konstante. Aufgrund der Redoxneutralitdt und damit ein theoretisch benétigter
Wert fiir ¢ = 0 wiirde sich fir TON, entsprechend ein unendlich grofer Wert ergeben, der
jedoch durch Deaktivierungsprozesse sowie nicht-FARADAYsche Stréome einen endlichen
Wert annimmt. Als Beispiele fiir Deaktivierungsprozesse kénnen hier die Abgabe der Ladung
an die Gegenelektrode oder Redoxreaktionen mit dem Elektrolyten genannt werden.

Der katalytische Effekt wird in Abbildung 7 durch das Energiediagramm noch einmal ver-
deutlicht.’ Ebenfalls kann hieran gezeigt werden, dass die Anwendung dann sinnvoll ist,
wenn die thermodynamische Lage einer Reaktion zwar giinstig ist, diese aufgrund einer
kinetischen Hinderung nur langsam ablauft (rote Kurve). Durch die Oxidation bzw. Reduk-
tion wird zwar ein hochenergetisches Intermediat gebildet, welches jedoch auf einem anderen
Reaktionspfad weiter reagieren kann. Die Aktivierungsenergie hierfiir ist héufig drastisch
verringert, sodass die beobachtete Reaktionsgeschwindigkeit zunimmt (blaue Kurve).?

Thermischer Verlauf

A ——> P

Freie Enthalpie

Elektrochemische Katalyse

A=—=A'"+e —>B'+e =—P

Reaktionskoordinate

Abbildung 7: Energieprofil einer Reaktion A—P durch einen thermischen (rot) und

einen elektrochemisch katalysierten Verlauf (blau). Es ist zu beachten, dass beide

Verldufe verschiedenen Reaktionspfaden entsprechen.
Diese Art von Reaktionen ist bisher noch wenig untersucht und wird in der Literatur sowohl
unter den Namen ,elektrokatalysiert” (electrocatalyzed) als auch ,elektrochemisch kataly-
siert* (electrochemically catalyzed) behandelt. Als Beispiele werden Umlagerungen, " Cyc-
loadditionen,"® nukleophile aromatische Substitutionen®*! und E-Z-Isomerisierungen dis-
kutiert.[*!
Eine der ersten Vertreter auf diesem Gebiet ist die von SAVEANT et al. untersuchte aroma-
tische Spn1 Reaktion (s. Abbildung 8).1"! Es wurde p-Phenylthiobenzophenon ausgehend von
p-Brombenzophenon mit einer Ausbeute von 80% und einer Ladung von nur 0.2 F (ent-

spricht TON, = 4) erhalten. Als Mechanismus wurde der ebenfalls in Abbildung 8 gezeigte

A—X + @ =———= Ar—X

Br SPh 5
+Ph-8" 5 - e X"
, Ar—X T —— Ar'+ X
E=-1.80V? ; ~ _
Ph Ph i At +Y ———= Ar-Y
o) o) :

A=Y "+ Ar-X ——— = Ar—Y + Ar—X

Ar-X

Abbildung 8: Elektrochemische Sgx1-Reaktion als Beispiel fiir eine kathodisch indu-
zierte, elektrochemisch katalysierte Reaktion. ®Das Potential bezieht sich auf eine
Ag/0.01 N AgClO; - Referenzelektrode. "
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Kettenmechanismus angenommen. Hervorzuheben ist, dass dies allgemein die erste elektro-
chemisch durchgefiihrte Sgy1-Reaktion an Aromaten war. In nachfolgenden Studien konnte
die Methode auf weitere Edukte wie die Kupplung von perfluorierten Alkylhalogeniden
(X = Br, I) mit Purinen oder Iodaromaten mit Imidazolen ausgeweitet werden."!

Eine modernere Anwendung stellt die von EINAGA, WALDVOGEL et al. publizierte, stereo-
selektive Synthese von a-Diisoeugenol dar."® Abbildung 9 zeigt die Reaktion zusammen mit
dem vorgeschlagenen Mechanismus. Das Losungsmittel 1,1,1,3,3,3-Hexafluoroisopropanol
(HFIP) stellte sich dabei als essentiell fiir die Reaktion heraus. Es wurde vermutet, dass
HFIP aufgrund einer Prékoordination sowie der Ausbildung eines Solvatkéfigs wihrend der
Reaktion fiir die Stereoselektivitat verantwortlich ist. 4 konnte in einer Ausbeute von 57%

bei einer Ladung von 0.2 F isoliert werden (7ON, = 2.9).

—e, — N O ‘
—_— = - _— e}
/

o~ CCE, o~ o~ o~ 0
OH BDD-Anode o , O HO o
. (0.7mAcm? ° 3

[H"]

Abbildung 9: Vorgeschlagener Mechanismus fiir die stereoselektive Darstellung von
o-Diisoeugenol (4) als Beispiel fiir eine anodisch induzierte, elektrochemisch kataly-
sierte Reaktion.!

1.2 Analyse homogener elektrochemischer Prozesse

Die Cyclovoltammetrie (CV) gilt als niitzliche Methode zur Untersuchung elektrochemischer
Prozesse sowie daran gekoppelter, chemischer Folgereaktionen."™! Dabei kénnen sowohl
qualitative Aussagen sowie quantitative Berechnungen bei der richtigen Methodik erfolgen.
Neben direkten elektrochemischen Parametern wie Redoxpotentiale oder Uberspannungen
ist auch die Ermittlung kinetischer Parameter wie Geschwindigkeitskonstanten oder Diffu-
sionskoeffizienten moglich. Letzteres macht diese Messmethode attraktiv fiir die Untersu-
chung katalytischer Prozesse. Anhand der Anderung im Erscheinungsbild des CVs bei der
Variation bestimmter Messparameter (héufig Konzentrationen und Potentialvorschub) kon-
nen auch mechanistische Einblicke in eine Reaktion ermdglicht werden.” Im Folgenden
sollen die wichtigsten Grundlagen fiir Untersuchungen elektrokatalytischer Prozesse fiir ho-
mogene Reaktionen erlautert werden.

10
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1.2.1  Untersuchung katalytischer Prozesse

Ein allgemeines Beispiel fiir die Analyse eines homogenkatalytischen Systems aus Sicht einer
Oxidation A—P ist in Abbildung 10 dargestellt." In rot ist das CV des reinen Katalysators
zu sehen, hier als reversibles Redoxpaar (Cat,/Cat,.). Anhand der Lage seines Signals,
welches zur Abschitzung seines Gleichgewichtspotentials E’., dienen kann (vgl. Abschnitt
1.2.2), kann bereits ohne das Vorhandensein eines Eduktes abgeschétzt werden, ob er fiir
eine bestimmte Reaktion in Betracht gezogen werden kann. Der Spitzenstrom jp des CVs
ist dabei nach RANDLES und SEVCIK vom Potentialvorschub » abhéngig, sofern sich das

Redoxpaar elektrochemisch reversibel verhélt und frei diffundieren kann:"™!

. nFuvD %
jp = 0.4463 nFc.q; (W) (5)
n entspricht der Zahl der in diesem Schritt iibertragenden Elektronen, F der FARADAY-
Konstante, c., der Katalysatorkonzentration, R der idealen Gaskonstante, T der Tempera-
tur und D dem Diffusionskoeffizienten des Katalysators. Anhand dieser Gleichung kann
ebenfalls festgestellt werden, ob eine redoxaktive Spezies frei diffundieren kann. Dann zeigt
nimlich eine Auftragung von j» gegen »"/? einen linearen Anstieg. An dieser Stelle sei er-
withnt, dass der Katalysator kein chemisch reversibles Verhalten im CV zeigen muss,” wobei
allerdings eine Konkurrenz aus katalytischen und ungewollten chemischen Folgereaktionen
entstehen kann. Ebenfalls ist es bei reversiblem Verhalten einfacher, einen belastbaren Wert
fiir F°.,, abzulesen und Aussagen iiber eine eventuelle kinetische Hinderung des heterogenen
Elektronentransfers zu treffen.

Bei Anwesenheit eines Edukts und einer ausreichenden katalytischen Aktivitdt &ndert sich
das Erscheinungsbild des CVs (Abbildung 10, blaue Kurve). Am auffélligsten ist die Aus-
bildung eines hoheren katalytischen Spitzenstroms jp ..., der durch die konstante Riickbil-
dung des Katalysators in seiner Grundform Cat,., zustande kommt. Als Richtlinie gilt, dass

Jeat

@

5 Cat,,y =~ Cat, +e’

g

o

n | kcut

G A+ Cat,, — P + Cat
“\
Tcat
EO(A/P) Eo(cat)

Potential ( E)
Abbildung 10: Theoretisches Beispiel fiir CVs einer homogenkatalytischen EC-Re-
aktion. Rot: Katalysator in Abwesenheit von Edukt. Blau: Katalysator in Anwesen-
heit von Edukt. Grau: Hintergrund mit anodischer Zersetzung des Eduktes. Die CVs
wurden mittels DigiElch  simuliert (Parameter: k = 10°cms', a = 0.5,
keat = 5:10° M s, cear = 1 mM, ca = 0.01 M).

P Bei einem irreversiblen Verhalten folgt jp zwar Gleichung (5) in einer leicht anderen Form, jedoch
zeigt auch hier eine Auftragung gegen »/? ein lineares Verhalten mit denselben Riickschliissen.”
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je grofer jp ... ist, desto grofer ist auch die Aktivitat des Katalysators. Deswegen kann hier-
mit die Aktivitdt dhnlicher Katalysatoren quantitativ miteinander verglichen werden. Die
genaue Form des CVs ist dabei sowohl von kinetischen Parametern der Reaktion, der Dif-
fusion des Edukts sowie dem Potentialvorschub als Zeitskala abhiingig. Ublicherweise wer-
den die verschiedenen Formen in Abhéngigkeit der genannten Parameter in einem kineti-
schen Zonendiagramm zusammengefasst.”! An dieser Stelle wird sich jedoch auf die Formen
in Abbildung 10 undAbbildung 11 beschréankt.

1.2.2  Benchmarking von Elektrokatalysatoren

Beim Benchmarking von Elektrokatalysatoren geht es um die quantitative Einschatzung
von Parametern, die verschiedene Katalysatoren miteinander vergleichbar machen. Dabei
stehen drei wichtige Parameter im Mittelpunkt:

Die ﬁberspannung Neat = Lear — EO(A’/P) ist die Potentialdifferenz zwischen dem notwend-
eigen Potential, um eine bestimmten Reaktionsgeschwindigkeit der Reaktion A—P zu errei-
chen (E,,) und dem Standardpotential dieser Reaktion (E’ »))." Dementsprechend repri-
sentiert sie die Grofse einer im Vergleich zu E)(A/P) zusatzlich bendtigten Triebkraft. Proble-
matisch an ihrer Ermittlung ist der Parameter E,;, da dessen Bestimmung nicht einheitlich
definiert ist. Hierfiir werden als géingige Werte das Potential zur Aktivierung des Katalysa-
tors in Abwesenheit des Edukts (E)cat) oder das Halbstufenpotential des katalytischen Sig-
nals genannt (E. ). Letzterer wurde von APPEL, HELM et al. als besonders zuverlissig
beschrieben.”” Eine weitere Definitionen fiir E.,, bezieht sich auf das Potential am Anfang
des katalytischen Signals, was allerdings auf rein subjektiver Wahrnehmung beruht. Eben-
falls ist dessen Maximum als Definition zu finden, welches jedoch nicht durch thermodyna-
mische Grofen, sondern durch die Diffusionslimitierung des Edukts bestimmt wird. In der
Praxis kénnen mit Abweichungen von einigen 100 mV gerechnet werden, weswegen ein Ver-
gleich von Werten aus verschiedenen Systemen bzw. Quellen vorsichtig erfolgen sollte.”
Die apparente Geschwindigkeitskonstante k,,, (auch k,, oder TOF,,,) beschreibt die
Geschwindigkeit der katalytischen Reaktion durch eine zusammengefasste Geschwindig-
keitskonstante. Kinetisch betrachtet kann sie sich entweder auf einen geschwindigkeitsbe-
stimmenden Schritt beziehen oder sich aus verschiedenen Konstanten und z.B. auch der
Eduktkonzentration zusammensetzen. Sie ist daher von den Reaktionsbedingungen abhén-
gig."™ In Abschnitt 1.2.2 werden verschiedene Methoden zur Bestimmung von k,,, beschrie-
ben.

Die Wechselzahl (TOF) gibt die Anzahl von Umsétzen eines Katalysatormolekiils pro
Zeiteinheit an. In der Elektrochemie bezieht sie sich nur auf die Molekiile innerhalb der
Diffusions-Reaktionsschicht vor der Elektrodenoberflache, nicht auf alle Katalysatormole-
kiile im Elektrolyten. Der wichtigste Unterschied zu £,,, ist, dass die Wechselzahl von der
angelegten Uberspannung® 7 — E-E’ (4 ») abhéngt, was mit Gleichung (6) beschrieben wird:*

TOFE qx

<1 + exp (—%nmt) * exp (—%n)) (6>

TOF =

“ Es sei betont, dass sich die Uberspannung 7 auf die wihrend eines elektrochemischen Experimentes
an eine Elektrode angelegte Uberspannung bezieht und von 7. zu unterscheiden ist.
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Neben TOF,,.x = k., ist daher auch TOF;, der Wert fiir eine Uberspannung n von null Volt,
als Vergleichskriterium zu finden. Letzterer spiegelt eine Art intrinsische Aktivitdt eines
Katalysators wider."!

Entsprechend dieser Gleichung kénnen Katalysatoren auch in sogenannten Tafel-Auftra-
gungen miteinander verglichen werden, in welchen log(TOF) gegen 7 aufgetragen ist. Ein
Beispiel fiir eine solche Auftragung ist in Abbildung 13 (Seite 19) zu finden. Da aufgrund
der Abhéngigkeit von TOF und 7 ein direkter Vergleich einzelner Werte irrefithrend sein
kann, bietet sich durch Tafel- Auftragungen die Moglichkeit eines umfassenderen Vergleiches

iiber einen Bereich von Uberspannungen, typischerweise von TOF, bis TOF,,,..”"

1.2.3 Ermittlung von Geschwindigkeitskonstanten

Die Peakform des katalytischen Stroms in Abbildung 10 kommt durch eine Verknappung
des Edukts an der Elektrodenoberfliche zustande. Dementsprechend ist dieser Bereich des
CVs nicht vollstéandig durch die Kinetik der Reaktion kontrolliert, sondern unterliegt auch
Diffusionseffekten, deren Anteil bei zunehmendem Umkehrpotential (also ldngerer Messzeit)
zunimmt. Eine Erhohung des Potentialvorschubs und damit eine Verkiirzung der Zeitskala
kénnen dazu fithren, dass sich das Erscheinungsbild des CVs &dndert, wie in Abbildung 11
(links) gezeigt wird. Im Idealfall erreicht das CV eine S-Form, bei der Vor- und Riicklauf
iibereinander liegen. Zusétzlich bildet sich bei hohen Potentialen ein Plateau aus, dessen
Strom unabhéngig vom Potentialvorschub ist (Abbildung 11, mitte). Eine solche Form ist
ausschliefllich durch die Reaktionskinetik kontrolliert und die Eduktkonzentration ist an der
Elektrodenoberfléche zu allen Zeitpunkten der Messung naherungsweise gleich der Konzent-
ration innerhalb der Elektrolytphase. Diffusionseffekte durch eine Verarmung von Edukt
nahe der Elektrode sind demnach ausgeschlossen. Wenn es in der Reaktion einen geschwin-
digkeitsbestimmenden Schritt gibt, kann der Kurvenverlauf durch Gleichung (7) beschrieben

werden.Pd

10Vs!

-1
1V 10Vs

Stromdichte ()
Spitzenstrom (jp )
® o
Stromdichte (/)

Potential ( E ) 0 2 4 6 8 10 00 02 04 ] 06 08 10
vIVs'!

1+exp(,é_"|:'(E0(cal) -E))
Abbildung 11: Links: Anderung der Form katalytischer CVs bei Erhéhung des Po-
tentialvorschubs. Mitte: Entsprechende Anderung der katalytischen Spitzenstrome.
Rechts: Beispiel fiir die Linearisierung einer foot-of-the-wave-Analyse. Die CVs wur-
den mittels DigiElch nach dem Mechanismus aus Abbildung 10 simuliert (Parameter:
k= 10°cm s, @ = 0.5, ke = 5:10* M 8!} cer = 1 mM, ca = 0.5 M).
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ZFCcat\/ Deqt kapp

1+exp <% (Ecat — E)) (7)

j =

z entspricht der ndtigen Anzahl an Elektronen fiir einen vollen katalytischen Umsatz und
D.,; dem Diffusionskoeffizienten des Katalysators. Im Bereich des Plateaustroms jp ... (s.
unten) ist der Term E.,-F ausreichend negativ und der Exponentialterm wird vernachlés-
sighar klein. Dadurch vereinfacht sich Gleichung (7) zu:"

jP,cat = zFCcqt /Dcat ' kapp (8)

Aus Gleichung (8) ldsst sich die Geschwindigkeitskonstante k,,, bereits durch Messung des
katalytischen Spitzenstromes berechnen. Da der Diffusionskoeffizient hadufig unbekannt ist,
wird diese Gleichung iiblicherweise noch auf die Gleichung (5) normiert, wodurch D, nicht

weiter beriicksichtigt werden muss:"*l

jP, at n RT
ip =244 23/ ’ﬂ'ﬂfkapp (9)

Es ist nicht immer moglich, die oben beschriebene S-Form zu erreichen. Dies kann z.B. dann

eintreten, wenn die Eduktkonzentration in ihrer Loslichkeit begrenzt ist oder es zu unge-
wollten Nebenprozessen kommt. Dann ist es sinnvoll, die Berechnungen auf den anfinglichen
Teil der Kurve zu beschrianken, welcher im Idealfall nicht von Abweichungen vom idealen
Verhalten betroffen ist (foot-of-the-wave-analysis, FOWA).P" Am Anfang der Kurve haben
die storenden Prozesse noch nicht genug Zeit gehabt, um zum Tragen zu kommen und die
Kurve folgt hier zumindest fiir einen limitierten Bereich Gleichung (7). Eine Auftragung wie
in Abbildung 11 (rechts) ergibt dann eine Gerade mit der Steigung zF ce(Deakupp)'’”, aus
welcher die Geschwindigkeitskonstante ermittelt werden kann. In Analogie zu der oben be-
schriebenen Herangehensweise wird statt der Stromdichte haufig j/j aufgetragen, um D,
aus der Gleichung zu entfernen. Als Steigung mpowa ergibt sich dann ebenfalls der rechte
Term aus Gleichung (9). Abbildung 11 zeigt exemplarisch eine solche foot-of-the-wave-Ana-
lyse bei verschiedenen Potentialvorschiiben. Im rechten Teil ist zu erkennen, dass im an-
fanglichen Bereich die Linearitdt stets gegeben ist, im spateren Verlauf jedoch abweicht. Je
grofer die Unterschiede in den CVs vom idealen Verhalten sind, desto eher weicht dabei
auch die FOWA-Auftragung vom linearen Verhalten ab. Fiir manche Reaktionsmechanis-
men kann es dabei zu einer abweichenden mathematischen Behandlung kommen kann, tiber
die im Einzelfall entschieden werden muss."”!

Zuletzt bietet sich auch die Moglichkeit, ,,, nach Gleichung (7) aus dem zeitlich konstanten
Verlauf der Stromdichte j einer potentiostatischen Elektrolyse bei einem Potential E zu
berechnen. Hier ist besonderes darauf zu achten, dass es nicht zu storenden Nebenreakti-
onen kommt, da diese durch den deutlich l&ngeren zeitlichen Verlauf einer Elektrolyse weit-
aus stéarker ins Gewicht fallen konnen. Ebenfalls kann es schwer sein, einen zeitlich konstan-
ten Strom zu erreichen, weshalb in der Literatur géngiger Weise ein zeitlich gemittelter
Wert, oder ein Strom im anfénglichen Bereich der Elektrolyse gew&hlt wird. Letzteres
konnte potentielle Nebenreaktionen weniger stark mit einbeziehen, einen konstanten Strom
jedoch tiberschéatzen.
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1.3 Elektrokatalytische Reduktion von CO,

Die elektrochemische Reduktion von Kohlenstoffdioxid (CO,) ist eine vielversprechende
Moglichkeit der Nutzbarmachung des Molekiils als C;-Baustein fiir die Synthese. Dies zeigt
sich auch darin, dass die Thematik innerhalb der letzten Jahre in zahlreichen Reviews dis-
kutiert wurde."”**% Im Folgenden sollen die wichtigsten Aspekte der (homogenen) elektro-
katalytischen Reduktion von CO, erértert werden.

1.3.1 Médgliche Reduktionspfade

Es bestehen verschiedene Moglichkeiten der Reduktion von CO,, bei denen insgesamt zwei,
vier, sechs oder acht Elektronen tibertragen werden und Kohlenstoffmonoxid (CO), Amei-
sensdure (HCOOH), Oxalsdure (H,C,0,), Formaldehyd (CH,O) sowie Methanol (CH;OH)
zu den héufigsten Produkten zédhlen. Die gezielte Bildung héherer Reduktionsprodukte wie
z.B. Methan (CH,), Ethylen (C,H,) oder Ethanol (CH;CH,OH) wird meistens nur in der
heterogenen Katalyse beobachtet, wihrend sie in der homogenen Katalyse nur aus Neben-
reaktionen hervorgehen.”” Alle Reaktionen haben dabei die Kopplung mit Protonierungs-
schritten gemeinsam. Eine Auswahl bestimmter Reaktionswege fiir wéassrige Losungen ist in
Tabelle 2 mit den dazugehorigen Standardpotentialen E” zusammengefasst.” Einen Ver-
gleich mit organischen Elektrolyten ist in Tabelle 3 zu finden. Letztere sind vor allem wegen
der besseren Loslichkeit von CO, (z.B. 0.28 mol L™ in CH;CN, 0.20 mol L in DMF)!*! in-
teressant, weil die Loslichkeit von CO, in Wasser bei neutralem pH-Wert mit 0.04 mol L™
relativ gering ist.”! Eine Erhohung des pH-Wertes (>8) erhoht zwar dessen Ldslichkeit,
fiihrt aber zur Bildung von Carbonaten, welche noch schwerer zu reduzieren sind. Die an-
gegebenen Werte fiir E" stammen aus Berechnungen der freien Reaktionsenthalpie und
reprasentieren daher nur eine thermodynamische Sichtweise, aus welcher die Reaktionen

Tabelle 2: Auswahl von Reduktionsmoglichkeiten fiir CO, in wéssriger Losung, zu-
sammen mit dem entsprechenden Standardpotential E™.[

Reduktionsgleichung E” (vs. SHE) / V
CO; + le s S—— COs* -1.91%
COq(g) + 2H" +2 === HCOOH() 20.25
COs(g) + H0(1) +2 === HCOO(aq) + OH -1.08
COq(g) + 2H' +2 == (CO(g) + H0() -0.11
COs(g) + H.0(1) + 2 == (CO(g) + 200 -0.93
COq(g) + 4H' +4e === CHO(l) + H,O -0.07
COs(g) + 3H,0(1)  +4e¢ === CHO(l) + 40H -0.90
COq(g) + 6H" +6e === CH;OH(l) + H,O +0.02
COs(g) + 5H,0()  + 6  =<=—=  CH;0H(l) + 60H -0.81
COq(g) + 8H' +8 === CHyg) + 2H,0(l) -0.17
COs(g) + 6H:0(1)  + 8¢ === CHi(g) + S8OH -0.66
2 COy(g) + 2H" + 2¢ === H,(C;04(aq) _0.50
2 COx(g) +2 === (0. (aq) -0.59
2 C0y(g) + 12H"  + 12¢ ===  CH,CHay(g) + 4H,0(l) 10.06
2 COy(g) + 12H"  +12¢ ===  CH;CH,0H(l) + 3H,0(l) +0.08

YWert entnommen aus ref. [59] und fiir SHE-Referenzsystem umgerechnet nach Ref. [65].
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bereits bei geringen Potentialen ablaufen sollten. Durch die Kopplung mit einer Protonen-
aufnahme fiihrt eine Erhohung der Protonenverfiighbarkeit zu einer gleichzeitigen anodischen
Verschiebung des Standardpotentials, was auch aus der NERNST-Gleichung fiir die entspre-
chenden Reaktionen hervorgeht (vgl. Gleichung (1) auf Seite 3). Dies ist in Tabelle 2 an den
Unterschieden zwischen den Reaktionen mit H' bzw. H,O als Reaktionspartner sichtbar und
wird in Tabelle 3 auch bei der Anderung der Protonenquelle von H,O zu HBF, in DMF
deutlich.

Die Outer-Sphere-Reduktion ohne Protonenaufnahme hingegen weist aufgrund der Ande-
rung der linearen Geometrie zu einem gewinkelten Radikalanion eine grofe Reorganisations-
energie auf, was sich in einem deutlich negativen Reduktionspotential zeigt (s. Tabelle 2,
Zeile 1).1 Sie endet iiblicherweise in der Dimerisierung zweier Radikalanionen unter Bildung
von Oxalat. Da die {ibrigen Reduktionssequenzen mit dieser einfachen Reduktion initiiert
werden, ist demnach bei einer unkatalysierten Reaktionsfiihrung mit hohen Uberspannungen
zu rechnen. Unabhéngig davon ist auch die Kinetik héufig ein limitierender Faktor, dem
durch zusitzliche Triebkraft in Form einer Uberspannung entgegengewirkt werden muss.
Generell laufen also die Reduktionsschritte nicht so leicht ab, wie die berechneten Potentiale
in Tabelle 2 und Tabelle 3 es angeben. Eine weitere Herausforderung fiir die Reduktion sind
die vielen moglichen Reaktionspfade selbst (inklusive der Protonenreduktion bzw. Wasser-
stoffentwicklung als Konkurrenzreaktion), da bei der direkten Reaktion eine gezielte Steue-
rung fast unmoglich ist und somit ein Produktgemisch erhalten wird.

Aufgrund der vielen verschiedenen Reaktionsmoglichkeiten sowie der auftretenden Uber-
spannungen ist der Einsatz von effektiven Elektrokatalysatoren fiir eine gezielte Reduktion
unerlésslich. Grundsétzlich konnen die verwendeten Katalysatoren auf diesem Gebiet in
Homogen- und Heterogenkatalysatoren eingeteilt werden. Heterogene Katalysatoren sind
gingiger Weise Elektroden aus Metallen (z.B. Pt, Au, Cu oder Ag)," Legierungen,™ Uber-
gangsmetalloxiden bzw. -chalkogeniden'™ oder MOFs. Auch Mischungen dieser Materialien
sind moglich.™ Eine Vorhersage der Reaktivitit ist hier schwer zu treffen, da sie eine starke
Abhéngigkeit von den Reaktionsbedingungen und héufig auch von der Beschaffenheit der
Elektrodenoberfliche aufweisen.™ Allgemein reagieren Katalysatoren fiir die Reduktion von
CO, sehr sensibel auf Anderungen der Reaktionsbedingungen.

Homogene Katalysatoren sind in der Regel metallorganische Verbindungen, deren Metalla-
tom das katalytisch aktive Zentrum darstellt. Thre Ligandensphére ist haufig aus stickstoff-
haltigen Chelatliganden aufgebaut, wobei 2,2-Bipyridin (bpy) oder 2,2°:6‘,2*-Terpyridin

Tabelle 3: Auswahl von Reduktionsmdoglichkeiten fiir CO in verschiedenen Elektro-
lyten, zusammen mit dem entsprechenden Standard Redoxpotential E'.

Reaktionsgleichung Elektrolyt E” (vs. NHE)Y / V
COa(g) +le === CO, DMF 1.96/97
COs(g) + 2H" +2¢ === CO(g) + H,0O CH,;CN +0.511%_0.65P7
DMF 2010
DMF + HBF, -0.26
DMF + 2 M H,O -0.69
COy(g) + 8H +8 === CHi(g) + 2O CH:;CN +0.781
DMF +0.15

* Werte sind fiir das NHE-Referenzsystem umgerechnet nach ref. [65].
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(terpy) sowie zyklische Liganden wie Porphyrine oder Cyclam oft als Grundstruktur zu
finden sind. Auch terminale Carbonylliganden werden héufig in Kombination mit diesen
eingesetzt. Als Metallzentren kommen eine Vielzahl von edlen (z.B. Pd, Re, Ru) und unedlen
Ubergangsmetallen (z.B. Fe, Mn, Ni) zum Einsatz, wobei im Fall von Palladium anstelle
von stickstoffhaltigen Liganden Phosphine géngig sind.""*? Seltener werden organische Mo-
lekiile als Elektrokatalysatoren behandelt.”” Eine Vielzahl an homogenen Katalysatoren
stammen dabei urspriinglich aus anderen Forschungsgebieten, weshalb z.B. solche aus pho-
tokatalytischen Reaktionen oder Hydrierungen fiir die Anwendung in der Elektrochemie
adaptiert werden.!"”

Die Art von Liganden und Metallzentren trigt wesentlich zu der Reaktivitéit eines Kataly-
sators bei, sodass sich hiermit Reaktionsgeschwindigkeit, Selektivitit und die nétige Uber-
spannung in einem gewissen Maf einstellen lassen. Exakte Vorhersagen iiber die Reaktivitat
eines Katalysators lassen sich auch hier nur schlecht treffen, da die genannten Parameter
héufig miteinander verbunden sind.

Fine Gemeinsamkeit ist allerdings, dass ein haufiges Reduktionsprodukt CO darstellt, auf
welches sich hier auch fokussiert wird. Generell kénnen viele Homogenkatalysatoren nur die
zweifach reduzierten Produkte erzeugen. Bei der Art der Metallzentren existieren einige
konstante Trends: Zum einen gelten Edelmetalle wie Pd, Ru, Re und Rh in vielen Beispielen
als Mafstab in Bezug auf Reaktivitit und Selektivitiit."*™ Weiterhin zeigen Katalysatoren,
die auf unedlen Ubergangsmetallen wie Ni, Mn, Fe, Mo oder W basieren, fast ausschlieklich
in Anwesenheit schwacher BRONSTED-Sauren Aktivitit."! Edelmetallbasierte Katalysatoren
hingegen zeigen auch ohne die Zugabe von BRONSTED-Sauren als Protonenquelle Aktivitét,
auch wenn sich eine Zugabe positiv auf die Reaktionsgeschwindigkeit auswirkt. Im Falle der
Abwesenheit einer Protonenquelle kommt es zu einer reduktiven Disproportionierung von
zwei Molekiilen CO, unter Bildung von Carbonat und CO:™

2CO, +2e¢ =— CO;” +CO

1.3.2  Aktuelle Trends der Forschung an Homogenkatalysatoren

Wahrend das Forschungsgebiet der homogenen Katalysatoren fiir die Reduktion von CO,
vor iiber zehn Jahren von 4d und 5d-Ubergangsmetallkomplexen dominiert wurde, gab es
innerhalb der letzten Jahre verstérkte Forschungen an homogenen Katalysatoren auf Basis
unedler 3d-Metalle. Ein besonderer Fokus liegt dabei auf den Metallen Eisen und Mangan,®!
aufgrund ihres hiufigen Vorkommens in der Erdkruste.” Auch bei Komplexen des Nickels
wurden deutliche Fortschritte erzielt.™ Meistens benttigen diese Katalysatoren ein auf-
wendiges Ligandendesign zum Erreichen einer ausreichend hohen katalytischen Aktivitét,
was im Kontrast zu ihren 4d und 5d Analoga steht. Eine direkte Substitution der Edelme-
tallzentren durch unedlere Analoga ist zwar in manchen Féllen mdoglich, allerdings meist
nur unter Einbufien wichtiger katalytischer Eigenschaften. Die Situation lasst sich gut am
Vergleich der Komplexe 57 und 6a*! verdeutlichen (s. Abbildung 12). Dementsprechend
liegt ein grofser Fokus der Forschung auf dem Zusammenhang zwischen Struktur und Reak-
tivitdt sowie allgemeinen mechanistischen Details von Katalysezyklen. Im Umkehrschluss
haben eben diese Kenntnisse entscheidend zur Weiterentwicklung des Katalysatordesigns
beigetragen. Eine besonders hervorzuhebende Entwicklung wurde auf dem Gebiet der Man-
gan-Bipyridin-Katalysatoren von KUBIAK et al. ! sowie an Eisen-Porphyrin-
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Abbildung 12: Ausgewéhlte Beispiele fiir molekulare CO»-Reduktionskatalysatoren.

Katalysatoren von SAVEANT et al. realisiert. "5

Der zugrunde liegende Komplex der Mn-bpy-Katalysatoren 6a zeigt eine geringe Wechsel-
zahl (k. = 2.5 s‘l).[&)] Die Einfiihrung sterisch anspruchsvoller Gruppen am Bipyridin-Lig-
anden (6¢™ und 6d"™) und eine Optimierung der Protonenquelle brachte jedoch eine deut-
liche Verbesserung der katalytischen Aktivitdt mit sich (k. = 5000 s fiir 6d). Der Effekt
konnte auf die Unterbindung der reversiblen Bildung eines katalytisch inaktiven Dimers des
einfach reduzierten Katalysators zuriickgefiihrt werden (,,Off-Cycle-Equilibrium®, vgl. Ab-
schnitt 3.1.1). Dieses ist zwar keine Deaktivierung im herkémmlichen Sinne, vermindert
allerdings die Konzentration der katalytisch aktiven Spezies und damit auch die Reaktions-
geschwindigkeit. Diese Klasse von Katalysatoren wird in Abschnitt 3.1.1 genauer beschrie-
ben.

Die Grundlegende Struktur der Eisen-Porphyrin-Komplexe ist Komplex 7a, welcher bereits
eine deutliche katalytische Aktivitit zeigt (K, — 2.3-10" s7).*® Hier fiihrten 2,6-Dihydro-
xyphenyl-Einheiten am Porphyrinring (7b) zu der Generierung einer lokalen Protonenquelle
am Katalysator, die formal einer Konzentration von 150 mol L Phenol entspricht.’” Es sei
erwiahnt, dass hierdurch nicht auf den Zusatz einer Protonenquelle in Form einer
BRONSTED-Séure verzichtet werden kann. Dennoch fithrt die rdumlich giinstige Ausrichtung
der Hydroxygruppen zu der Bildung einer Wasserstoffverbriickten Struktur und Stabilisie-
rung eines Eisen-CO,-Adduktes, verbunden mit einer Steigerung der Aktivitat auf Umsatz-
zahlen bis zu 3-10° s'. Einen #hnlich stabilisierenden Effekt ist bei Komplex 7c zwischen
dem Addukt und den Trimethylaminkationen zu beobachten.®™ Hier fiihrt die vierfach po-
sitive Ladung im Molekiil zusétzlich zu einer anodischen Verschiebung des Reduktionspo-
tentials auf eine Uberspannung von nur 200 mV gegeniiber dem thermodynamischen Stan-
dardpotential des CO,/CO-Paares. Einen &hnlichen, wenn auch geringeren Effekt konnte im
Falle des manganbasierten Systems die Zugabe von Mg*"-Ionen als LEWIS-Siaure bewirken.
Zusétzlich wurde hier auch die auch die Mdoglichkeit einer Reduktion ohne Protonenquelle
unter Bildung von CO/COs* beobachtet.®! Die Einfiihrung einer lokalen Protonenquelle
wurde anhand von 6b auch auf dieses System iibertragen, ebenfalls verbunden mit einer
Steigerung der Umsatzzahl (k. — 185 s') im Vergleich zum unsubstituierten 6a.*” Auch
hier konnte bei einem ahnlichen Katalysator mit einem 2-Hydroxyphenylrest an derselben
Position eine katalytische Aktivitdt ohne Zusatz einer externen Protonenquelle
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nachgewiesen werden, wobei sie sich in der gleichen Gréfsenordnung wie die von 5 ohne
Protonenquelle befindet.® Die verschiedenen katalytischen Aktivititen der besprochenen
Katalysatoren sind in Abbildung 13 als Tafel-Auftragung zusammengefasst.

Bisher hat die elektrochemische Reduktion von CO, noch keine industrielle Anwendung
gefunden, auch wenn bereits vereinzelt daran gearbeitet wird.”™ Die aktuellen katalytischen
Systeme gelten dafiir als nicht ausreichend rentabel in Hinsicht auf Aktivitat, Stabilitédt und
Selektivitat. Weiterhin sind viele der Systeme noch nicht fiir eine Anwendung in der Indust-
rie, sondern vielfach fiir mechanistische Untersuchungen in der Forschung optimiert.® Ten-
denziell weisen heterogene Katalysatoren eine grofiere Stabilitdat auf und reagieren schneller,
jedoch mit geringerer Selektivitdt. Homogene Katalysatoren hingegen weisen héaufig eine
hohe Selektivitat auf und sind aufgrund ihrer molekular definierten Struktur einfacher zu
charakterisieren. Sie sind allerdings weniger stabil und haben im Schnitt geringere Umsatz-
zahlen. Weiterhin sind homogene Katalysatoren meist nur auf die Bildung der zweifach
reduzierten Produkte beschrénkt. Eine vielversprechende Herangehensweise ist es, die ge-
wonnenen mechanistischen Erkenntnisse zur Erhohung der Selektivitdt auf die heterogene
Katalyse zu iibertragen. In manchen Fallen geschieht die Kombination auch direkt durch

eine Immobilisierung auf Elektroden™ oder Membranen.™
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Abbildung 13: Tafel-Auftragung fiir die Katalysatoren aus Abbildung 12 und Ta-
belle 4 (siehe Anhang, Seite 41).

1.3.3 Motivation zur Reduktion von CO,

In der Literatur werden hauptséchlich drei verschiedene Motivationen fiir die elektrochemi-
sche Reduktion von CO, genannt.""

Ein haufig genannter Anreiz ist die Reduzierung des Treibhauseffektes durch eine Verringe-
rung des CO,-Gehalts in der Atmosphére. Praktisch betrachtet ist diese Idee allerdings un-
realistisch. Zum einen ist die CO,-Konzentration in der Atmosphire mit etwa 400 ppm!*
fiir eine effektive Nutzung als Edukt recht klein. Zum anderen ist die CO,-Bilanz eines
solchen Prozesses (inklusive Anreicherung, Aufreinigung der Produkte etc.) bisweilen posi-
tiv.1”! Bei einer positiven Bilanz emittiert ein Prozess insgesamt mehr CO,, als er bindet.
Selbst bei negativer Bilanz, welche fiir eine signifikante Absenkung der CO,-Konzentration
notwendig ware, wiirde ein Prozess die Grofenordnung der anthropogenen Emission von ca.
36 Gt/al™ nicht erreichen kénnen. Zum Vergleich liegt der derzeitige, jahrliche Verbrauch
an CO, in der chemischen Industrie bei nur ca. 130 Mt.!*"
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FEinleitung

Weiterhin wird die Thematik im Zusammenhang zur Erzeugung von Energietragern disku-
tiert. Es wére Denkbar, Energie mittels CO, in Form von Kohlenwasserstoffen (z.B. Me-
than), Methanol oder Ameisenséure zu speichern. Diese Stoffe konnten dann entweder als
Kraftstoff verbrannt oder in Brennstoffzellen verwertet werden. Prinzipiell gilt auch hier,
dass eine sinnvolle Grofienordnung momentan nicht erreicht werden kann. Auch miissten
deutliche Fortschritte bei erreichbaren Wirkungsgraden wihrend der Speicherung und Frei-
setzung als Energieform gemacht werden, um einen 6kologisch und ckonomisch sinnvollen
Prozess zu etablieren. Erst dann wére es denkbar, CO, lokal zum Speichern von iiberschiis-
siger elektrischer Energie einzusetzen.

Zuletzt bietet die Reduktion von CO, einen mdoglichen Einsatz des Molekiils als C,-Synthe-
sebaustein. Da viele Prozesse in der organischen Synthese eine Erhéhung der Anzahl an
Kohlenstoffatomen innerhalb eines Molekiils mit sich bringen, wire CO, eine giinstige und
theoretisch reichlich verfiigbare Kohlenstoffquelle. In einigen Prozessen, z.B. der Synthese
von Harnstoff oder Salicylsédure, wird CO, bereits direkt eingesetzt. Nachteilig an der direk-
ten Verwendung ist allerdings die geringe Reaktivitdt und eingeschrénkte Produktvielfalt.
Die Reduktion zu verschiedenen, reaktiveren Formen eines C,-Bausteines wiirde diesen
Problemen entgegenwirken. Beispielsweise konnte es in Form von Kohlenstoffmonoxid fiir
Carbonylierungen,® zur Phosgensynthesel® oder in der FISCHER-TROPSCH-Synthese!”” ein-
gesetzt werden. Methanol oder Ameisenséure stellen weitere Reaktionsprodukte von grofser
industrieller Relevanz dar.
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2 Ziel der Arbeit

Die elektrochemische Synthese, im Speziellen die elektroorganische Synthese, stellt in vie-
lerlei Hinsicht eine nachhaltige Mo6glichkeit zur Darstellung wertvoller Verbindungen dar.
In manchen Fallen jedoch ergeben sich Schwierigkeiten hinsichtlich Selektivitat oder Reak-
tionsgeschwindigkeit. Dann kann das Einbinden katalytischer Prozesse ein System diesbe-
ziiglich deutlich verbessern und im Zuge dessen die elektrochemischen Methoden so fiir eine
breiteres Anwendungsspektrum attraktiv machen.

Im Rahmen von vier Fallstudien sollen verschiedene Mdglichkeiten der Verkniipfung kata-
lytischer und elektrochemischer Prozesse untersucht werden. Fallstudie 1 (Kapitel 3.1.2)
und 2 (Kapitel 3.1.3) behandeln die elektrokatalytische Reduktion von CO, und bauen auf
bereits bekannten, photokatalytischen Systemen auf. Fallstudie 3 (Kapitel 3.2.1) befasst sich
mit der elektrochemischen Katalyse, einem bisher wenig erforschten Konzept, am Beispiel
der elektrochemischen Variante der NEWMAN-KWART-Umlagerung. Innerhalb von Fallstu-
die 4 (Kapitel 3.3.1) sollen die Mdglichkeiten der Uberfiihrung eines indirekten Ez-cell-Ver-
fahrens in die katalytische In-cell-Variante am Beispiel einer hypervalenten Iodverbindung
untersucht werden.

In den Fallstudien stehen mechanistische Untersuchungen zur Entwicklung eines besseren
molekularen Verstdndnisses der behandelten Systeme im Mittelpunkt. Dieses Wissen soll
nicht nur die behandelten Systeme verbessern, sondern auch auf zukiinftige iibertragen wer-
den konnen. Weiterhin soll es die Moglichkeit eines Vergleiches mit alternativen (z.B. pho-
tokatalytischen oder thermisch aktivierten) Prozessen erlauben.
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3 Diskussion der Ergebnisse

In diesem Teil der Arbeit soll zusammenfassend auf die Publikationen sowie die Motivation
dahinter eingegangen werden. Ebenfalls sollen sie innerhalb ihres Forschungsgebietes hin-
sichtlich des aktuellen Stands der Technik eingeordnet werden. Dabei stehen mechanistische
Untersuchungen zur Entwicklung eines besseren, molekularen Verstdndnis der behandelten
Systeme im Mittelpunkt. Der erste Teil beschéftigt sich mit der elektrokatalytischen Re-
duktion von CO, anhand von zwei Fallstudien: eine mit einem eisenbasierten und eine mit
einem manganbasierten Katalysator. Der zweite Teil dieses Kapitels behandelt die elektro-
chemische Katalyse an einer Fallstudie tiber die elektrochemische Variante der NEWMAN-
KWART-Umlagerung sowie der Entwicklung eines Modells zu deren Vorhersagbarkeit fiir
unbekannte Edukte. Im letzten Abschnitt dieses Kapitels, der vierten Fallstudie, wird der
Einsatz des Iod(I/III) -Redoxpaares als Katalysator behandelt.

3.1 Elektrokatalytische Reduktion von CO,

Aufgrund struktureller Ahnlichkeiten der innerhalb von Fallstudie 1 behandelten Katalysa-
toren zu den Mangan-Bipyridin-Katalysatoren von KUBIAK et al., sollen diese Systeme als
Referenz zunéchst genauer betrachtet werden, um anschliefend die mechanistischen Details
besser vergleichen zu kénnen.

3.1.1 KuBIAKs Mangan-Bipyridin-Katalysatoren als Referenzsystem

Die Grundform dieser Klasse an Katalysatoren ist der Komplex fac-|[Mn(bpy)(CO);X]| (mit
X = Br, Cl), dessen katalytische Aktivitat erstmals 2011 von DERONZIER et al. beschrieben
wurde (vgl. Abbildung 12)." Da alle hier diskutierten Komplexe eine faciale Konfiguration
aufweisen, wird die Vorsilbe im weiteren Verlauf ausgelassen. Die Struktur basiert direkt
auf bereits langer bekannten und ebenfalls katalytisch aktiven Rhenium-Analoga, wobei es
im Vergleich zu diesen einige wichtige Unterschiede festzustellen gibt: Mangankatalysatoren
mit 4,4 "-disubstituiertem bpy (R-bpy; R = H, Me, tBu) zeigen eine um ca. 0.4 V geringere
Uberspannung, die jedoch mit einer deutlich geringeren katalytischen Aktivitit einher-
geht.™ Wie bereits in der Einleitung erwihnt, zeigten die manganbasierten Katalysatoren
im Gegensatz zu den Re-Analoga nur in Gegenwart schwacher BRONSTED-Sauren als Pro-
tonenquelle einen katalytischen Umsatz. Die anfangs noch geringe katalytische Aktivitét
mit einer TOF,,, von 2.5 s' (R = H) fiir ein CH;CN/H,0-Gemisch (95/5) konnte von KU-
BIAK et al. fiir den tBu-bpy als Ligand mit TOF,,, = 340 s deutlich gesteigert werden
(Elektrolyt: CH;CN, 1.4 M 2,2,2-Trifluorethanol (TFE)). Wahrend einer potentiostatischen
Elektrolyse (F = 1.95 V vs. NHE) in dem gleichen Elektrolyten zeigte der Katalysator eine
iiber mehrere Stunden anhaltende Aktivitiit bei einer Stromdichte von iiber 25 mA cm™ und
100% FE.

Neben einer Optimierung von Katalysatorstruktur und Reaktionsbedingungen gab es auch
eine Reihe an mechanistischen Untersuchungen mittels Cyclovoltammetrie, Spektroelektro-
chemie,™ Pulsradiolyse,®™ quantenchemischen Berechnungen™ sowie chemischen
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Abbildung 14: Reduktionsmechanismus der Mn-bpy-Katalysatoren in Abwesenheit

von CO,.
Kontrollexperimenten in Verbindung mit Rongtenstrukturanalytik. Basierend darauf konnte
ein gutes Bild iiber den Reaktionsmechanismus erstellt werden.
Abbildung 14 zeigt eine Reduktionssequenz der Mn-bpy-Katalysatoren in Abwesenheit von
CO,. Sie wird mit einer reduktiven Dehalogenierung unter Bildung eines fiinffach koordi-
nierten, radikalischen Intermediates initiiert (ca. 1.14 V vs. NHE). Dieser reagiert instantan
(2kgm = 1.3-10° mol L™ s‘l) unter Bildung eines Dimers weiter, welches bei héheren Potenti-
alen (ca. 1.32 V vs. NHE) zum fiinffach koordinierten anionischen Komplex [Mn(bpy)(CO)s|
weiter reduziert wird. Letzterer gilt als katalytisch aktive Spezies, weswegen der urspriing-
liche Komplex Mn(bpy)(CO);Br streng genommen nur einen Prikatalysator darstellt.
Ein weiterer Fortschritt konnte durch die Einfithrung des mes-Gruppe in 2,2°-Position am
bpy erzielt werden (s. Abbildung 15, rechter Zyklus).* Als sterisch anspruchsvoller Ligand
unterbindet er die Dimerisierung, wodurch [Mn(mes-bpy)(CO);] ohne diesen chemischen
Zwischenschritt reduziert werden kann. Infolge dessen verlauft die Bildung der katalytisch
aktiven Form ([Mn(mes-bpy)(CO)s|") bereits bei -0.93 V vs. NHE, dem selben Potential wie
die erste Reduktion von [Mn(mes-bpy)(CO);Br|. Es wird vermutet, dass zwischen beiden
Reduktionsschritten trotzdem eine schnelle reduktive Dehalogenierung ablduft und dass
beide Elektronen einzeln iibertragen werden.
Der eigentliche katalytische Mechanismus ist in Abbildung 15 gezeigt und startet mit der
Reaktion von CO, mit nachfolgender Protonenaufnahme unter Bildung einer
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Abbildung 15: Reduction-first- und Protonation-first-pathway als Mechanismus fiir
die Reduktion von COy durch Mn-bpy-Katalysatoren.

23



Diskussion der Ergebnisse

Metallcarbonsédure. Es wurde in quantenchemischen Berechnungen gezeigt, dass die Reak-
tion von [Mn(bpy)(CO),|" mit CO, leicht endergonisch verlduft und nur die folgende Proto-
nierung eine exergonische Triebkraft darstellt.™ Dies wird als Ursache fiir die Notwendigkeit
der Anwesenheit von Protonenquellen gesehen. Hiervon ausgehend gibt es, je nach Reakti-
onsbedingungen, zwei verschiedene Reaktionspfade:®™ Beim reduction-first-pathway wird
das Intermediat zuerst reduziert und anschliefsend unter Protonierung und Abspaltung von
Wasser der Tetracarbonylkomplex [Mn(bpy)(CO),| gebildet, beim protonation-first-pathway
geschieht dies in umgekehrter Reihenfolge. Im Falle des mes-bpy-Katalysators wird der re-
duction-first-pathway bei einem Reduktionspotential von -1.4 V beobachtet, was als Poten-
tial zur CO,-Reduktion zwingend nétig ist, auch wenn der katalytisch aktive Komplex schon
bei hoheren Potentialen gebildet wird. Aus cyclovoltammetrischen Untersuchungen konnte
ein Wert von TOF,,, = 5000 s ermittelt werden (Elektrolyt: CH;CN, 1.4 M TFE).

Im Falle von 2,6-Dimethoxyphenylresten in den Positionen 2 und 2‘ der bpy-Liganden kann
der protonation-first-pathway eingeschlagen werden.® Die Methoxygruppen am bpy-
Liganden dienen hierbei als Wasserstoffbriickenakzeptor und verringern somit die
Aktivierungsenergie fiir die direkte Protonierung. Die nachfolgende Reduktion verlauft bei
deutlich niedrigeren Potentialen (ca. 1.0 V. vs. NHE). Es sei angemerkt, dass dieser
Katalysator bei hoheren Potentialen parallel den reduction-first-pathway einschlagen kann.
Aufgrund der geringeren Triebkraft bei niedrigeren angelegten Uberspannungen 7 verliuft
der protonation-first-pathway mit TOF,,,, = 138 s jedoch langsamer als der reduction-first-
pathway (TOF,,., = 1257 s'; beides in CH;CN, 1.37 M PhOH).

Weitere Fortschritte wurden durch die Einfiihrung einer lokalen Protonenquelle am bpy-
Liganden sowie durch LEWIS-Siuren wie Mg®" als Additiv erzielt (s. Einleitung). Letzteres
konnte das notige Potential fiir die Katalyse auf -0.97 V vs. NHE ohne Zusatz einer Proto-
nenquelle senken. Hier kommt es unter Bildung zu schwer 16slichem MgCO; zu einer reduk-
tiven Disproportionierung von CQO,. Fiir eine genauere Betrachtung sei hier auf die entspre-

chende Literatur verwiesen.®!

3.1.2  Fallstudie 1: Vergleich zwischen Elektro- und Photokatalyse an
einem manganbasierten Katalysator

Die Arbeiten von Fallstudie 1 fokussieren sich auf den manganbasierten Komplex 8 (vgl.
Abbildung 16), der sowohl im Hinblick auf die photo- als auch die elektrochemische Reduk-
tion von CO, untersucht wurde. Strukturell dhnelt er stark den zuvor diskutierten Mn-bpy-
Katalysatoren, bei denen jedoch eine Pyridin-Einheit durch eine 4,4-Dimethyldihydrooxazol-
Einheit ersetzt wurde. Zunédchst stellte er sich aus photokatalytischer Sicht mit
TONco = 913 und einer Selektivitit fiir die CO-Generierung von bis zu 99% als eines der
aktivsten bekannten Systeme auf Basis héufig vorkommender (,earth abundant) Metalle
heraus. Daraufhin wurde er elektrochemisch genauer charakterisiert, um Gemeinsamkeiten
sowie Unterschiede beider Moglichkeiten der Katalyse aufzeigen zu kénnen. Ebenfalls wur-
den fiir beide die optimierten Reaktionsparameter in Abbildung 16 zusammengefasst. Vom
notigen Materialaufwand, insbesondere beziiglich der Mengen an eingesetzten Additiven,
bietet keine Art der Reaktionsfithrung einen deutlichen Vorteil, welcher fiir eine technische
Anwendung entscheidend wére. Hierbei sei erwahnt, dass die Zusammensetzung der Systeme
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Abbildung 16: Optimierte Reaktionsbedingungen fiir die photo- und elektrokataly-

tische Anwendung von 8. ®Der Elektrolyt enthilt zusitzlich 0.1 M NBwBF,. “Der

Elektrolyt enthilt zusétzlich 0.1 M BIH. 9CuPS wird in situ gebildet aus 1Aq

[Cu(CH;CN),JPFs, 1 Aq Bathocuproin, 3 Aq Xantphos. Y5 h Bestrahlung mit einer

Hg-Lampe (415 nm Bandpassfilter, 70 mW).
derlei Studien den gingigen Standards® entsprechen. Im elektrochemischen Fall beispiels-
weise sind Leitsalzkonzentration und Art sowie Konzentration der Protonenquelle (TFE)
vergleichbar mit den erwiihnten Systemen von KUBIAK et al.®™ Unter den genannten Reak-
tionsbedingungen konnten anfingliche Stromdichten zwischen 3 und 4 mA cm™ bei einer
Aktivitdt von bis zu 8 Stunden erzielt werden (vollstindige Deaktivierung danach).
Die cyclovoltammetrischen Studien von 8 in Abwesenheit und Gegenwart von CO, (und
TFE) erzielten ein dhnliches Bild wie die bekannten Mn-bpy-Komplexe. Die Reduktion von
8 zu 10" (nachgewiesenes Intermediat) wurde daher als analog zu dem in Abbildung 14
dargestellten Mechanismus angenommen, wobei die Reduktionspotentiale als 100 bis
150 mV positiver als bei 6a als Referenz bestimmt wurden.
Mittels IR-SEC-Messungen konnte unter elektrokatalytischen Bedingungen jedoch zusétz-
lich 12 als Intermediat identifiziert werden (sieche Abbildung 17). Vergleichbare Intermedi-
ate durch die Bildung von Hydrogencarbonat wurden auch bei dhnlichen Katalysatoren
beobachtet."™ Im Gegensatz dazu konnte durch In situ-IR-Messungen unter photokatalyti-
schen Bedingungen Intermediat 13" nachgewiesen werden. Auf Basis zusitzlicher DFT-
Rechnungen und C'"-isotopenmarkierter Kontrollexperimente konnte der in Abbildung 17
gezeigte Mechanismus postuliert werden: Wie bereits erwéhnt, erfolgt die Sequenz zunéchst
iiber einen gemeinsamen Weg bis zur Reaktion mit CO, unter Bildung von 11°. Von dort
aus teilt sich der Mechanismus, je nach Anwesenheit oder Abwesenheit von (photokatalyti-
scher) Bestrahlung, in zwei mogliche Pfade: In Abwesenheit von Bestrahlung (elektrokata-
lytisch), erfolgt eine Aktivierung mit einem weiteren CO,-Molekiil unter Bildung von Hyd-
rogencarbonatkomplex 12. Eine anschliefende Reduktion (bei £ = 1.30 V vs. NHE) vollen-
det den elektrokatalytischen Zyklus unter Riickbildung von 9, was in Abbildung 17 als
Gleichgewicht zwischen Monomer und Dimer dargestellt ist. Unter photokatalytischen Be-
dingungen hingegen erfolgt bevorzugt eine lichtinduzierte Dehydrierung-Decarbonylierung
unter Bildung von 13" und anschlieffender Reduktion zu 9.

P Die gingigen Standards dieser Systeme fokussieren sich, wie auch diese Studie, auf Grundlagenfor-
schung. Der Fokus liegt hier bei einem besseren Verstiandnis der Einfliisse einzelner Parameter (z.B.
Ligandensphére oder Additive) sowie die Entwicklung von Katalysatoren mit moglichst hohen Um-
satzzahlen, nicht vordergriindlich auf industriell relevanten Aspekten.
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Abbildung 17: Postulierter Mechanismus fiir die photo- und elektrokatalytische Re-
duktion von CO; durch Katalysator 8.

Die Unterschiedlichen Reaktivitdten von 11" zeigen gut, inwiefern derselbe Katalysator
elektro- oder photokatalytisch unterschiedlich reagieren kann. Infolgedessen kann die Elekt-
rochemie, wie diese Fallstudie zeigt, zu einem besseren Verstdndnis der photokatalytischen
Vorgénge beitragen, sollte jedoch mit ergdnzenden Methoden (hier In situ-IR-Spektroskopie)
erweitert werden. Ebenfalls kénnte aufgrund des ergénzenden Charakters der Photo- und
Elektrochemie eine solche vergleichende Studie auch bei anderen Katalysatorsystemen sinn-
voll sein.

Durch eine foot-of-the-wave-Analyse der cyclovoltammetrischen Daten konnte ein Wert von
TOF,,, — 40 s ermittelt werden. Eine Ermittlung von TOF,,, aus Elektrolysestromen
ergab denselben Wert, wohingegen eine Analyse durch katalytische Spitzenstrome aufgrund
von unbekannten Nebenprozessen als problematisch eingestuft wurde. Hier lag der Wert mit
70 s dennoch in derselben Grofenordnung. Verglichen mit Spitzenwerten von 5000 s™ (bei
Mn(mes-bpy)(CO);Br) fillt er zwar deutlich geringer aus, bietet jedoch den Zugang zu einer
neuen Klasse manganbasierter Katalysatoren mit einer neuartigen, vom Bipyridin abwei-
chenden Ligandensphére.
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3.1.3 Fallstudie 2: Mechanistische Untersuchungen an einem eisenba-
sierten Katalysator

192 wurde fiir Eisen-Cyclopentadi-

In einer der Fallstudie 2" vorangegangenen Publikation
enon-Komplexe des Typs 14 (s. Abbildung 18, rechts) eine Aktivitdt beziiglich einer elekt-
rokatalytischen Reduktion von CO, festgestellt. Bekannt sind die Strukturen durch KNOL-
KER et al. seit den 1990er Jahren”! und werden unter anderem als Prikatalysatoren fiir
nicht-elektrochemische Hydrierungsreaktionen eingesetzt."" Zusitzlich konnte 2016 von
BELLER et al. eine photokatalytische Aktivitit fiir CO,-Reduktion nachgewiesen werden."”
FRANCKE, BELLER et al. fanden ein Jahr spédter 14a als den elektrokatalytisch aktivsten
Vertreter dieser Klasse."” In einer potentialkontrollierten Elektrolyse bei -1.65 V (vs. NHE)
zeigte er fiir etwa 25 Stunden Aktivitdt (FE = 96%) mit einer stabilen Stromdichte zwischen
3 und 4.3 mA cm™ und anschliefender Deaktivierung. Aus diesen Daten konnte eine maxi-
male Umsatzzahl von TOF,,.. = 728 s ermittelt werden. Besonders hervorzuheben an die-
sem System ist die synthetisch einfache Zugénglichkeit (ein bis zwei Schritte aus kommer-
ziell erhaltlichen Stoffen) sowie eine katalytische Aktivitét in Abwesenheit von den iiblichen
zugesetzten Protonenquellen. Im Rahmen von Fallstudie 2 sollte die katalytischen Eigen-
schaften dieser Stoffklasse mechanistisch untersuch werden, um ein molekulares Verstédndnis
fiir diese Rektion zu entwickeln. Als Vertreter der Katalysatoren wurde Fallstudie 2 an
Komplex 14b durchgefithrt (mit TOF,,., = 313 s der katalytisch zweitaktivste Komplex
aus ref. [102]). Dadurch sollte der Rechenaufwand der durchgefiihrten DFT-Rechnungen
wegen der einfacheren Struktur minimiert werden und weiterhin durch die etwas langsamere
Reaktion die Zeitskala fiir die mechanistische Untersuchungen erweitert werden.

In einer anfinglichen CV-Studie konnten unter Argon (Abbildung 18, links) zwei Redukti-
onsprozesse festgestellt werden, wobei der erste Schritt (E, ~ -1.4 V vs. NHE) irreversibel
und der zweite (E; » -1.5 V vs. NHE) quasireversibel verlauft. Im Anschluss an die weiter
unten beschriebenen mechanistischen Studien konnten die CV-Messungen durch digitale
Simulationen ergénzt werden, die das mechanistische Bild der Reduktion unter Argon festi-
gen konnten. Interessant ist, dass sich in Anwesenheit von CO, eine katalytische Welle erst
bei einem Spitzenstrom von E; ~ -1.9 V vs. NHE ausbildet.

——14b unter Ar -0
——14b unter CO,
0.0+
SiMe3R
“.‘E [ 5 (\"E o
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< 0.2
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Abbildung 18: Links: Cyclovoltammogramme von 1 mM 14b in CH3;CN/0.1 M
NBuw,ClO; unter Ar (rot) und CO;-Atmosphére (schwarz) bei einem Potentialvor-
schub von » = 100 mV s™. Rechts: Struktur der untersuchten Katalysatorklasse 14.
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Wie bereits in Fallstudie 1 fokussierten sich hier die mechanistischen Untersuchungen zu-
satzlich auf IR-SEC-Messungen sowie ergdnzenden chemischen Kontrollexperimenten und
DFT-Rechnungen. Der postulierte katalytische Zyklus ist in Abbildung 19 dargestellt und
startet mit einer reduktiven Decarbonylierung (E, ~ -1.4 V vs. NHE) von 14b unter Bildung
des Radikalkations 15b". Fiir dieses gibt es zwei Moglichkeiten der Stabilisierung, welche in
zwei parallel ablaufenden Zyklen enden: eine Dimerisierung und eine Protonierung am Cyc-
lopentadienonliganden.

Die Dimerisierung von 15b~ verlduft unter Bildung einer kovalenten Fe-Fe-Bindung zu
15b,> und konnte zusitzlich im Rahmen eines chemischen Kontrollexperimentes, bei wel-
chem 14b mit zwei Aquivalenten KCj reduziert wurde, isoliert werden. Das Dimer reagiert
anschlieffend unter Abspaltung von CO in einer heterolytischen Spaltung der Fe-Fe-Bindung
unter Bildung des anionischen Hydrogencarbonat-Komplexes 16b™ sowie einer Riickbildung
von 14b. Komplex 16b™ konnte im Rahmen von IR-SEC Messungen unter CO, nachgewie-
sen werden, wurde jedoch nicht unter Ar bei sonst vergleichbaren Bedingungen beobachtet
und wird daher als katalytisches Intermediat betrachtet. Da 16b™ zweifach reduziert ist und
dazu eine negative Ladung tragt, stellt sein Vorkommen zusétzlich eine Erklarung fiir die
reduktive Verschiebung des katalytischen Signals (E;) dar. Ein #hnlicher Komplex wurde
von HARTL an einem Mangan-Katalysator mit einer vergleichbaren Verschiebung des Re-
duktionspotentials beschrieben. Unter eben dieser Reduktion wird das Intermediat 15b™ ge-
neriert, womit der katalytische Zyklus geschlossen wird.

Wie bereits erwéahnt, verlduft die zweite Moglichkeit der Stabilisierung von 15b” durch eine
Protonierung zu 17b, welcher unter elektrokatalytischen Bedingungen zu der Metallcarbon-
sdure 18b” reduziert wird. Analog zu dem oben diskutierten Weg wird diese Spezies hier
auch als katalytisches Intermediat betrachtet, was bereits in der vorangegangenen Studie
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Abbildung 19: Postulierter Mechanismus fiir die elektrokatalytische Reduktion von
CO; durch 14b.
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vorgeschlagen wurde.""”” Eine Abspaltung von Wasser bildet 14b zuriick, wobei die C-O-
Bindungsspaltung durch eine zusédtzliche Wasserstoffbriicke zu dem reduzierten und proto-
nierten Liganden erleichtert wird.

Die Existenz des einen moglichen Zyklus schliefst dabei den anderen nicht aus, sondern es
laufen beide mit unterschiedlichen Geschwindigkeiten parallel ab. Aufgrund der in IR-SEC-
Experimenten gemessenen Intensitdten von 16b” bzw. 18b kann der Reaktionspfad iiber die
Dimerbildung als bevorzugt eingestuft werden. Diese verldauft laut DFT-Rechnung nahezu
barrierefrei, was die Annahme zusétzlich bestétigt. Neben dem katalytischen Mechanismus
konnte ferner der Prozess der Deaktivierung identifiziert werden: Hierbei wird Intermediat
15b™ kathodisch ein weiteres Mal reduziert (beim Potential E, = 1.5 V vs. NHE), gefolgt
von einer anschlieffenden Protonierung unter Bildung der Eisenhydrid-Spezies 19b". Letzte-
res kann als eigentlicher Deaktivierungsprozess eingestuft werden. Aufgrund der langen Sta-
bilitdt des Katalysators kann davon ausgegangen werden, dass dieser Prozess zwar langsam
ablauft, im Verlauf einer Elektrolyse durch die kontinuierliche Bildung von Wasser jedoch
beschleunigt wird.

Zusétzlich zu den mechanistischen Studien wurden Untersuchungen zur Protonenquelle der
Reaktion durchgefiihrt. Eine Zugabe von Wasser in einem Konzentrationsbereich von bis zu
10 mmol L fithrte zu keiner Anderung der katalytischen Eigenschaften, weswegen ange-
nommen wurde, dass Restwasser im Elektrolyten nicht als Protonenquelle dienen kann. In
einem weiteren Kontrollexperiment wurde das Perchloratleitsalz des Anolyten durch ein
Acetatsalz ausgetauscht. Letzteres zersetzt sich anodisch unter Bildung von Ethan und CO,
(KOLBE-Elektrolyse) wahrend fiir Perchloratsalze in Acetonitril ein radikalischer Mechanis-
mus bekannt ist, der pro iibertragenem Elektron ein Proton freisetzt.'® Dieses konnte als
Protonenquelle fiir die CO,-Reduktion dienen. Im Rahmen des Kontrollexperimentes konnte
nachgewiesen werden, dass in Abwesenheit des Perchloratsalzes kaum katalytische Aktivitat
zu verzeichnen ist, was die besagte Zersetzungsreaktion als Protonenquelle bestétigt.

3.2 NEWMAN-KWART-Umlagerung

Die NEWMAN-KWART-Reaktion (NKR) gilt als der entscheidende Schritt in der Herstellung
von Thiophenolen 23 aus Phenolen 20 und bietet daher einen allgemeinen Zugang schwe-
felhaltiger organischer Verbindungen aus einer gut verfiigharen Stoffklasse."" Bei dieser
kommt es zu einer O-5-Umlagerung von O-Arylthiocarbamaten 21 zu S-Arylthiocarbamaten
22. In der urspriinglichen Variante von NEWMAN und KWART wurde die Reaktion ther-
misch bei Temperaturen von 200 bis {iber 300 °C durchgefiihrt."® Die hohen Temperaturen
sind nétig, da die Reaktion vermutlich {iber den hochenergetischen spirozyklischen Uber-
gangszustand 24 verlduft und daher eine hohe Aktivierungsenergie aufweist. Weiterhin
wurde festgestellt, dass die Aktivierungsenergie und damit die notigen Temperaturen bei
elektronenreichen Aromaten besonders hoch war, was das Eduktspektrum auf elektronen-
arme Derivate beschriankte bzw. fiir eine Erhéhung der benétigten Temperatur auf teilweise
iiber 300 °C und gleichzeitiger Absenkung der Ausbeute sorgt. In der folgenden Zeit gab es
einige Ansétze, die Reaktionsbedingungen zu mildern. Ein nennenswerter Durchbruch wurde
2009 von LLOYd-JONES et al. erzielt, der die Reaktionstemperatur durch einen Pd-Kataly-
sator auf 100 °C fiir viele para-Substituierten Aromaten senkte.'” Ein weiterer Durchbruch
wurde 2015 von NICEWICZ et al durch eine photokatalytische Reaktionsfiihrung (,PNKR")
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Abbildung 20: Uberblick iiber die NEWMAN-KWART-Umlagerung und die wichtigs-
ten Arten der Reaktionsfithrung.

erzielt, wodurch die Reaktion erstmalig bei Raumtemperatur (R. T.) durchgefiihrt werden
konnte."” Im Jahr 2018 wurden gleich zwei Moglichkeiten der Reaktion publiziert, die eine
oxidative Aktivierung der Reaktion behandelten. PITTELKOV et al nutzten Ce(IV) in kata-
lytischen Mengen , wobei gezeigt wurde, dass Luftsauerstoff das bei der Reaktion gebildete
Ce(III) zuriickoxidiert und damit reaktiviert."!! Weiterhin publizierten FRANCKE et al. eine
Variante der Reaktion, welche elektrochemisch katalysiert ablief (,ENKR").” Die zuletzt
erwahnte Studie fokussierte sich auf die synthetischen Aspekte der ENKR. Anhand von 21a
wurden, bei optimierten Reaktionsbedingungen, ein Umsatz im Gramm-Mafistab mit einer
Reinheit von iiber 99% realisiert (TON, = 10.5). Besonders hervorzuheben ist die leitzsalz-
freie Reaktionsfithrung in einem Mikroflussreaktor (TON, = 6.3). Dieser ermoglichte einen
quantitativen Umsatz, nach welchem lediglich das leicht verdampfbare HFIP als Losungs-
mittel abgetrennt werden musste. Es wurden insgesamt 23 Edukte untersucht, wobei eine
gegeniiber der thermischen Variante umgekehrte Reaktivitét festgestellt werden konnte: Die
NKR lief bei elektronenreichen Aromaten besonders gut ab, wéihrend sie bei elektronenar-
men Aromaten gar nicht ablief. Weiterhin wurde festgestellt, dass HFIP als Losungsmittel
flir den Ablauf der Reaktion zwangsweise nétig war. Dies wurde vor allem durch dessen
anodische Stabilitit, sowie seine Fahigkeit zur Stabilisierung radikalkationischer Spezies er-
klart. Die Stabilisierung ist hierbei bedingt durch die Moglichkeit zur Ausbildung koordina-
tiver Bindungen bei gleichzeitig geringer Nukleophilie.

Batch-Elektrolyse
HFIP /0.1 M NBu,CIO4/ R.T.
ungeteilte Zelle, j = 10 mA cm?

| m |
”a W s

Fluss-Elektrolyse
HFIP / salzfrei / R.T.
ungeteilte Zelle, j = 20 mA cm™

Abbildung 21: Zusammenfassung der optimierten Bedingungen fiir die elektroche-
mische NKR im Gramm-Mafistab.
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3.2.1 Fallstudie 3: Die elektrochemisch katalysierte NKR

Auf der Grundlage der bisherigen Arbeiten auf diesem Gebiet (s. oben) sollte Fallstudie 3"
durch mechanistische Untersuchungen einen besseren Einblick in die molekulare Ebene der
ENKR bieten. Zusétzlich sollte ein besseres Versténdnis fiir die Unterschiede zu den anderen
Moglichkeiten der Reaktionsaktivierung entwickelt werden.

Zunachst wurde eine umfassende CV-Studie auf Grundlage von 25 verschiedenen O- und
S-Arylthiocarbamaten als potentielle Edukte fiir die ENKR durchgefiihrt. Enthalten waren
sowohl solche, die die ENKR eingehen wie auch fiir die ENKR inaktive Edukte. Zur Veran-
schaulichung der Ergebnisse sind in Abbildung 22 die CVs von reprisentativen Beispielen
fiir je ein Edukt, welches ENKR-aktiv (21a/22a, R = 4-OMe) und ENKR-inaktiv (21b/
22b, R = 4-F) reagiert. Uber alle Messungen hinweg konnten dabei entscheidende Gemein-
samkeiten und Unterschiede festgestellt werden: Die CVs der Produkte zeigen jeweils ein
irreversibles Signal (E;), welches dem Prozess 22 ~—— 22°" zugeordnet werden kann. Die
CVs der Edukte jedoch zeigen stets zwei irreversible Signale (F; und E,). F; konnte dabei
der Bildung eines Radikalkations vom Edukt (21 =—
eine weitere Deutung muss dabei zwischen einem ENKR-aktiven und einem ENKR-inakti-
ven Fall unterschieden werden: Im ENKR-aktiven Fall entspricht F, der Oxidation des
Umlagerungsproduktes (welches bei E; gebildet wird) und hat dieselbe Lage wie E;. Im
inaktiven Fall entspricht der Prozess einem unbekannten, weiteren Oxidationsvorgang, der

21°") zugeordnet werden. Fiir

sich von der Lage von FE; unterscheidet.

Hieraus liefs sich ein Modell entwickeln, durch welches sich die Aktivitit eines Edukts fiir
die ENKR anhand von CV-Messungen durch die Lagen von FE, und FE; vorhersagen lasst.
Zusammengefasst ist ein Edukt ENKR-aktiv, wenn im CV die Lagen beider Oxidationssig-
nale iibereinstimmen. Anhand der Verhéltnisse der entsprechenden Spitzenstrome von jg
ZU jmo) lasst sich die Reaktivitdt zusétzlich qualitativ abschéitzen: Je kleiner das Verhaltnis
VOn jmy) ZU Jro) ist, desto schneller laufen die chemischen Teilschritte der Reaktion ab, da
Jiy durch die Redoxneutralitét der Reaktion verringert wird (bei extrem schnellen chemi-
schen Schritten wiirde jiy) gleich Null sein).

—21b Es

0.15 1 -0.15
Y. 0.104 -0.10 ©
e e
(&) o
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=0.054 F0.05 =
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14 1:6 1I.8 20 2.2 1:4 1I.6 1?8 2?0 2j2 2t4 26
E (vs.NHE) / V E (vs. NHE)/V
Abbildung 22: Beispiel fiir CVs von O- und S-Arylthiocarbamaten bei der Untersu-

chung der ENKR. Links: 21a/22a (R = 4-OMe) als Beispiel eines ENKR-aktiven
Eduktes. Rechts: 21b/22b (R = 4-F) als Beispiel eines ENKR-inaktiven Eduktes.
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Auf Grundlage ergénzender quantenchemischer Rechnungen konnte zusétzlich ein Reakti-
onsmechanismus entwickelt werden, der den ,klassischen” Kettenmechanismus (vgl. Abbil-
dung 6) fiir die ENKR erweitert und eine Erklarung dafiir bietet, warum manche Edukte
aktiv sind und manche nicht. Der Mechanismus ist in Abbildung 23 dargestellt und wird
durch die Oxidation von 21a zu 21a°®" initiiert, wobei gezeigt werden konnte, dass die
Ladung von 21a*" hauptsichliche am Schwefelatom zentriert ist. Es folgt die eigentliche O-
S-Umlagerung zu 22a°*" iiber den gezeigten spirozyklischen Uberganszustand 25a. In 22a°*"
ist die Ladung hauptsdchlich am aromatischen Ring zentriert, wodurch auch eine grofie
Abhéngigkeit von der Lage von E, durch dessen Substitutionsmuster zustande kommt. An-
schlieRend wird die Ladung von 22a°*" iiber einen Kettenmechanismus oder einen ECE"-
Mechanismus weitergegeben (vgl Abschnitt 1.1.3). Zusétzlich dazu wurde eine Dimerisierung
von 21a*" zu dem zweifach positiv geladenen (21a),”" angenommen. Die quantenchemi-
schen Rechnungen zeigten, dass sie entgegen der coulombschen Abstofiung thermodyna-
misch giinstig aufgrund der Spinpaarung ablauft.

Das Auftreten von (21),*" bietet durch die quantenchemischen Rechnungen zusitzlich eine
Erklarung, warum manche potentielle Edukte die ENKR nicht eingehen: Zum einen weisen
sie eine hohere Aktivierungsenergie auf und zum anderen bietet die Dimerisierung eine zu-
sitzliche Stabilisierung. Ebenfalls wurde an drei Beispielen fiir ENKR-inaktive O-Arylthio-
carbamate ermittelt, dass eine Dimerisierung thermodynamisch giinstiger ist, als die Umla-
gerung. Es sei erwahnt, dass nur alle diese Effekte zusammen als Erkldrung ausreichend
grofs sind.

Zusétzlich konnte durch eine Elektrolyse von S-Aryl-Thiocarbamat 22a bei dessen Oxidati-
onspotential E; gezeigt werden, dass sich dieses zu einem Gemisch aus Diarylsulfid 26a
sowie Diaryldisulfid 27a umsetzt (vgl. Abbildung 24). Dies erklért zum einen die Irreversi-
bilitit vom Signal Ej und stellt weiterhin eine mogliche Nebenreaktion bei Uberoxidation
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Abbildung 23: Vorgeschlagener Mechanismus fiir die ENKR am Beispiel vom para-
methoxy substituierten Edukt 21a.
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dar. Zuletzt konnten die anfangs gemessenen CVs von 21a mit allen getroffenen mechanis-
tischen Annahmen in guter Ubereinstimmung durch eine kinetische Simulation des CVs
wiedergegeben werden, wodurch die Uberlegungen zusitzlich bestiitigt werden konnen.

MeO 0 10 mA cm™? (1 F) 3 . S A
S)J\N/ geteilte Zelle ArT A Ar7 s

22a | 26a 27a

Abbildung 24: Elektrochemische Oxidation von 22a.

Im Vergleich zu der thermischen NKR konnte ein anderer Ubergangszustand postuliert wer-
den. Die thermische Variante verlauft tiber das Zwitterion 24, wahrend die ENKR iiber das
Kation 25 ablauft. Dadurch konnte zum einen die inverse Reaktivitit beziiglich elektronen-
reicher und -armer Aromaten erkldrt werden. Ebenfalls wird hierdurch ein anderer Reakti-
onspfad mit geringerer Aktivierungsenergie eingeschlagen, weshalb die ENKR bereits bei
Raumtemperatur ablduft (vgl. Abbildung 7 auf Seite 9) Im Vergleich zur PNKR konnten
grofie Parallelen gezeigt werden. Der grofite Unterschied ist hier die Rolle des Dimers, wel-
ches in dhnlicher Weise auch von NICEWICZ et al. vorgeschlagen wurde."” Wihrend es in
der ENKR ein im Gleichgewicht vorliegendes Intermediat (,,Off-Cycle-Intermediat®) dar-
stellt, kann es in der PNKR die reduzierte Grundform des Photosensibilisators oxidieren.
Durch diesen, in Analogie zu einem ECE’-Mechanismus ablaufenden Schritt kommt es zu
der ,,Verschwendung* eines Pphotons, weshalb bei hohen Eduktkonzentrationen und damit
vermehrter Dimerisierung verminderte Quantenausbeuten und somit ldngere Reaktionszei-
ten auftreten. Ein analoger Effekt konnte bei der ENKR nicht beobachtet werden, da hier
die Elektrode stets im ,angeregten Zustand“ verbleibt.

3.3 Hypervalente lodverbindungen

Innerhalb der mediierten elektroorganischen Synthese stellen redoxaktive Elektrolyte eine
Kombination aus Leitsalz und Mediator dar. Dadurch soll vor allem die Aufarbeitung im
Anschluss einer Elektrolyse simplifiziert werden, da i) anstelle von zwei, nur ein Stoff abge-
trennt werden muss und ii) die ionische Struktur die Abtrennung des redoxaktiven Salzes
von typischen organischen Produkten aufgrund der unterschiedlichen Loslichkeitseigenschaf-
ten erleichtert. Vor kurzem wurde bereits eine Arbeit veroffentlicht,!® die den auf dem
Iod(I/III)-Redoxpaar basierten Mediator 28a/29a beschreibt, welcher iiber eine Seitenkette
mit einer Trimethylammonium-Einheit verbunden ist (s. Abbildung 25). Der Mediator zeigte
gute elektrochemische Eigenschaften in Bezug auf Reaktivitit, Stabilitdt und Regenerier-
barkeit. Da es sich bei Aryliodiden um allgemein schwer zu oxidierende Verbindungen han-
delt (das Oxidationspotential von 28a liegt bei ca. 2.7 V vs. NHE), konnte er nur in einem
Ezx-cell-Prozess Verwendung finden. In Anbetracht einer moglichen Prozessoptimierung
wurde daher in Fallstudie 4 ein moglicher Einsatz dieser Mediatorklasse in einem In-cell
Prozess untersucht.
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3.3.1 Fallstudie 4: Untersuchungen zum Einsatz hypervalenter lodver-
bindungen als In-cell-Mediator

Mediator 28a wurde bereits in der Literatur behandelt, wobei dieser hauptséachlich fiir inter-
und intramolekulare C-N-Kupplungsreaktionen eingesetzt wurde und Ausbeuten zwischen
24 und 94% erreicht wurden (in Durchschnitt etwa 70%).*"" Als aktive Form wurde das
in Abbildung 25 gezeigte Aryl-A*-iodan als T-formige Struktur (29a) in Analogie zu bekann-
ten Tod(IIl)-Oxidationsmitteln wie PIDA (Diacetoxyiodbenzol) angenommen. Um im Hin-
blick auf eine katalytische Anwendung das Oxidationspotential fiir einen méglichen In-cell
Prozess zu senken, sollten anionische Einheiten eingefiihrt sowie deren rdumliche Niahe zum
aromatischen Ring verringert werden. Als Folge sollte die Elektronendichte des Aromaten
erhoht und dadurch das Oxidationspotential gesenkt werden. Natiirlich muss die anionische
Einheit dabei ausreichend oxidationsstabil sein, was die Auswahl stark einschrankt. Zusétz-
lich sollte die Synthese des Mediatorsalzes vereinfacht werden, da 28a iiber eine Dreistufen-
synthese mit einer Gesamtausbeute von 45% hergestellt wird.

Als mégliche Kandidaten fiir neue Mediatorsalze wurden die Spezies 28b - 28f synthetisiert
und auf ihre elektrochemischen Eigenschaften untersucht. Die Synthese erfolgte ausgehend
von den entsprechenden Sduren oder Sdurechloriden in einer Stufe mit Ausbeuten zwischen
42 und 92%.

Zuniachst konnte 28d aufgrund seiner geringen Loslichkeit in HFIP ausgeschlossen werden.
Das entsprechende Tetrabutylammonium Salz wurde ebenfalls getestet, war jedoch nur ge-
ringfiigig besser 16slich. Die iibrigen Salze wurden anodisch elektrolysiert (HFIP, ungeteilte
Zelle, 1 F) und auf ihre Reaktivitdt als Mediator gepriift. Als Testreaktion der oxidierten
Mediatoren wurde die intramolekulare C-N-Bindungskniipfung zur Ringschliefung von 2-
Acetamidobiphenyl ausgewéhlt, welche zuvor bereits in Anwesenheit von anderen Iod(III)-
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Abbildung 25: Oben: Schema fiir eine Tod(III)-mediierte elektroorganische Reaktion
in HFIP. Unten: Bekannter Mediator 27a sowie in Fallstudie 4 behandelten
Mediatoren 27b-27f.
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Spezies beobachtet wurde.™? Das meta-substituierte Benzoat 28e zeigte, auch nach einer
iibertragenden Ladung von 1 F, keinen Umsatz. Es wurde angenommen, dass die gebildete
Tod(IIT)-Spezies, nukleophil induziert durch die Benzoatgruppe einer weiteren Mediatorein-
heit, zurtick zur Iod(I)-Spezies unter Bildung von Hexafluoroaceton reduziert wird. Im Ge-
gensatz dazu liet sich das ortho-substituierte Benzoat 28e vollstdndig zur Iod(III)-Spezies
29e oxidieren, reagierte anschlieffend jedoch aufgrund der zu grofen Stabilitdt nicht als
Mediator weiter. Hier wurde eine zyklische Struktur als Produkt beobachtet.

Im Gegensatz dazu zeigten beide Sulfonate 29b (FE = 95%) und 29c¢ (FE = 84%) eine
Aktivitit als Ez-cell-Mediator. Die angestrebte Ubertragung auf einen In-cell-Prozess war
bei der Testreaktion nicht erfolgreich, da 2-Acetamidobiphenyl (Ep = 2.10 V) mit einem
geringeren Gleichgewichtspotential als die Mediatoren (Ep = 2.45 V vs. NHE) leichter oxi-
diert wird.” Dennoch wurde fiir 29b eine Optimierung fiir den Ez-cell-Prozess mit guten
Ergebnissen durchgefiihrt, was als Erfolg verbucht werden kann. Fiir wichtige elektroche-
mische Parameter weist Mediator 29b nach der Optimierung verbesserte Werte im Ver-
gleich zu Mediator 29a auf (s. Abbildung 26). Besonders hervorzuheben ist die nahezu
quantitative FARADAYsche Ausbeute bei deutlich hoheren Stromdichten sowie eine Senkung
des Oxidationspotentials um etwa 250 mV. Durch die vereinfachte Synthese von 28b (Aus-
beute von 71% in einem einzigen Schritt) bietet sich hier der Zugang zu einer neuen Klasse
von Mediatoren, die fiir verschiedene Prozesse weiterentwickelt werden konnen.

Q (I?RF NMe ;" ORe
©
CIo; ORr OSS@'.

® ORf
Me3N
c(28a) = 200 mM ¢(28b) = 50 mM
j=15mAcm? j =100 mA em
FE>71% FE > 99 %
Ep=2.70 V vs. NHE Ep =245V vs. NHE
Ruckgewinnung: 95 % Ruckgewinnung: 99 %

Abbildung 26: Vergleich ausgewahlter elektrochemischer Parameter der Mediato-
ren 28a und 28b.

¥ Die hier angegebenen Potentiale sind Peakpotentiale aus cyclovoltammetrischen Messungen und
daher keine exakte Reprisentation der Gleichgewichtspotentiale E’. Da sie unter gleichen Bedingun-
gen bestimmt wurden, konnen sie zum Vergleich beider Spezies herangezogen werden.
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4 Zusammenfassung

Im Rahmen von vier Fallstudien wurde je eine Moglichkeit untersucht, verschiedene elekt-
rochemische Prozesse mit homogenkatalytischen Prozessen zu kombinieren. In allen Fallen
wurde der Fokus auf mechanistische Untersuchungen gelegt und es konnte das molekulare
Verstindnis der Reaktionen erweitert werden.

In Fallstudie 1 und 2 wurde jeweils eine komplexchemische Verbindung mit Mangan bzw.
Eisen als Zentralatom als Katalysator zur elektrokatalytischen Reduktion von CO, unter-
sucht. Neben der Optimierung der Reaktionsbedingungen wurde zusétzlich in beiden Stu-
dien ein katalytischer Mechanismus auf Basis von CV-Untersuchungen, IR-SEC-Messungen,
sowie ergdanzenden DFT-Rechnungen und chemischen Kontrollexperimenten aufgestellt. Die
wichtigsten Reaktionsbedingungen beider Katalysatoren sind in Abbildung 27 zusammen-
gefasst.

e N\ N
8 14b
c(8)=1mM i
CHsCN /1M TFE N B ies
/\ = N//’ | ‘\\\\CO %O
Mn
CO, + 2H* + 2 co QN7 | Yeo Fl Sittes
2 + + e’ % CcO Oc\“ \CO
\\/ oc
c(14) = 0.5 mM TOF =405 | | 70F,, =313 5"
k H 2
CH;CN / keine Doy = 120 V B =152V
zugesetzte Protonenquelle L IR ca )

Abbildung 27: Ausgewéihlte Reaktionsbedingungen fiir die elektrokatalytische Re-
duktion von CO, in Fallstudie 1 und 2.

Fiir den manganbasierten Katalysator 8 wurden im elektrochemischen Reaktionsmechanis-
mus wichtige Unterschiede und auch Gemeinsamkeiten zum photokatalytischen Mechanis-
mus festgestellt. Nach einem gleichen Start fiir beide Varianten (zweifache Reduktion, De-
halogenierung und Bildung der aktiven Spezies) verlaufen sie nach einem anderen Mecha-
nismus weiter. Der direkte Vergleich konnte dadurch gut aufzeigen, inwiefern sich ein ge-
nauer Blick auf beide Varianten der Reaktionsfiihrung lohnt — auch bei anderen Systemen.
Erwahnenswert ist ebenfalls, dass die wichtigen mechanistischen Einblicke einen Unterschied
zu den bereits gut untersuchten Mn-bpy-Katalysatoren aufweisen, auch wenn keine neuen
Rekorde in Bezug auf Umsatzzahlen oder Stabilitdt ermittelt werden konnten. Diese Unter-
schiede bieten eine Grundlage fiir eine neue Grundstruktur manganbasierter Katalysatoren
mit einem interessanten Ligandendesign, welches sich vom bereits viel diskutierten Bipyridin
unterscheidet.

In Fallstudie 2 wurde neben der Aufstellung zweier parallel ablaufender Katalysezyklen von
14b die besondere Rolle der Protonenquelle untersucht. Statt der sonst iiblichen extern
zugesetzten Protonenquellen iibernimmt hier die anodische Zersetzung des Anolyten diese
Rolle. Zusatzlich wurde kein Einfluss einer weiteren, externen zugesetzten Protonenquelle
gefunden. Als weiteres, wichtiges Element des Mechanismus konnte eine Eisenhydridspezies
als Deaktivierungsprodukt gefunden werden. Dies kann weiterfiithrend als ein Startpunkt
von gezielte Studien zur Verbesserung der Katalysatorstabilitdt genutzt werden (vgl. auch
Abbildung 30 in Abschnitt 5).

36



Zusammenfassung

Im Rahmen der dritten Fallstudie wurde die vor kurzem publizierte, elektrochemisch kata-
lysierte Variante der NKR genauer untersucht und ein Modell fiir die Vorhersagbarkeit der
Reaktion entwickelt. Dies macht es moglich, durch das Messen bereits weniger CVs abzu-
schétzen, ob ein potentielles Edukt die ENKR eingehen wird, oder nicht. Gleichzeitig wurde,
unterstiitzt durch quantenchemische Modellierungen, eine Erklarung entwickelt, wieso tiber-
haupt einige mogliche Edukte die ENKR eingehen, und andere nicht: Die ENKR steht in
Konkurrenz zu einer Dimerisierung, welche, je nach Substitutionsmuster, bevorzugt ablaufen
kann. Die wesentlichen Erkenntnisse sind in Abbildung 28 zusammengefasst.

R
T
Dimerisierung bevorzugt 0" “NMe, ENKR bevorzugt

bei elektronenarmen Aromaten bei elektronenreichen Aromaten
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Abbildung 28: Uberblick iiber die Moglichkeiten der ENKR an Edukten mit elekt-
ronenarmen und elektronenreichen Aromaten.

Zusétzlich konnte die Bildung von Diaryldisulfiden und Diarylsulfiden als Produkt einer
Uberoxidation der S-Arylthiocarbamate beobachtet werden. Die Identifizierung dieser Ne-
benreaktionen sowie entscheidender mechanistischer Schliisselschritte erlaubt eine weitere
Optimierung der Reaktion hinsichtlich der Reaktionsparameter oder einer méglichen indust-
riellen Anwendung der ENKR. Ebenfalls bietet sich hier die Moglichkeit eines gezielten
synthetischen Einsatzes der Nebenreaktionen (vgl. Abschnitt 5). Zusétzlich konnten anhand
der gesammelten Daten die mechanistischen Unterschiede zu der photochemischen und ther-
mischen NKR herausgearbeitet werden. Da das Gebiet der elektrochemischen Katalyse bis-
her noch wenig erforscht ist, konnten sich die gewonnenen Erkenntnisse auch in dhnlichen
Studien dieses Reaktionstyps fernab der ENKR als niitzlich erweisen.

Innerhalb der Arbeiten der Fallstudie 4 konnte zwar die anvisierte Nutzung des Iod(I/III)-
Redoxpaares in einem elektrokatalytischen Prozess nicht erreicht werden, jedoch konnten i)
viele wichtige Erkenntnisse beziiglich der elektrochemischen Eigenschaften verschiedener lo-
darene gewonnen und ii) das Ez-cell-Verfahren im Vergleich zum vorher publizierten Ver-
fahren deutlich verbessert werden (sieche Abbildung 29). Die Studie verdeutlicht weiterhin,
welche Punkte bei einer zukiinftigen Entwicklung eines solchen redoxaktiven Elektrolyten
von besonderer Relevanz sind: Eine gute elektrische Leitfahigkeit, ein geringes Oxidations-
potential sowie eine ausreichende Stabilitidt der aktiven Spezies, welche dennoch eine
schnelle Folgereaktion mit Edukten erlaubt.

HFIP

Ex-cell Prozess

-2e (CCE)
c(28b) =50 mM In-cell Prozess

R:O

= -2 @
j=100 TA cm I NMe,, . ® v Leitfahigkeit
FE > 99% / NMe, v Stabilitat
S@O RO o xausreichend niedriges
3

6 Beispiele zwischen SO5 Potential

45 und 88 % Ausbeute ‘\_/

Abbildung 29: Zusammenfassung der Untersuchung leitfahiger Aryliodide in einem
In-cell- oder Ez-cell-Prozess.
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5 Ausblick

Nachdem sich innerhalb der vier Fallstudien die jeweiligen Reaktionen als gute Moglichkeit
fiir eine Kombination aus elektrochemischen und homogenkatalytischen Reaktionen gezeigt
haben, bieten sie ebenfalls hervorragende Startpunkte fiir weiterfithrende Studien.

Die Aufstellung der Reaktionsmechanismen beider CO,-Reduktionskatalysatoren bietet die
Moglichkeit, die Katalysatoren auf deren Grundlage weiterzuentwickeln. Im Falle von Ka-
talysator 8 zeigt dieser eine Dimerisierung, welche mit sterisch anspruchsvollen Liganden
unterdriickt werden konnte. Die Studien an den Mn-bpy-Katalysatoren zeigen, dass dies zu
einer deutlichen Zunahme der katalytischen Aktivitét fithren kann.® Ebenso konnte sich
die Einfiihrung von Phenolderivaten als lokale Protonenquelle positiv auswirken. Zuletzt
wére auch eine gezielte Untersuchung der Rolle des Heteroatoms interessant, da sein Einfluss
auf die Reaktion bisher noch unklar ist (vgl. Abbildung 30).

N R Br HO

| /N///, ‘\\\\CO R= %@ oder
al HO

x N7 | Yeo

o co X=0,CHy, $

Abbildung 30: Strukturelle Vorschlage fiir Verdnderungen am untersuchten Kata-
lysator 8.

Im Falle des eisenbasierten Katalysators konnte das Deaktivierungsprodukt identifiziert wer-
den, weshalb eine mdgliche Reaktivierung und damit Riickfithrung in den katalytischen
Kreislauf die Stabilitdt des Katalysators verlangern kénnte. Wie in Abbildung 31 gezeigt,
konnte die Reaktion mit der richtigen Saure (hier allgemein als HA dargestellt) zur Spaltung
der Fe-H-Bindung unter Bildung von Wasserstoff fiihren.

Die Erkenntnisse aus Fallstudie 3 bieten einen guten Uberblick iiber die Moglichkeiten und
Grenzen der ENKR. Als néchsten Schritt wére es vorteilhaft, die gebildeten S-Arylthio-
carbamate weiter elektrochemisch umzusetzen. Die bisher beobachteten Nebenprodukte 25a
und 26a wiren interessante Vertreter fiir eine gezielte elektrochemische Darstellung aus den
entsprechenden O-Arylthiocarbamaten. Weiterhin ist auch die Fragestellung nach einer
ENKR in abweichenden Losungsmitteln interessant, da sich z.B. in CH3CN/H,O bereits ein
geringer Anteil an ENKR-Produkt nachweisen lief. Zuletzt bieten die Untersuchungen eben-
falls eine Grundlage, um die elektrochemische Katalyse auf andere, redoxneutrale Umlage-
rungsreaktionen zu iibertragen. Bei einer intelligenten Auswahl der richtigen Edukte liefie

) © )
SiMe3 SiMez
SiMes, N A, SiMe; + A®
Fe Fe
ocM d Ny oc A N
oc oc

Abbildung 31: Mogliche Reaktion zur Reaktivierung des inaktiven Fe-Hydrids von
Katalysator 14b mittels einer zugesetzten BRONSTED-Sdure HA. L im rechten Kom-
plex entspricht einem nicht ndher definierten Liganden zum Abséttigen der Ligan-
densphére.
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Awusblick

sich das Konzept z.B. auf die TRUCE-SMILES-Umlagerung oder die CHAPMAN-Umlagerung
iibertragen.

Fallstudie 4 zeigt, dass fiir eine In-cell- Anwendung von Iod(I/III)-Mediatoren weitere Stu-
dien an &hnlichen Strukturen und weiteren Edukten nétig sind. Hier muss das Redoxpoten-
tial des Mediators weiter gesenkt, oder das der Edukte erh6ht werden. Eine andere, vielver-
sprechende Moglichkeit wurde vor kurzem von POWERS et al. publiziert, in der elektronen-
reiche Aryliodide in Gegenwart von Acetatsalzen mit einer katalytischen Menge von 25
mol% eingesetzt werden konnte."® Die Aktivitit wurde auf in situ gebildete Analoga von
PIDA zuriickgefiihrt, in der das Iod(IlI) durch Koordination durch Acetat stabilisiert wird.
Eine dhnliche Stabilisierung kénnte auch auf die in Fallstudie 4 untersuchten Edukte ange-
wendet werden.
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Anhang

Tabelle 4: Ausgewéhlte Beispiele fiir molekulare CO»-Reduktionskatalysatoren mit
ihren Katalysekonstanten k. und Uberspannungen 7.

Katalysa-
Elektrolyt n/V ki /s Ref.
tor
DMF / 10% H,0 3900"
5 -0.56 [76,79]
DMF 30
CH;CN / 5% H,0 2.5Y
6a -0.50 [80]
CH;CN 0%
6¢c CH;CN / 1.26 M TFE -0.77 270" (74]
6d CH,CN / 1.4 M TFE -0.72 5000” fs4)
Ta DMF / 3 M PhOH -0.61  2.3-10* I57]
7b DMF /2 M H,0 0.64 31007 I57)
DMF /0.1 M H,O /3 M ' .
7c -0.20 10°" 18]
PhOH

* Errechnet aus Daten einer CPE. ® Erhalten aus katalytischen Spitzenstromen j/7p.
¢ Erhalten aus einer foot-of-the-wave-analysis.
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Abstract: The valorization of CO, via photo- or electrocatalytic reduction constitutes a
promising approach toward the sustainable production of fuels or value-added chemicals
using intermittent renewable energy sources. For this purpose, molecular catalysts are gen-
erally studied independently with respect to the photo- or the electrochemical application,
although a unifying approach would be much more effective with respect to the mechanistic
understanding and the catalyst optimization. In this context, we present a combined photo-
and electrocatalytic study of three Mn diimine catalysts, which demonstrates the synergistic
interplay between the two methods. The photochemical part of our study involves the de-
velopment of a catalytic system containing a heteroleptic Cu photosensitizer and the sacri-
ficial BIH reagent. The system shows exclusive selectivity for CO generation and renders
turnover numbers which are among the highest reported thus far within the group of fully
earth-abundant photocatalytic systems. The electrochemical part of our investigations com-
plements the mechanistic understanding of the photochemical process and demonstrates
that in the present case the sacrificial reagent, the photosensitizer, and the irradiation source
can be replaced by the electrode and a weak Brgnsted acid.
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ABSTRACT: The valorization of CO, via photo- or electrocatalytic reduction
constitutes a promising approach toward the sustainable production of fuels or
value-added chemicals using intermittent renewable energy sources. For this
purpose, molecular catalysts are generally studied independently with respect to
the photo- or the electrochemical application, although a unifying approach
would be much more effective with respect to the mechanistic understanding
and the catalyst optimization. In this context, we present a combined photo- and
electrocatalytic study of three Mn diimine catalysts, which demonstrates the
synergistic interplay between the two methods. The photochemical part of our
study involves the development of a catalytic system containing a heteroleptic
Cu photosensitizer and the sacrificial BIH reagent. The system shows exclusive
selectivity for CO generation and renders turnover numbers which are among

\/
the highest reported thus far within the group of fully earth-abundant

difference® '
photocatalytic systems. The electrochemical part of our investigations

complements the mechanistic understanding of the photochemical process and demonstrates that in the present case the
sacrificial reagent, the photosensitizer, and the irradiation source can be replaced by the electrode and a weak Bronsted acid.
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1. INTRODUCTION complexes, are commonly applied as PS.> Furthermore, Ru, Ir,
and Re have been employed as metal centers for CO,
reduction catalysts. However, due to the high cost and low
abundancy, there is an increasing interest in substituting such
precious metals by non-noble metals for both Cat and PS.*
Similar trends have also been followed in the field of
electrocatalytic CO, reduction, where Re’ Ru,” and Pd®
catalysts have been replaced by more abundant metals such as
Fe,” Ni,'° Co,"" and Mn.'* The first light-driven reduction of

plethora of photo- and electrocatalytic systems for CO, CO, using a molecularly defined Mn catalyst was reported by
reduction based on transition metal complexes have been Ishitani and co-workers in 2014. Using fac-Mn(bpy)(CO);Br
established.” In general, a catalyst (Cat) for CO, ligation and (bpy = 2,2'-bipyridine) as Cat, Ru(bpy); as PS and 1,3-
its subsequent reduction, a sacrificial donor (SD) which dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH)

Inspired by natural photosynthesis, the direct utilization of
sunlight for conversion of CO, into solar fuels and/or
chemicals represents an attractive opportunity to substitute
fossil fuels." In this context, interesting options are photo-~ and
electrocatalytic’ conversions of CO, into C, intermediates
such as formic acid or carbon monoxide, which can be further
processed to fuels or value-added products.

Initiated by the seminal work of Lehn and co-workers, a

provides both electrons and protons for the reduction, and a as SD in DMF (dimethylformamide)/TEOA (triethanol-
photosensitizer (PS) as light-harvesting unit are employed in amine) (25% vol. TEOA), formate was obtained as the main
photocatalytic systems. Due to their strong spin—orbit- product (TONycoon = 157) along with carbon monoxide
coupling (SOC, correlates with the atomic number, SOC ~

Z*) and the resulting excited long-living triplet states (*MLCT) Received: September 13, 2018

together with their strong reduction power, noble metals such Revised:  December 10, 2018

as Ru and Ir, usually as polypyridyl and cyclometalated Published: January 11, 2019
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(TON¢q = 12) and hydrogen (TONy; = 8) as side products.
By substitution of DMF with CH;CN, the formation of
formate was drastically reduced (TONycoon = 78), whereby
the formation of carbon monoxide and hydrogen (TONq =
40; TONy, = 17) was promoted Later on, Bian et al.
developed a system exclusively based on non-noble metals
where Zn"-TPP (TPP = tetraphenylporphyrin) was applied as
PS and Mn(phen)(CO);Br (phen = phenanthroline) as Cat
(see Chart 1).'* Following this work, the group of Ishitani

Chart 1. Earth Abundant Photocatalytic Systems for CO,-
to-CO Conversion

MnCat 1
hv
Cat, PS, SD B
co, 2 €O + H,0 iy 4O
~Mn,
=N~ | ~co
co
TONco =119 Select. = 86%
Lau et al. (2016): Ishitani et al. (2016):
Purpurin FeCat 1 CuPs 1 FeCat 2
N N,
o oH Py
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Beller et al. (2017):
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This work:

FeCat 3 CuPS 2 MnCat 2

Ph 1 PFe] SiMe. —IPFe
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i\ Ph\P O AN Ph P-
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TONgo = 487 Select. = 99% TONgo = 1058 Select. = >99%

reported the combination of Fe"(dmp),(SCN), (dmp 2,2/-
dimethylphenanthroline) with a dimeric CuPS."> While all
these systems also generate hydrogen by proton reduction as a
competing process, some of us reported a more chemoselective
CO generation using a combination of iron-cyclopentadienone
and in situ-generated heteroleptic Cu complexes (see Chart

1)."° As an alternative to non-noble metal based photo-
sensitizers, the use of organic dyes as light harvesting units was
also reported.'” As an example Guo et al. published a
combination of a purpurin PS, BIH as SD, and Fe(qpy) (H,0),
as well as Co(qpy)(H,0), (qpy = quaterpyridine) as Cat. The
CO, reduction was carried out in DMF and led to CO
formation in 92% selectivity (TON¢g = 1365)."

Herein we report a new fully earth-abundant photocatalytic
system for the conversion of CO, to CO. It is based on novel
manganese diimine complexes 1—3 (see Chart 2)
conjunction with a heteroleptic CuPS. We complement these
results with an electrochemical study of 1—3 in order to probe
the transferability of the photo- to the electrocatalytic process
and to highlight differences and similarities. In addition,
spectroscopic and mechanistic experiments are performed to
gain insight into the reaction path.

2. RESULTS AND DISCUSSION

2.1. Development of the Photocatalytic Procedure.
Following previous studies using a copper—iron-system (1.0

2092

Chart 2. Top: Novel Manganese(I) Diimine Complexes 1
[Mn(pyrox)(CO);Br], 2 [Mn(benzox)(CO);Br], and 3
[Mn(qinox)(CO);Br] for CO, Reduction. Bottom:
Molecular Structures of 1 and 3 Obtained via Single Crystal
X-ray Diffraction (Displacement ellipsoids correspond to
30% probability. Hydrogen atoms are omitted for clarity;
for more details see SI)

Br S Br
{ >N“"|\/! .mCO ! —=Nu,, |n,.\\CO > I|3r
n —N
o=N" | co o =N"" | >co oGO
co o 0"=N" | ~co
1 2 3

umol Cat, 5.0 umol [Cu(CH;CN),]PF,, 5.0 umol bath-
ocuproine, and 15.0 pmol xantphos),® we started our
investigations with a careful optimization of the reaction
conditions, whereby the influences of the catalyst loading, the
solvent, and the ratio between Cat and PS were varied. The
reactions were carried out in CH;CN in the presence of BIH
and TEOA, with the latter ones actmg as sacrificial electron
and proton donors, respectively.'” Important key experiments
are summarized in Table 1.

Table 1. Photocatalytic Optimization and Catalyst
Screening”

Mn Cu Mn/Cu Cu/NN/PP

Entry Cat  umol pmol Ratio Ratio TONgo”
1 1 0.1 0.2 1/2 1/1/3 27
2 1 0.1 0.5 1/5 1/1/3 90
3 1 0.1 1.0 1/10 1/1/3 460
4 1 0.2 1.0 1/5 1/1/3 461
S 1 0.01 1.0 1/100 1/1/3 659
6° 1 0.01 1.0 1/100 1/1/3 1058
7 1 0.01 1.0 1/100 1/1/3 1511
8 2 0.01 1.0 1/100 1/1/3 113
9 3 0.01 1.0 1/100 1/1/3 0

“Reaction conditions: PP = xantphos; NN = bathocuproine; Cu =
[Cu(CH,CN),]PF, 0.1 M BIH in 10 mL CO, saturated CH;CN/
TEOA (5:1, v/v); Hg-lamp (light output 70 mW) equlpped with a
415 nm band-pass filter; time of irradiation = 3 h. All TONs are
calculated based on [Mn]. “Time of irradiation = 5 h. 9Addition of 1.0
umol of [Cu(CH;CN),]PF; after 5 h; time of irradiation = 10 h.

The best results (TON¢ = 1058 with a selectivity of >99%
and a quantum yield (@) of 0.47%; the use of a higher catalyst
loading results in @ 9.1%; for details see Supporting
Information) were obtained using catalyst 1 with a loading of
0.01 pumol in 10 mL of CH,CN/TEOA (5:1, v/v), a Cat/
CuPS ratio of 1/100, and S h of irradiation with
monochromatic light at 4 = 415 nm and a power output of
70 mW (Table 1, entry 6). Applying the same conditions, the
activity of catalyst 2 was drastically reduced (TON¢q = 113),
whereby the selectivity remained high (>99%). In contrast, no
CO formation was observed employing catalyst 3 (Table 1,
entry 8—9). For the in situ-generation of the CuPS 1.0 ymol

DOI: 10.1021/acscatal.8b03548
ACS Catal. 2019, 9, 2091-2100
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[Cu(CH;CN),]PF,, an equimolar amount of bathocuproine
and a 3-fold excess of xantphos were used in order to avoid the
formation of the less active homoleptic Cu(NN), complex.'**’
Under these conditions, the H, formation was below the
quantification limit (TONy, < 1) and formate was not
detected. Upon substitution of the in situ formed CuPS by the
molecularly defined [Cu(xantphos)(bathocuproine)]PFy, the
Mn catalyst turnover numbers were diminished by approx-
imately 100 resulting in a TONq of 551, while the selectivity
of >99% still remained high (Table 2, entry 1). By performing

Table 2. Control Experiments for the Photocatalytic CO,
Reduction Catalyzed by 1

Entry 1 pmol CuPS pumol SD TONCOb
1€ 0.01 mol. def. 1.0 BIH + TEOA 551
29 0.01 1.0 BIH + TEOA 2
3 - 1.0 BIH + TEOA 0
4 0.01 - BIH + TEOA s
5¢ 0.1 1.0 BIH + TEOA 0
6 0.01 1.0 BIH + TEOA 0
7 0.01 1.0 TEOA 0
8 0.01 1.0 BIH 31
98 0.01 1.0 BIH + TEOA 700

“Reaction conditions: 3 gmol xantphos; 1 gzmol of bathocuproine; 0.1
M BIH, and 1.0 pmol of [Cu(CH;CN),]PF4 in 10 mL of CO,
saturated CH;CN/TEOA (5:1, v/v); Hg-lamp (light output 70 mW)
equipped with a 415 nm band-pass filter; time of irradiation = 3 h.
YAll TON are calculated based on [Mn]. “The molecularly defined
CuPS ([Cu(xantphos)(bathocuproine) ]PF) was used. 9Ar atmos-
phere. “NMP/TEOA (5:1, v/v). /Dark reaction. £Hg poisoning.

a control experiment under Ar atmosphere, it was confirmed
that neither formate, H,, nor CO are formed in the absence of
CO, (Table 2, entry 2). Correspondingly, no reaction was
observed when either the catalyst or the CuPS were omitted,
when acetonitrile (CH;CN) was replaced by N-methyl-2-
pyrrolidone (NMP), or the reaction was performed in the dark
(Table 2, entries 3—6). The TON was drastically decreased
using only TEOA or BIH as SD (Table 2, entries 7—8).
Therefore, we conclude that every component is vital for this
light-driven, proton-coupled CO, reduction. Carbon isotope
labeling experiments using *CO, were performed to ensure
that the evolved CO originates from CO, (confirmed by GC-
MS analysis).

The progression of the TONgo over time showed a
deactivation of the catalytic system after S h of irradiation
(Figure 1, black dots). However, the addition of 1.0 ymol Cu
precursor after S h induced a reactivation of the process for a
further S h (Table 1, entry 7 and Figure 1, red circles). The
restart of the process adding only the Cu precursor strongly
indicates a transformation of the active Cu(I) PS into a
flattened Cu(Il) complex and subsequent exciplex quenching
upon light irradiation, which is inactive for the light driven
electron transfer.”’" Additionally, disintegration of the catalyst
losing CO ligands by light induced Mn-CO bond cleavage was
observed by IR measurements before and after irradiation of an
acetonitrile solution containing 1, 2, or 3 with 415 nm for 10
min (see Figure S2).

Notably, in the course of every reaction performed in
CH,CN/TEOA (5:1, v/v), we observed the formation of black
particles, which then were dissolved in the reaction mixture
within a few hours after irradiation. Some of the particles
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Figure 1. Progress of photocatalytic CO generation over time.
Reaction conditions: 0.01 gmol of 1; 3 umol of xantphos; 1 gmol of
bathocuproine; 0.1 M BIH and 1.0 gmol of [Cu(CH;CN),]PF, in 10
mL of CO, saturated CH3;CN/TEOA (5:1, v/v); Hg-lamp (light
output 70 mW) equipped with a 415 nm band-pass filter. After S h 1.0
umol of [Cu(CH;CN),]PF, was added (red circles).

precipitated on a stirring bar possessing a roughened surface
(Figure S8) and thus allowed for the analysis with Raman
spectroscopy. The measured Raman bands match with the
reference data for copper(I)oxide (Cu,O, see Figure $9).”' To
investigate whether the photocatalytic process is a homoge-
neous or a Cu,O-catalyzed heterogeneous one, mercury
poisoning experiments were carried out, in which no influence
on the catalytic activity was observed (Table 2, entry 9).
Complementarily, we performed catalyst poisoning experi-
ments by addition of various equivalents of trimethylphosphine
(PMe,) (0.25, 0.5, 0.75, and 1.00 equiv with respect to the
catalyst). Increasing the amount of PMe;, the carbon
monoxide evolution was diminished in a linear fashion
(Table S3, Figure S10). To avoid side effects of an excess of
xantphos, the molecularly defined [Cu(xantphos)-
(bathocuproine) JPF; PS was used for PMe; poisoning.
Interestingly, stirring a mixture of commercially available
Cu,O powder, bathocuproine, and xantphos in dry CH;CN
overnight led to the formation of the heteroleptic [Cu(NN)-
(PP)]* complex demonstrated by its characteristic *'P NMR
signal at § = 26.1 ppm (Figure S12) and by high resolution
ESI-MS (Figure S13). In photocatalytic experiments using 1
and Cu,O as PS precursor instead of [Cu(CH;CN),]PF,,
carbon monoxide was selectively formed with a TONq of 631
(Table S2). Notably, no CO, conversion was observed under
the same conditions in the absence of bathocuproine and
xantphos. These results demonstrate that the photocatalytic
process is a homogeneous one even when starting from a
heterogeneous metal precursor, although the mechanism of the
intermittent Cu,O-formation remains unclear.

2.2. Luminescence Quenching Experiments. For
elucidation of the mechanism of the photoinduced electron
transfer, we carried out quenching experiments of the excited
state of the in situ generated CuPS (see Figure 2). Employing
BIH, both the luminescence and the lifetime of the excited
state (7) were significantly decreased. The quenching rate k
was determined to be 6.0 X 10° M™' s™' using Stern—Volmer
analysis (Figure 3, for more details see Table S1). The
influence of BIH on the luminescence and 7 suggests a
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Figure 2. Luminescence decays of the CuPS in CH;CN: CuPS in
pure CH;CN (red circles), CuPS in the presence of 0.1 mM of 1
(black triangles) and of 1.33 mM of BIH (blue squares) as quenching
agent. The lines are single exponential fits revealing triplet lifetimes of
263, 290, and 84 ns for CuPS in pure CH;CN, in the presence of 1
and of BIH, respectively.
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Figure 3. Stern—Volmer plot for quenching the excited CuPS by BIH
(blue triangles) and by 1 (black dots). In the case of BIH a linear
dependence with y = 1.56x (red line) is observed whereas no
quenching occurs adding 1 (black dots). Reductive quenching
mechanism of the excited CuPS in the presence of BIH as quenching
agent. Inset: schematic illustration of the reductive quenching
mechanism.

dynamic quenching mode caused by a reductive process (see
Figure 3). In the presence of 1 the luminescence is somewhat
lowered due to the strong light absorption by the Mn catalyst
(see Figure S4), whereas 7 slightly increases from 263 ns in
pure CH;CN to e.g. 290 ns with 0.1 mM 1. The same trend
regarding the luminescence and 7 was also observed in the
presence of TEOA and absence of 1. A possible explanation for
this behavior might be that the triplet lifetime of CuPSs
depends in general on the solvent.””

2.3. In Situ IR Spectroscopic Investigation. In order to
obtain information about the intermediates of the photo-
catalytic reduction, we carried out in situ IR spectroscopy
under CO, atmosphere using a setup where the photoreactor is
connected to the measurement cell within a pump cycle. The
experiment was carried out with a mixture of CH;CN/TEOA
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(5:1) containing 2.0 ymol of 1, 20 ymol of [Cu(CH,CN),]-
PFq, 20 pmol of bathocuproine, 60 umol of xantphos, and 200
mg of BIH. The IR spectra recorded during the reaction are
shown in Figure 4. Upon irradiation of the solution at 4 = 415

2100 1800

v/cm®

Figure 4. In situ IR spectroscopy of 1 in CH;CN under CO,, upon
irradiation (415 nm, 70 mW) and in the presence of CuPS, BIH, and
TEOA: Progression of the absorption spectra over time. Red line:
Initial spectrum of 1. Black line: Final spectrum after reaching a steady
state. The color coding of the absorption frequencies indicates their
assignment to the species shown in Table 3 (Red: species 1, blue:
species 4, green: species 5).

nm, the ¥ stretches at 2028, 1932, and 1923 cm™! assigned
to 1 diminish in the course of the experiment (indicated with
arrows in Figure 4), while new bands at 2049, 1961, 1959,
1949, 1930, 1914, 1881, and 1857 cm™! evolved. The bands at
1961, 1930, 1881, and 1857 cm™! match several diimine-
coordinated Mn(0) dimers reported in the literature.”* >
Therefore, we assign these bands to Mn—Mn dimer 4 (see
Table 3), which is formed after one-electron reduction of 1.

Table 3. Assignment of the IR Absorption Bands from
Figure 4 to Photocatalytic Intermediates

Species D/cm™!
1
2028 1932 1923
[Mn(pyrox)(CO);Br]
4
[Mn )(CO).] 1961 1930 1881 1857
n(pyrox sl
[Mn(bpy-tBu)(CO),],>*" 1973 1928 1878 1850
5
20 1 1
[Mn(pyrox)(CO),8]* » 9 o
S = CH,CN 2049¢ 1958 1951¢

“Solution IR spectroscopy was carried out in CH;CN using an
authentic sample of S (hexafluorophosphate salt).

The remaining D¢ stretches at 2049, 1959 (overlapping with
the Do band 1961 cm™ of 4), and 1949 cm™" can be assigned
to the cationic solvent-coordinated Mn complex S, which was
confirmed by solution IR spectroscopy of an authentic sample
prepared by reaction of 1 with AgPF, (for more information
see the Supporting Information). Uncoordinated CO was not

DOI: 10.1021/acscatal.8b03548
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detected in the spectra due to its poor solubility in acetonitrile,
which was used as the solvent.”®

2.4. Electrochemical Studies. One of the major
challenges in homogeneous artificial photosynthesis represents
the combination of CO, reduction and water oxidation.”® In
contrast to photocatalytic systems, which so far mostly rely on
the application of SDs, electrolysis provides a straightforward
alternative, since CO, reduction and water oxidation can be
simultaneously carried out as cathodic reduction and anodic
oxidation. Electrochemistry also allows for the coupling of CO,
reduction to synthetically useful processes, e.g. the anodic
synthesis of fine or bulk chemicals. This paired approach has
already been successfully demonstrated employing alcohol
oxidation®® or oxidative cyclizations.”” By definition, these
paired processes can lead to Faradaic efficiencies up to 200%.
Furthermore, the use of homogeneous catalysts for both
processes is unproblematic when a divided cell is used.”® In
this context, exploring the electrocatalytic behavior of Mn
complexes 1—3 toward CO, reduction is of particular interest.
An initial screening of the catalytic activity using cyclic
voltammetry (CV) showed that 1 is a very promising
candidate, whereas 2 and 3 exhibit only poor activity (see
Figure S24). As in the photochemical study, we have therefore
focused our efforts on a thorough characterization of 1. The
electrochemical study along with a discussion of differences
and similarities to the photochemical process is presented in
the following.

2.5. Electrochemical Characterization of 1 under Ar.
We initiated the electrochemical characterization with CV of 1
mM 1 in a 0.1 M NBu,BF,/CH;CN electrolyte using a glassy
carbon working electrode. The CVs recorded under Ar
atmosphere at various scan rates (v) are shown in Figure S
(left). A quasi-reversible redox couple is centered around E =
—0.94 V vs NHE with a peak-to-peak separation (AE;) of 150
mV at v = 100 mV s~". Analogously to previously reported Mn
complexes with bipyridine ligands,29 we assign the reduction
signal to an ECE (electron transfer - chemical reaction -
electron transfer) process. The initial single-electron reduction
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Figure S. Cyclic voltammograms (CVs) of 1 mM 1 in 0.1 M
NBu,BF,/CH;CN (working electrode: glassy carbon). Left: CVs
recorded at various scan rates under Ar atmosphere in the absence of
a proton donor. Right: CVs recorded in the presence of 1 M 2,2,2-
trifluoroethanol (TFE) at v = 100 mV s™'. Black dotted line: blank
electrolyte under CO,. Green line: 1 mM 1 under Ar, blue line: 1 mM
1 under CO,.
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is coupled to a rapid dehalogenation, which results in the
formation of the radical intermediate [Mn(pyrox)(CO);]*.
This radical is concomitantly reduced at the potential required
for the reduction of 1, leading to the formation of anionic
intermediate 6. Since the intensity j,, , of the reoxidation peak
is significantly diminished with respect to the reduction peak
(jreq,1), it appears that a second chemical process is coupled to
the initial reduction, which is relatively fast on the CV time
scale. In a§reement with previous reports on analogous Mn
complexes,””**" we assign this behavior to the dimerization of
the [Mn(pyrox)(CO),]* intermediate. This process also
explains the appearance of a second reduction signal (ji.q,)
at —1.2 V and an additional anodic peak (j,,,) at —0.1 V,
which are characteristic for the reduction and the oxidation,
respectively, of Mn—Mn dimer species.””**" This interpreta-
tion is corroborated by the v-dependency of the ratio between
the peak current densities ji.q; and j..q,. While at small v (long
time scales), this ratio indicates that a significant fraction of
radical intermediates is already dimerized upon sweeping over
—1.2'V, jieq, diminishes relative to j,.q; when the scan rate is
increased and eventually merges into a shoulder at v > 200 mV
s”'. Further evidence for the appearance of [Mn(pyrox)-
(CO);)*%, 6 and Mn—Mn dimer 4 will be discussed in the
context of our spectroelectrochemical investigations (vide
infra).

2.6. Electrochemical Characterization of 1 under CO,.
We proceeded with investigating the impact of CO, and 2,2,2-
trifluoroethanol (TFE) on the cyclic voltammetry of 1 (see
Figure S, right and Table 4). TFE was intended to play the role

Table 4. Electrocatalytic Characteristics of 1 and Reference
Systems from the Literature toward CO, in the Presence of
TFE

E.p® jp,cata ﬂcatb

Catalyst V] [mA cm™2]  [V]

1 —1.29° —4.7° 0.64
[Mn(Mes-bpy)(CO);(CH,CN)](OTf)  —1.39¢ —-6.67 0.74
[Mn(tBu-bpy)(CO);Br] —1.43° —14.8° 0.78

“Half-wave potential vs NHE and maximum current of the catalytic
wave (v 100 mV s7!, [catalyst] 1 mM, solvent: CH,;CN).
YOverpotential calculated using eq 2. [TFE] = 1 M. “Extracted from
Figure S14 in ref 27 ([TFE] = 1 M). “Extracted from Figure S4 in ref
20b ([TFE] = 0.94 M).

of the weak proton donor (in contrast to the photocatalytic
experiments, where TEOA was used instead). The addition of
TFE (1 M) has only a marginal influence on the voltammetric
response of the Mn complex (green line in Figure S, right),
which clearly indicates that 1 is not active toward H, evolution
under these conditions. Upon saturation of the same solution
with CO, (blue line) the voltammetry changes significantly.
While at the first reduction potential of the catalyst the
cathodic peak current increases slightly, a pronounced wave
with a half-wave potential E_,, of —1.29 V and with a peak
current density of j,, o = —4.7 mA cm™* (at v = 100 mV s~')
appears. Compared to the [Mn(Mes-bpy)(CO);(CH,CN)]-
(OTf) catalyst examined by Kubiak et al. under the same
conditions, E_,/, is 100 mV less negative, while the current
density is in a comparable range (see Table 4).*’ Since no
significant Faradaic current was observed under the same
conditions in the absence of 1 (black dotted line), the high
cathodic current density can only originate from rapid catalytic
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reduction of CO, by the Mn complex. While the initial
reduction jj .4 remains as a (slightly enhanced) prepeak of the
catalytic wave, the corresponding reoxidation peak jj .
disappears. This behavior suggests that in the presence of
CO,, the cathodically generated doubly reduced species 6 is
reoxidized in the reverse scan by the chemical reaction rather
than by the electrode and thus must represent the active
species in the catalytic process. The use of H,O or MeOH
instead of TFE had a similar impact on the voltammetry,
whereby the catalytic wave was much less pronounced at the
same proton donor concentrations and the maximum
achievable currents were lower (see Figures $27—531).>%%"

The peaked shape of the catalytic wave indicates a limitation
of j by either diffusion of CO, to the electrode and/or other
side-effects such as product inhibition at potentials more
negative than the peak potential of the catalytic wave.”” In
order to suppress such side effects, the scan rate and the
substrate concentrations are often increased, allowing for the
extraction of the pseudo-first-order rate constant TOF,,,. In
the ideal case, the formation of a current plateau indicates that
no substrate is consumed and that the catalytic current is
kinetically controlled. Since in our case this treatment leads to
complications (for details see Supporting Information), we
decided to analyze the onset of the catalytic wave where
substrate diffusion, 2product inhibition, and other side effects
do not play a role.”” In order to extract the pseudo-first-order
rate constant TOF_,,, we used eq 1 reported in the literature
(“foot-of-the-wave-analysis”),”

2.24- |RL.
Fv

TOE

max n

. F 3
oo 1+ exp(R—T(E - Ecat/2)> z

(1)

which describes the catalytic current density j as a function of
the applied electrode potential E (with jp as the peak current
density at E = —1.02 V under Ar, z the number of electrons
transferred per catalyst unit under noncatalytic conditions (z =
2), and n the number of electrons required per turnover of one
CO, molecule (n = 2). In order to improve the accuracy of the
estimation, we applied the treatment to CVs recorded at
various scan rates (see Figure 6, left). The slopes of the
linearized j/j, curves (top right) were extracted from the
colored segments and plotted vs v™'/* in order to obtain
TOF,,,, (bottom right), whereby for the latter a value of 40 s™*
was obtained. It is important to note that TOF,,, refers only to
the catalyst units which are present in the reaction-diffusion
layer in the vicinity to the electrode and cannot be compared
to macroscopic rate constants. A comparison to other Mn
catalysts including a catalytic Tafel plot is provided in the SIL

In order to analyze the products of the electrocatalytic
reduction, we carried out controlled potential electrolysis
(CPE). Gas chromatography indicates that no hydrogen is
formed during electrolysis and that CO is produced with
almost quantitative selectivity (vide infra). The formation of
water as byproduct was confirmed by Karl Fischer titration.
Having the reaction products established, the overpotential 7,
required for catalysis with respect to the equilibrium potential
E° for the CO,/CO couple can be calculated according to eq
2.>* Using the previously reported Eo(CO,/CO) value of
—0.65 V vs NHE, 7, amounts to 0.64 V for our Mn catalyst,
which is 100 mV less negative compared to [Mn(Mes-
bpy)(CO);(CH;CN)](OTf) and 140 mV less negative
compared to [Mn(tBu-bpy)(CO)3Br].23b’3Oa
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Figure 6. Foot-of-the-wave-analysis of the catalytic response at
various v (same conditions as shown in Figure 5). The catalytic waves
with v between 10 and 40 V s™' were omitted for clarity (all scans are
shown in the SI).

Ny = [E°(CO,/CO) = Eql )

Carrying out CPE experiments at E = —1.2 V (the potential
of the onset of the catalytic wave) in a divided cell using a
glassy carbon working electrode, CO was generated in >99%
Faradaic efficiency (FE) (see Figure 7) with turnover numbers
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Figure 7. Electrocatalytic reduction of CO, using 1 mM 1 in the
presence of 1 M TFE in controlled potential electrolysis (E = —1.2V,
electrolyte: 0.1 M NBu,BF,/CH;CN): Plot of the amount of
generated CO and the TON, respectively, vs the amount of passed
charge (in pmol electrons).

(TON) up to 32 (for more details see SI). With initial current
densities in the range between 3 and 4 mA cm™?, the catalytic
system displays activity for up to 8 h (Figure $37),’® whereby
an eventual decrease of j to a baseline (approximately 0.2 mA
cm™2) indicated complete catalyst deactivation. Further
electrolyses were performed at —1.13 V and —1.35 V which
both yielded CO in significantly lower FE and TON (for more
details see Supporting Information).

It is important to note that the current density can be
improved by increasing the catalyst loading, since j is directly
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proportional to the catalyst concentration (see Figure S32).
For instance, an initial j of 18 mA cm™* was obtained when the
catalyst concentration was increased to 5 mM.

2.7. IR Spectroelectrochemical Investigations. To gain
deeper knowledge about the mechanistic nature of the
electrochemical CO,-to-CO conversion, we carried out IR
spectroelectrochemistry (SEC) at constant potential using a
thin layer cell in the external reflection mode (for details see
SI). The experiments were conducted in the presence of 1 mM
1 using a 0.1 M NBu,PF,/CH;CN electrolyte and a glassy
carbon working electrode under Ar (Figure 8) as well as under

12028

v/cm
Figure 8. IR SEC of 1 mM 1 in CH;CN at —1.45 V vs Ag wire under
Ar: Progression of the absorption spectra over time. Red line: Initial
spectrum of 1. Black line: Final spectrum after completed reduction of
1. The color coding of the absorption frequencies indicates their

assignment to the species shown in Tables 3 and 5 (Red: species 1,
blue: species 4, cyan: species 6).
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Figure 9. IR SEC of 1 mM 1 in CH;CN at —1.45 V vs Ag wire under
CO,: Progression of the absorption spectra over time. Red line: Initial
spectrum of 1b. Black line: Final spectrum after reaching a steady
state. The color coding of the absorption frequencies indicates their
assignment to the species shown in Tables 3 and 5 (Red: species 1,
blue: species 4, cyan: species 6, orange: species 7).

Table 5. Assignment of the IR Absorption Bands from
Figures 8 and 9 to Electrocatalytic Intermediates Using
Reference Spectra from the Literature

Species ¥/cm™
6 1911 1806
[Mn(pyrox)(CO);]~
[Mn(tBu-bpy)(CO),]>** 1907 1807
7
2037 1940 1914 1689
[Mn(pyrox)(CO);(HCO5)]
[Mn(IMP)(CO),(HCO;)]** 2036 1940 1924 1671

CO, (Figure 9). An Ag wire quasi reference electrode was
used, and the potential adjusted to —1.45 V vs Ag wire in each
experiment (recording a CV prior to the SEC experiment
confirmed that this potential corresponds to a value slightly
negative of the two-electron reduction wave of 1).

Under argon atmosphere (Figure 8), holding the potential at
—1.45 V leads to a diminution of the IR bands of 1 at 2028,
1932, and 1923 cm™, while six new bands are evolving. The
signals at 1967, 1929, 1881, and 1855 cm™! have already been
observed in the photocatalytic in situ IR spectroscopy
experiment (see Figure 4) and can be assigned to the Mn—
Mn dimer 4.”** We assign the remaining two bands at 1911
and 1806 cm™ to the doubly reduced Mn species 6 in good
agreement with the IR spectrum of [Mn(tBu bpy)(CO),]~
reported in the literature (see Table 5).*

The SEC results for the experiment conducted at —1.45 V vs
Ag wire under CO, are shown in Figure 9. Again, a decrease of
the bands of 1 concomitant with an increase of the bands
corresponding to 4 and 6 was observed. Furthermore, a set of
bands at 2037, 1940, 1914, and 1689 cm™! appeared. These
bands match the bicarbonate complex [Mn(IMP)-
(CO),;(HCO,;)] (IMP = 2-[(phenylimino)methyl|pyridine)
reported in the literature,”” and therefore we assign these
bands to the bicarbonate complex 7 (see Table S5). The
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assignment was also confirmed by a test reaction, where
NaHCOj; was added to a solution of the cationic species S in
ethanol/water (2:1) (reaction monitoring via IR spectroscopy
showed the corresponding shift of the D¢y stretches). In
addition, a band at 1653 cm™' appeared, which can be
attributed to uncoordinated bicarbonate resulting from the
reaction between water formed in the catalytic process and
CO,. As in the photocatalytic experiments, uncoordinated CO
was not detected due to the poor solubility of carbon
monoxide in acetonitrile, which was used as solvent.”®

3. MECHANISTIC PROPOSAL

On the basis of IR spectroscopic and spectroelectrochemical
studies as well as the CV and quenching experiments, we
propose a mechanism for the photo- and the electrochemical
process (see Scheme 1). In each case, the sequence is initiated
by reductive dehalogenation of catalyst precursor 1 leading to
the radical species 4, which exists in equilibrium with the
Mn—Mn dimer species 4 (notably, the dehalogenation may in
parallel occur via solvolysis in the photochemical case). The
reductive dehalogenation is followed by a second electron
transfer to yield anionic intermediate 6. Although the CV data
shows that the radical intermediate 4’ is more easily reduced
than dimer 4, both species can in principle be reduced by the
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Scheme 1. Proposed Catalytic Cycles for the Photochemical
and Electrochemical CO, Reduction Catalyzed by 1
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photosensitizer (E = —1.40 vs NHE)” and the applied
electrolysis potential (E = —1.20 vs NHE), respectively. It is
worth highlighting that in contrast to the SEC experiments,
species 6 was not observed in the in situ IR photocatalytic
study. We assume that differences in the experimental setup
are responsible for the absence of the IR bands associated with
6. In particular, the spatial separation between the photo-
reactor and the measuring cell, both connected to each other
within a pump cycle, provides additional time for the
quenching of 6 by CO,.

The anionic intermediate 6 generated in the reduction step
represents the active nucleophilic species which coordinates
CO, to form metallacarboxylate species 8. According to the IR
spectroscopic results, intermediate 8 appears to be the point
where the electrocatalytic and the photocatalytic pathways
part: Under electrochemical conditions, a sequence involving
reaction with a second CO, molecule, protonation, dehy-
dration, and decarbonylation ultimately leads to the formation
of the bicarbonate complex 7, which is more difficult to reduce
than catalyst precursor 1 and therefore responsible for the
negative shift of the catalytic wave in the CV experiments. A
similar negative shift of the catalytic wave for CO, reduction
was recently reported by Hartl et al. employing Mn diimine
complexes.”” Under photochemical conditions, however, the
solvent complex 5 was detected instead of 7. A plausible
explanation for this observation would be a protonation—
dehydration—decarbonylation sequence, which ultimately leads
to S. Since the reaction from 7 to § does not occur under
electrochemical conditions (in the dark), we can conclude that
the sequence must be light-induced. Reduction of § by the PS
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and of 7 by cathodic reduction, respectively, closes the catalytic
cycle. In both the photo- and the electrocatalytic processes, IR
spectroscopy in the presence of *CO, confirmed that the CO
ligands of the initial complex remain unaffected (for details see
the Supporting Information). This observation also rules out
the formation of a [Mn(pyrox)(CO),]" intermediate.’®
Consequently, the dehydration and the decarbonylation of
protonated 8 must proceed in a concerted fashion. We note
that in contrast to intermediates 4 — 7, species 4’ and 8 were
not detected presumably due to their transient nature.

4. CONCLUSIONS

In summary, we present a combined photo- and electro-
chemical study of the CO,-to-CO conversion using a fully
earth-abundant catalytic system. With our photochemical
experiments we have shown that the use of [Mn(pyrox)-
(CO);Br] under irradiation in combination with an in situ
generated heteroleptic CuPS (Chart 1, bottom right) and
BIH/TEOA as sacrificial reagents renders TONs up to 1058.
Notably, this TON is among the highest values reported thus
far within the group of fully earth abundant photocatalytic
systems.

With respect to the economic and ecologic limitations
associated with the use of stoichiometric amounts of SD, we
have explored the possibility to transfer the same photocatalyst
to an electrochemical process. We have shown that the PS,
light source, and SD can indeed be replaced by a cathode and a
weak Bronsted acid. In terms of chemoselectivity, both systems
achieve values >99% with respect to CO formation. Regarding
the achievable TONS, the outcome is clearly in favor of the
photocatalytic method (1058 vs 32).

Mechanistically, the combined photo- and electrochemical
approach proved to be beneficial for the understanding of both
processes. Using a combination of different analytical methods,
we identified the two-electron reduction of 1 to 6 (with a
dimerization of intermediate 4’ to 4 as competing pathway)
and subsequent formation of CO, adduct 8 as common steps.
At this point, the catalytic cycles part, whereby the photo-
chemical pathway proceeds via cationic intermediate § and the
electrocatalytic one via the bicarbonate adduct 7. The
comparison between the two processes allows for the
conclusion that in the dark, the metallacarboxylate 8 is rather
activated by another CO, molecule, whereas in the photo-
reactor, a concerted light-induced dehydration-decarbonylation
step changes the course of the reaction. Furthermore, the
detection of the active species 6 in the SEC experiments
allowed for the complementation of the mechanistic picture of
the photochemical process, where 6 could not be observed due
to the experimental restrictions of the standard in situ
spectroscopic setup.

We believe that the present study contributes to the general
understanding of the similarities and differences of photo- and
electrocatalytical processes. An important goal for future
research will be the development of more unifying concepts
toward practically relevant applications.
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Abstract: In a previous paper we have demonstrated that the easily-synthesized class of
iron(0) cyclopentadienone complexes constitutes a promising catalyst platform for the elec-
trochemical conversion of CO, to CO and H 2 O. One of the unusual features of these
catalysts is that catalysis proceeds efficiently in aprotic electrolytes in the absence of acidic
additives. Herein we present a detailed study of the underlying catalytic mechanisms. Using
a combination of FTIR spectroelectrochemistry, DF'T calculations, and non-electrochemical
control experiments, we have identified a number of catalytic intermediates including the
active species and the product of catalyst deactivation. On the basis of these insights, we
have carried out digital simulations in order to decipher the voltammetric profiles of the
iron(0) cyclopentadienones. Further control experiments revealed that the anodic oxidation
of the electrolyte constitutes the terminal proton source for the formation of CO and H,O.
Taken together, our results suggest a competition between two coexisting catalytic path-
ways, one of which proceeds via a hitherto unknown Fe—Fe dimer as an active species.
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ABSTRACT: In a previous paper we have demonstrated that the easily-synthesized class of

of iron(0) cyclopentadienone complexes constitutes a promising catalyst platform for the

electrochemical conversion of CO, to CO and H,0O. One of the unusual features of these al

catalysts is that catalysis proceeds efficiently in aprotic electrolytes in the absence of acidic SiMe;

additives. Herein we present a detailed study of the underlying catalytic mechanisms. ¢ | 0

Using a combination of FTIR spectroelectrochemistry, DFT calculations, and non- & | “siMe,

electrochemical control experiments, we have identified a number of catalytic £ 0c""1%co

intermediates including the active species and the product of catalyst deactivation. On 3 oc

the basis of these insights, we have carried out digital simulations in order to decipher the Arainaiions

voltammetric profiles of the iron(0) cyclopentadienones. Further control experiments Ar —— O, atmosphere

revealed that the anodic oxidation of the electrolyte constitutes the terminal proton source . . A . : .

for the formation of CO and H,0. Taken together, our results suggest a competition T

between two coexisting catalytic pathways, one of which proceeds via a hitherto unknown Elvs NHEIV

Fe—Fe dimer as an active species.
B INTRODUCTION selective cathodic reduction of CO, to CO.* Among the first-
Due to its use as a C, building block in a wide range of organic row transition metals, iron is of particular interest owing to its
transformations, carbon monoxide plays an important role in abundance in Earth’s crust. However, only a few iron-based
the chemical industry.l'2 Its electrochemical generation from catalysts have been reported to date for the CO, to CO
CO, as abundant feedstock is a particularly attractive option electroconversion,'”~"° whereby trimethylanilinium-substi-
that has been extensively studied in recent years.3’4 However, tuted iron Porphyrins currently represent the state of the art
with regard to the high overpotential and numerous possible with respect to the turnover frequency.'® The difficult

reaction pathways (leading to further products such as formic
acid, oxalate, formaldehyde, methanol, and alkanes), a selective
electrochemical transformation of CO, to CO is not
straightforward.” In recent years, the use of molecularly
defined electrocatalysts as a possibility to overcome the
aforementioned issues has been gaining increasing atten-

synthetic access to these complexes, however, can be
considered as a remaining challenge. In this context, we have
recently reported the use of the easily-synthesized iron(0)
cyclopentadienone complexes 1 (see Scheme 1) as robust and
efficient electrocatalysts.'” Compounds of type 1 can be

tion.””” While substantial progress has been made in this field synthesized in a single step by converting diynes with
with regard to the catalyst performance and the mechanistic Fe,(CO), and were first reported by Kndlker and co-workers
understanding, many of the systems reported to date depend in the 1990s.""7*° They are currently frequently used for
on complicated ligand structures (e.g., macrocycles or pincer catalytic hydrogenation reactions and other nonelectrochem-
ligands) and/or on expensive transition-metal centers such as ical applications.Zl_zs

Re, Ry, or Pd.°" %! Therefore, the development of
inexpensive, efficient, and robust catalysts still represents one
of the major challenges for the realization of sustainable
electrochemical CO, reduction processes.
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Scheme 1. Electrochemical CO, to CO Conversion Using
Iron Complexes 1'7

catalyst: SiMe,R
0.5 mM catalyst 1 X (o)
carbon cathode .
E=-1.65V vs. NHE Fe SiMe2R
co SO
CO, + H,O oc & é co

FE: up to 96%
TOF:upto 728 s

Jj up to 4.3 mA cm™ tas R=iBu, X = Gy

1b: R = Me, X =C3H,4
1c: R =Me, X =CH,
1d: R =Me, X=0

In the course of our studies on 1 as a candidate for the
electrocatalytic CO, reduction, we found remarkable activity in
aprotic electrolytes. Controlled-potential electrolysis (CPE) in
acetonitrile using a glassy-carbon working electrode at —1.65 V
vs NHE revealed a high selectivity for CO generation
(Faradaic efficiency (FE) typically around 96%) and high
turnover frequencies, which is reflected by high current
densities even at low catalyst concentration (e.g.,, j = 4.3 mA
cm™? at [1] = 0.5 mM). With regard to the ligand substitution,
we observed similar CV characteristics for 1a—d under an Ar
atmosphere. However, the catalytic activity depends strongly
on the substituents of the cyclopentadienone ligand and
decreases in the order 1a > 1b > 1c > 1d. In contrast to other
electrocatalysts for CO, to CO conversion, which typically
require addition of weak Brensted acids such as trifluor-
oethanol and phenol,® our system can efficiently produce CO
and H,O without added proton donors. In our previous work,
we have explored possible mechanisms with DFT calculations
and experiments, which showed that hydride species 2b is
catalytically active under photochemical but not under
electrochemical conditions (see Scheme 2). The latter result

Scheme 2. Studying the Role of Knolker’s Catalyst (2b) in
Photocatalytic (Left) and Electrocatalytic CO, Reduction
(Right)"”

NMP CH30N
SIMe dark
| SiMe;
OC\ l \
CO + H,0

was rather surprising, since 2b (“Knolker’s complex”) is also
commonlg known to be the active species in hydrogenation
reactions.” Herein we disclose a detailed mechanistic proposal
for the electrocatalytic CO, reduction process on the basis of
cyclic voltammetry (CV), FTIR spectroelectrochemistry
(SEC), nonelectrochemical control experiments, and DFT
calculations, using 1b as a representative of the iron
cyclopentadienone family.*®

B RESULTS AND DISCUSSION

CV under an Ar Atmosphere. The voltammetric profiles
corresponding to 1b recorded under an Ar atmosphere in a
NBu,ClO,/CH;CN electrolyte using a glassy-carbon working
electrode are shown in Figure 1. Scanning of the negative
potential regime reveals an irreversible reduction event (E')
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Figure 1. (left) Cyclic voltammogram of 1 mM 1b in 0.1 M
NBu,ClO,/CH;CN (solid and dashed red lines) and of the blank
electrolyte (black line) under an Ar atmosphere at 100 mV s~'. (top
right) Variation of the scan rate ([1b] = 1 mM). (bottom right)
Variation of [1b] (v = 250 mV s™'; CVs are background corrected).

with a peak potential of —1.4 V vs NHE (left, dashed red line)
and a peak current density jp of ~0.4 mA cm™> Variation of
the scan rate v between 100 and 500 mV s™' reveals a linear
dependence of jp(E') on v"? (see Figure 1, top right),
indicating that jp is diffusion-controlled in the studied v regime.
A separate controlled-potential coulometry experiment carried
out at —1.4 V revealed that E' is a one-electron process. The
absence of a corresponding reoxidation peak indicates that a
chemical step (C') is coupled to E'.

A negative shift of the vertex potential (left, solid red line)
reveals a second, less pronounced feature (E?), which is
centered around E = —1.5 V and exhibits partial chemical
reversibility. The coupled chemical step C?, which is relatively
slow on the CV time scale, is responsible for the deviation from
fully reversible behavior (vide infra). A comparison between
the two CVs (solid red line vs dashed red line) shows that the
occurrence of the E*C? sequence does not interfere with the
voltammetric response associated with the sequence E'C.

Since the signal associated with E* is much less pronounced
in comparison to that corresponding to E', it can be assumed
that the electroactive species generated by the sequence E'C'
is partially consumed by a subsequent chemical process C°,
leading to an intermediate which is electrochemically inactive
in the shown potential range. This interpretation is
corroborated by the fact that the signal associated with E?
becomes more pronounced when v is increased (see Figure
S2). Variation of [1b] between 0.2 and 3 mM shows an
increase in jp(E?) relative to jo(E'), which suggests that C* is a
second-order reaction of the product of the E'C' sequence
(Figure 1, bottom right). Consequently, we can expect the
formation of at least two products after a full cathodic scan,
one originating from the E'C'E*C? sequence and one from the
E'C'C’® process.

IR SEC under Ar Atmosphere. Since the products of the
E'C'E’C* and E'C'C?® sequences represent potential active
species in the catalytic cycle of CO, reduction, we were
interested in obtaining structural information. Therefore, we
carried out FTIR spectroelectrochemistry (SEC) experiments
with a solution of 1 mM 1b using a thin-layer cell (external

DOI: 10.1021/acs.organomet.8000517
Organometallics 2019, 38, 1236—1247



Organometallics

reflectance mode, glassy-carbon working electrode, and Ag-
wire quasi-reference electrode; for more details see the
Experimental Section and ref 27). The electrode potential
was set to a value which corresponds to the peak potential E'.
For the SEC setup, the potential at which E' occurs was
determined by a cathodic scan prior to the SEC experiment
and found to be —1.9 V vs Ag wire. The recorded IR
absorption spectra were extracted with the pure component
decomposition (PCD) algorithm,28 which renders the IR
spectra of the pure components that were detected during an
experiment along with the corresponding absorbance—time
curves (for more details regarding deconvolution see the
Experimental Section). The extracted spectra and the
corresponding absorbance—time profiles are depicted in Figure
2. Holding the potential at —1.9 V vs Ag wire leads to complete

2063 2004
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Figure 2. (left) Extracted pure IR spectra of the SEC experiments
with 1 mM 1b in CH;CN under argon recorded at E = —1.9 V vs Ag
wire. (right) Absorbance—time profiles calculated from the recorded
IR spectra.

consumption of 1b (with DIco 2063, 2004, 1989, and 1613
cm™; spectrum A) and concomitant appearance of two new
sets of bands, each of which corresponds to one electrolysis
product. The set of Jco stretches at 1872 and 1693 cm™'
(spectrum C) is very pronounced and corresponds to the
major electrolysis product, while the species with IR
contributions at 1968 and 1903 cm™' (spectrum B) is
generated only in small amounts.

Chemical Reduction of 1b. For the assignment of
molecular structures to spectra B and C, we carried out a
chemical reduction of 1b in THF using 2 equiv of KCg and 2
equiv of 18-crown-6 (see Scheme 3).*” After filtration of the
resulting suspension, a product could be crystallized in the
form of red needles, which were analyzed with single-crystal X-
ray diffraction. A sample was dissolved in CH;CN and
analyzed with IR spectroscopy, whereby the observed signals

Scheme 3. Chemical Reduction of Compound 1b with KCq

R 2 equiv. KCg 5 _l 2-
0 18-crown-6 (0] co
s THF, r. t. R R /C\ ;
Fe PeS e
oc™ AN -2¢0 12 co C R R
CO (0}
oC 0
1b R = SiMe, 32

match those in spectrum C. Consequently, the product
obtained from the chemical reduction is the same as the
major product generated in the IR SEC experiment under an
Ar atmosphere.

The molecular structure obtained from single-crystal X-ray
diffraction is shown in Figure 3 ([K(18-crown-6)],3). The

Figure 3. Molecular structure of [K(18-crown-6)],3 in the solid state.
Displacement ellipsoids correspond to 30% probability. Hydrogen
atoms are omitted for clarity.

structure corresponds to a Fe—Fe dimer (327) featuring two
bridging carbonyl ligands, whereby the negative charge is
balanced by two K* ions (each of which is coordinated by one
crown ether unit). The Fe—Fe distance (2.578 A) su%gests a
formal covalent interaction between the metal centers,”® which
stabilizes the structure of complex 3*~ by creating a closed
valence shell.

In order to obtain a better understanding of the formation of
3?7, we supplemented our experiments with DFT calculations.
Regarding the adduct formation, we reasoned that 3%
represents a dimer of 47, which results from onefold reduction
and decarbonylation of 1b (see Scheme 4). We have therefore
carried out a relaxed surface scan along the Fe—Fe bond
distance assuming an approach between two molecules 4~
using the BP86 pure density functional in conjunction with the

Scheme 4. Possibilities for Stabilization of 4~ by
Dimerization and Protonation in CH;CN along with
Computed Gibbs Free Energies and Activation Barriers”

2-

12 0O
AG = -2.7 keal mol”! R R /8\ co
- 1 ?
DL © & f
R
- coS R
3%
R —| - §
. AG =-15.0 keal mt:)l'1 OH
AG*= 0 keal mol™! R
R
& Fe 5
W H+ (H CO. ) e
o6 l + 2! 3. oC l
Iy od O
4 AG = +2.4 kcal mol™! R
il = +2.4 kcal mol
R = SiMes AG* > 0 keal mol™!
——— ’
R
Fe 6
+ H* (H,CO3) oc™{ H
ocC

“DFT level of theory B3LYP def2-TZVP(-f); see the Experimental
Section for computational details.
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def2-TZVP(-f) basis set (for more computational details see
the Experimental Section). According to these results, the
formation of 3%~ occurs spontaneously and barrier-free once
two molecules of 4™ are generated and approach each other in
the right angle (see the Supporting Information). The Gibbs
free energy of this process was calculated to be —2.7 kcal
mol™', whereby the driving force can be mainly attributed to
the formation of a stable Fe—Fe bond that renders 3%~ a
closed-shell species (which is in part compensated by the
negative reaction entropy of the dimerization).”"** Not
surprisingly, the calculated IR absorption frequencies of 3%~
match those observed in solution, which provides additional
evidence that spectrum C is associated with the dimer and not
with monomer 4~ (see Table 1).

Further efforts were aimed at identifying the minor product
of the FTIR SEC experiments under an Ar atmosphere
(spectrum B in Figure 2). Since the species could not be
isolated and characterized, we have calculated the vibrational
frequencies of a series of 13 hypothetical intermediates

Table 1. Comparison between Calculated and Experimental
IR Absorption Bands for Catalyst 1b, the Species Generated
in the IR-SEC Experiments (See Figure 2) and the Products
of the Chemical Reduction (See Schemes 3 and 5)

Fa— Experimental | Calculated IR
pecies IRbands’ / cm™ | bands®/cm™
R 2063 2063
@;%O 2004 2001
e 1989 1991
oe 4 g6 1613 1588
1b
0 - A 1> :
r AR 8 CO 1872/1872 1883
Fe__Fe 1693/1693* 1697
o¢” RNR
[¢]
(o]
3%
R
OH 1968 1971
el 1903 1890
ocod "o
5
R |°
C g?:o 1
1948° 249
AN 1876¢ 1873
oc I N
o Cl H 1868
:

“R = SiMe,. "The measurement is restricted to the range between
1500 and 2200 cm™" (total absorption). DFT level of theory: B3LYP
def2-TZVP(-f), (see the Experimental Section for computational
details). “IR spectroscopic analysis of the product of chemical
reduction shown in Scheme 3. ‘IR spectroscopic analysis of the
chemical reduction shown in Scheme 5.
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resulting from different sequences of reduction, decarbon-
ylation, and protonation steps (see the Experimental Section
for computational details). The ratio between experimental
and calculated bands of species 1b was used for calibration,
and a validation of the calibration constant was carried out
successfully with an authentic sample of Knolker’s catalyst 2b.
Among the set of calculated intermediates (see Table S4), we
identified complex § (see Scheme 4 and Table 1) as the best
match for the IR signals observed in spectrum B. Species § can
be regarded as a protonated version of complex 4~ where the
cyclopentadienyl ligand is fully aromatized, and the formal
oxidation state of the iron center is +1. We assume that, during
the generation of § in the FTIR-SEC experiments, protons are
provided by oxidation of the electrolyte solution at the counter
electrode (vide infra).”> This protonation reaction results in
the net stabilization of the extra charge contained in 4~ by
shifting electron density from the iron metal center to the
cyclopentadienyl ligand, where such additional electronic
density can be easily accommodated by an aromatization
rearrangement. In agreement with this argument, our DFT
calculations indicate that a protonation of 4~ on the ligand
leads to a stabilization of —15.0 kcal mol™, whereas a
protonation of the Fe center leading to the hypothetical Fe
hydride intermediate 6 would constitute an endergonic process
(AG = +2.4 kcal mol™; carbonic acid was assumed as the
proton source in each case).’* Moreover, while the formation
of 5 proceeds without a reaction barrier, our calculations
indicate a nonvanishing barrier for the formation of 6 (see
Scheme 4 and the Supporting Information). Considering that
the calculated Gibbs free energy of 4~ + H* — § is more
favorable in comparison to 2 4~ — 3%7, it is surprising that the
latter reaction is the preferred pathway for stabilization of 4~
(see Figure 2). This apparent contradiction can be resolved
when it is taken into account that the availability of protons
during the FTIR-SEC experiments is low and the local
concentration of 4~ in the reaction diffusion layer is relatively
high.

In a further experiment, we have carried out the chemical
reduction of 1b with excess KC; (see Scheme 5). The resulting

Scheme 5. Reduction of Compound 1b with 5 equiv of KCq

R 5 equiv. KCg R —I -
[e) 18-crown-6 0
CH3CN, . t.
\.76\R FeR
oc® oc N
oc CcoO oc H
1b R = SiMe; 6"

light green solution was studied with IR spectroscopy, which
showed that 1b was completely converted to a species showing
two bands at 1948 and 1876 cm™" (see Figure S15). The same
solution was subjected to ESI-ITMS (negative mode), which
revealed a major peak at m/z 391 matching the hydride species
6~. Additional fragmentation experiments confirmed the
presence of two CO ligands on the iron complex. Further
proof for the identity was obtained by calculation of the IR
frequencies of 67, which are in good agreement with the
experimental signals (see Table 1). Accordingly, the twofold
reduced and decarbonylated species 4°~ is preferentially
protonated at the Fe center to form the hydride species,
while the onefold reduced analogue 4~ is instead protonated
on the ligand, resulting in S. Therefore, we conclude that the
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first reduction of 4 is ligand based, whereas the uptake of a
second electron appears to be mostly metal centered, rendering
the Fe center the most basic and nucleophilic site in 4>~
Mechanistic Model for the Reduction under Ar. With
the spectroscopic, X-ray crystallographic, and computational
data in hand, we propose the mechanism in Scheme 6 leading

Scheme 6. Mechanistic Model for the Cathodic Reduction
of 1b under Ar”

[(CONFe(l)] ——= [(CO)Fe(L)"

E Ep=-14V
1b 1b~
ke =
C'  [(CONFe(L)] — . [(CO)Fe(L)]
1b- . 4
B2 [(COnFe(L] ——= [(CO)Fe(L)P Ep=-15V
4~ 4%
C?  [(COXFe(L)* k°’f [(CO)FeH(L)
42- +H 6
parallel process: %
C® 2 [(CO)Fe(L) =2 [(CO)zFe(L)]i‘
4 32"

“Note that E, corresponds to the measured peak potential vs. NHE
and not to the thermodynamic potential.

to the voltammetric response of 1b under Ar. The sequence is
initiated by reduction at —1.4 V vs NHE under formation of
1b~ (step E'), which is decarbonylated to yield 4~ (step C').
Species 4~ can either undergo dimerization to species 3>~ or
be further reduced when the potential is sufficiently negative
(£—1.5 V). Consequently, the reaction following E'C!
depends on the electrode potential. When it is set to a value
less negative than —1.5 V, dimerization to species 3>~ (step
C®) proceeds almost exclusively, while at potentials more
negative than —1.5 V, the dimerization competes with the
reduction of 4~ to 4>~ (step E?), the latter species undergoing
protonation to give 6~ (step C?). The proposed model explains
the fact that the signal at —1.5 V in the CV is relatively weak
and does not show full chemical reversibility. However, the
presence of a weak reoxidation peak at E* indicates that the
protonation is rather slow on the voltammetric time scale.
Since no protic additives are involved, this finding is not
unexpected. In contrast to the SEC conditions, which feature a
complete conversion of 1b and concomitant formation of
stoichiometric amounts of protons at the anode, the internal
generation of protons is negligible under CV conditions, where
only a very low conversion of 1b is achieved with respect to the
concentration in the bulk solution.”> As potential proton
donors in the CV experiments, residual water ([H,0] < 10
ppm), NBu,ClO, (via Hofmann degradation),” and/or the
solvent acetonitrile’® can be taken into account.

On the basis of the mechanism depicted in Scheme 6 we
carried out digital simulations of CVs recorded at different scan
rates in a multiple regression approach using the DigiElch 8
package (see Figure 4).”" "’ In agreement with the previous
argument regarding the proton availability under CV and SEC
conditions, we excluded the process 4~ + H* — 5, which
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Figure 4. Digital simulation of the voltammetry of 1 mM 1b recorded
at v = 250, 500, and 100 mV s~'. Experimental results (black line,
background corrected; for conditions see Figure 1) and simulated
curves (red circles; for fitting parameters see Table S1). At the bottom
right is given a plot of the standard deviation of the best fit vs v for the
mechanism depicted in Scheme 6 (red points) and for an alternative
“father-and-son mechanism” (blue points). The current densities j are
normalized against the peak current density jp.

occurs under IR SEC conditions as a side reaction, from these
simulations. Additional simulations where this side reaction is
taken into account are shown and discussed in the Supporting
Information. As a measure for the quality of the best fits, the
standard deviation ¢ of the normalized CVs is depicted in
Figure 4 (bottom right) as a function of v (all CVs recorded
between 100 and SO0 mV s™' are shown in the Supporting
Information along with the corresponding best fits and applied
parameters). Despite slight increases of ¢ at low and high v, it
can be noted that the voltammetry is satisfactorily modeled in
the range between 100 and 500 mV s~ using the mechanism
depicted in Scheme 6.

At this point it should be noted that an alternative “father-
and-son” mechanism, where species 4™ reacts with 1b to give a
dimeric intermediate which is further reduced to dimer 327,
may also occur. We have explored this possibility by fitting this
mechanism to the experimental data and found a good
agreement in the observed range of v (see Figure 4 bottom
right, blue points; for simulated CVs see the Supporting
Information). However, the mean of ¢ is significantly higher,
and the mechanism depicted in Scheme 6 can therefore be
considered as a better match to the CV data in comparison to
the father-and-son sequence.

CV in the Presence of CO,. The voltammetric response of
1b under a CO, atmosphere ([CO,] = 0.28 M)® is shown in
Figure S (black line). The profile changes dramatically in
comparison to the CV recorded under Ar (red line): while the
peak at —1.4 V vs NHE associated with reduction step E'
remains almost unaffected, a pronounced catalytic wave with a
peak potential of —1.9 V appears. The measurements were
carried out under iR drop compensation, and the negative shift
of the peak potential of the catalytic wave with respect to the
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Figure S. (left) Cyclic voltammetry of 1 mM 1b under Ar (red line)
and under CO, (black line, [CO,] = 0.28 M). Conditions: v = 100
mV 57!, electrolyte: dry 0.1 M NBu,ClO,/CH,CN, iR drop corrected.
(top right) The peak current density j, of the catalytic wave as a
function of the concentrations of 1b (black points) and added H,0
(blue circles, 2 mM 1b). In each case, jp is normalized vs the catalytic
peak current density j,* recorded at [1b] = 2 mM. (bottom right)
Plot of j,/j,* vs [COj (1 mM 1b, jp* recorded at [1b] = 1 mM and
[CO,] = 0.28 M). All CVs and experimental parameters are provided
in the Supporting Information.

waves associated with E' and E? can therefore be unequivocally
assigned to the reduction of a catalytic intermediate (vide
infra).

Once more it is worth noting that, like the other catalysts of
series 1, species 1b is catalytically active toward CO, reduction
in the absence of external proton sources. In order to study the
influence of the proton concentration, we added defined
amounts of water, whereby no increase in catalytic current was
observed and a zeroth order in proton donor concentration
can be assumed (see Figure S, top right). In contrast, the
catalytic peak current density strongly depends on the
concentration of 1b and CO, (see Figure S, right), indicating
that the reaction between a catalytic intermediate and CO,
constitutes the rate-determining step of the catalytic cycle.

Controlled-Potential Electrolysis. As discussed above,
the formation of H,O as a byproduct in absence of protic
additives led us to the hypothesis that the anodic half-reaction
constitutes the terminal proton source for CO, reduction.'’
Thus far, this assumption was made only on the basis of a
previous study on the anodic degradation of CH;CN/
perchlorate electrolytes, which showed that one proton is
liberated per transferred electron.”® In order to obtain
experimental proof for our hypothesis, we have carried out
controlled-potential electrolyses (CPEs) in a divided cell under
a CO, atmosphere using a 0.25 M NBu,OAc/CH;CN anolyte
(see Scheme 7). The anodic oxidation of acetate is known to
generate only CO, and ethane (Kolbe electrolysis), and
accordingly, the 1b-catalyzed cathodic CO, reduction should
thereby be s&ppressed by using an anolyte which contains an
acetate salt.” In these experiments, the usual 0.1 M
NBu,ClO,/CH;CN catholyte containing 0.5 mM 1b was
used, and the potential of the cathode was held at —1.65 V vs.
NHE until a baseline current of approximately 0.2 mA cm™
was achieved. In order to confirm that acetate and not CH;CN
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Scheme 7. Electrochemical CO, Reduction Catalyzed by 1b
in a Divided Cell Using the Standard Anolyte (A) and an
Acetate-Based Electrolyte (B) as Control Experiment

(A) standard (B) control
anolyte experiment
co . 2 CO,
1b +1,0 | 2CHCN 2ClO4 + CoHy
+2¢ l -2e” -2e
2HY ~—— 2H* ) .
+CO, | 2CHON’ 2 CIO, 2 AcO
| X
sepalralor
0
F’—____- 10 |
Anolyte:
-2 Anolyte:
0.25 M NBu,OAc gL 0.1MNBu,CIO,
4+
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Figure 6. Representative current—time profiles of the electrolyses
with acetate- and perchlorate-based anolytes shown in Scheme 6
(electrolysis conditions: CO, atmosphere, E_ 4o4. = —1.65 V vs NHE,
catholyte 0.5 mM 1b in 0.1 M NBu,ClO,/CH,CN).

Table 2. Comparative Study on the Influence of the Anodic
Half-Reaction on the CO, Reduction Process Catalyzed by
1b*

Ritii Anolyte Q/C | TONeo | FEco/%

1 :

025MNBwOAc | *+° 4 2

in CH:CN
2 5.0 8 75
3 | 01MNBuClOsin | ¥ £ 2
CH:CN

4 40 81 98

“For conditions see Figure 6.

is anodically oxidized in these control experiments, we have
separately carried out CV of a 0.1 M NBu,OAc/CH,CN
solution (see Figure S11). Herein, the anodic scan shows a
negative shift of the onset potential for electrolyte degradation
in comparison to our standard 0.1 M NBu,ClO,/CH;CN
electrolyte, suggesting that acetate is directly oxidized in the
anodic half-reaction.

In the CPE control experiment, the current is indeed
significantly lowered when the NBu,ClO, anolyte salt is
replaced by NBu,OAc (see Figure 6). While under regular
conditions TONq, values >80 can easily be achieved (Table 2,
entries 3 and 4), the maximum TON(g is about 10-fold lower
when the acetate salt is used (entries 1 and 2). By '"H NMR
spectroscopic examination of the catholyte after electrolysis we
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have excluded a crossover of acetate and a possible effect on
the CO, reduction process. Taken together, these observations
corroborate the idea that the anodic half-reaction generates
protons which are consumed in the CO, reduction process.

While the terminal proton source has thereby been
identified, it remains unclear how the catalytic cycle is initiated
in the first place and which species serves as the proton
mediator (i.e., the species which delivers a proton to the
cathodic half-reaction).

IR SEC in the Presence of CO,. While 5 and 3%~ have
been identified as potential active species of the catalytic cycle
(vide supra),'” we were interested in obtaining information on
further catalytic intermediates and the catalyst deactivation
pathway. We have therefore carried out FTIR SEC with 1 mM
1b under CO,, whereby the electrode potential was set to —2.1
V vs Ag wire, which corresponds approximately to the CPE
experiments shown in Figure 6."' The extracted spectra and
the corresponding absorbance—time profiles are depicted in
Figure 7. Holding the potential at —2.1 V leads to a partial
consumption of 1b (spectrum A).

2063 2004

S

©

8

g

I

£/
1 1 ) 1 1 P
2100 1950 1800 1650 0 50 100 150 200 250

v lcm’” t's

Figure 7. (left) Extracted pure IR spectra of the SEC experiments
with 1 mM 1b in CH;CN under CO, recorded at E = —2.1 V vs Ag
wire. (right) Absorbance—time profiles extracted from the recorded
IR spectra.

Concomitantly, five new species appear. The emerging
bands at & 2137, 1686, and 1646 cm ™" can be assigned to the
products of CO, reduction. On the basis of reference spectra in
the literature,"** we assign the contribution at 2137 cm™! to
uncoordinated CO and the bands at 1686 and 1646 cm™' to
HCO;", which is generated by reaction between dissolved CO,
and H,O formed in the catalytic process. The appearance of
two bands for HCO;™ can be ascribed to the formation of two
stable types of water adducts, which has been previously
reported for a similar CH;CN-based electrolyte system.*” In
contrast to the HCO;™ contributions, the intensity of the free
CO band shows a steady and weak absorption throughout the
experiment. Considering the fact that CO is continuously
generated in the catalytic process, this observation is rather
unexpected at a first glance but can be easily explained by the
low solubility of CO in CH;CN.**

The remaining two species absorbing at 1948 and 1875
cm™ (spectrum D) as well as at 1900 cm™' (spectrum E)
originate from the transformation of 1b. While spectrum D can
be unequivocally ascribed to species 6~ on the basis of the
nonelectrochemical reduction experiment shown in Scheme §,
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we attempted a structural assignment for spectrum E by
comparison to calculated absorption frequencies of hypothetic
intermediates (see Table 3). In addition to the 13 hypothetic

Table 3. Comparison between Calculated and Experimental
IR Absorption Bands for the Species Generated in the IR-
SEC Experiment (See Figure 2)

Svecies® CalculatedIR | Experimental IR
pecies bands® / cm™ bands®/ cm™?
= -
? 1949¢
1873¢ 1245
e 1868¢ 1875
oc" I
o é H (spectrum D)
.
R |”
o
PR 1908
oc"” A h 1638°
o~
OH 7-
R |”
e 1900
_Fe R 1582 (spectrum E)
g
o OH
&
R
Ozp}oH
\\Fe\R:‘ 1939
ocY
oA
9

“R = SiMe,. "DFT level of theory: B3LYP def2-TZVP(-f) (see
computational details in the Experimental Section). “The measure-
ment is restricted to the range between 1500 and 2200 cm™ (total
absorption). “See Table 1 and Scheme 5. “Weak intensity predicted.
Concealment by the intense bicarbonate band at 1646 cm™ is likely.

species already simulated for the assignment of spectrum B in
Figure 6, further CO, adducts, metallacarboxylic acids, and
bicarbonate complexes were taken into account as potential
intermediates (in total 47 species; see Tables S5 and S6). With
a single D¢q stretch at 1908 cm™, 5'-O bicarbonate complex
7~ exhibits the best match to the experimental value (see Table
3). Furthermore, each of the metallacarboxylic acids 8~ and 9
exhibits only a single Do stretch, albeit with much stronger
deviations from the experimental value. Therefore, we
tentatively assign the band at 1900 cm™ to species 77, taking
into account 8~ and 9 as potential alternatives.

The absorbance—time profiles shown in Figure 7 provide the
required information for identifying the roles of the observed
species in the catalytic process. After decreasing during the first
~100 s, the U bands of 1b remain steady at about a third of
the initial intensity, which indicates that 1b is continuously
regenerated and is therefore not only a catalyst precursor.
Similarly, the emerging 7o band of 7~ (spectrum E) reaches a
steady value after the same time, thereby suggesting a role as a
resting-state catalytic intermediate which might be part of the
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Scheme 8. Proposed Mechanistic Pathways for the Electrocatalytic Reduction of CO, Using Catalyst 1b along with the
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“The AG and AG¥ values for pathway 2 have been taken from ref 17. For the calculation of the free reaction energies, an electrode potential of

—1.65 V vs NHE and H,COj; as proton source were assumed.

catalytic cycle or be involved in off-cycle pathways. In contrast,
the bands associated with 6~ are continuously increasing over
the course of the experiment, which shows that the formation
of a stable Fe hydride species constitutes the catalyst
deactivation pathway. The absence of species 3>~ which was
observed in the SEC experiments under an Ar atmosphere
suggests that the dimer may represent the active species of the
catalytic cycle. Evidence for this assumption was found by CV
of a solution of 3>~ under CO, (see Figure S10). Similar to the
case for 1b, 3% exhibits a pronounced catalytic wave at —1.9 V
vs NHE, whereby the prepeak at —1.4 V (step E'C',
corresponding to the reduction and decarbonylation of 1b)
is diminished. The roles of species 1b, 3, 67, and 77
described above were confirmed by a control experiment,
where 1b was reduced with 2 equiv of KCg under Ar (see
Figure S18), resulting in a mixture containing both 3~ and 6™.
Upon saturation of this solution with CO,, 3* underwent
heterolytic Fe—Fe bond cleavage, resulting in species 1b and
7. As expected, 6~ did not react with CO,, confirming the role
of 67 as a product of the deactivation pathway.

Mechanistic Proposal. On the basis of the CV studies, the
IR SEC experiments, DFT calculations, and the control
experiments described above, we propose the catalytic
mechanism shown in Scheme 8. The observation of 3>~ and
5 under Ar via IR SEC (and the absence of the corresponding
Dco bands under CO,) suggest that these species are
intermediates of the two coexisting pathways 1 and 2. Each
cycle is initiated by one-electron reduction and decarbon-
ylation of 1b leading to the formation of 47, which can be
stabilized by either dimerization (opening pathway 1) or
protonation (opening pathway 2).
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In our previous paper we have described a quantum
chemical study of pathway 2, where the energy profiles of
different sequential orders of the elemental steps were
compared to each other (readers with interest in the details
are referred to ref 17). Therein we have identified a
cooperative interaction between the Fe center and the
cyclopentadienone ligand as the key both to an efficient
binding between catalyst and CO, and to facile cleavage of the
C—0 bond (intermediate 9 in Scheme 8).

Following pathway 1, the dimer 3>~ reacts with two
molecules of CO, and a proton, resulting in heterolytic
cleavage of the Fe—Fe bond and concomitant formation of CO
and 1b, as well as intermediate 77. The last species is a 2e”
intermediate which seems to be stabilized by the formation of a
bicarbonate ligand. The formation of a stable and difficult-to-
reduce bicarbonate complex 7~ provides a reasonable
explanation for the negative shift of the peak potential of the
catalytic wave (—1.9 V vs NHE) with respect to the initial
reduction of 1b (E' at —1.4 V vs NHE): the binding of HCO;~
to the Fe center inhibits the catalytic process, making a further
reduction at the more negative potential necessary in order to
close the catalytic cycle (reduction and dehydration of 7~ leads
to species 4~ and thereby eventually to 327). A similar shift of
the catalytic wave caused by the coordination of HCO;™ to a
catalytic intermediate was recently reported by Hartl et al. for
the case of a Mn diimine catalyst.” Since the metallacarboxylic
acid 87 can be considered as a potential intermediate in lieu of
7~ (compare Table 3), a version of pathway 2 which has been
adapted accordingly is shown in the Supporting Information.

Since according to the IR SEC results 3>~ (and not §) is
predominantly formed, we assume that the dimerization of 4~
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is faster than the protonation step and that pathway 1 is
therefore the predominant one. However, the share of pathway
2 in the overall conversion of CO, may rise with increasing
proton availability due to the continuous formation of water in
the course of electrolysis.

B CONCLUSION

While our previous work showed that the iron cyclo-
pentadienone family represents an attractive catalyst platform
for the electrochemical CO, to CO conversion,'” the present
work provides new insights into the (redox) chemistry of this
class of complexes in both the absence and presence of CO,.
Using a combination of CV, IR SEC, nonelectrochemical
control experiments, and DFT calculations, we were able to
identify two coexisting pathways including the terminal proton
source for the reduction process. Furthermore, a stable Fe
hydride species was identified as the product of the
deactivation pathway.

We believe that the new insights provide a better
understanding of the electrocatalytic behavior of the iron
cyclopentadienones and constitute the foundation for a
structural optimization of the catalysts. The latter item is
currently in the focus of our research.

B EXPERIMENTAL SECTION

General Considerations. All reactions were carried out using
Schlenk techniques under an atmosphere of dry argon. Solvents and
reagents for the synthesis of complexes, controlled-potential
electrolyses, and SEC experiments were dried and degassed prior to
use by freeze—pump—thaw procedure (four times). CO, tanks
(>99.998%) were purchased from Linde and used as received.
Complex 1b was prepared using known literature protocols.'¥*¢
Reagents were used as received from commercial sources unless
otherwise stated. Analyses of the headspace of the bulk electrolysis
experiments were performed using a gas chromatograph equipped
with a TCD detector (Agilent Technologies 6890N, carboxen 1000,
external calibration). X-ray diffraction data were collected on a Bruker
Kappa APEX II Duo diffractometer. The structure was solved by
direct methods (SHELXS-97)*" and refined by full-matrix least-
squares procedures on F? (SHELXL-2014).* XP (Bruker AXS) was
used for graphical representations. ESI-ITMS was carried out using a
Thermo Fisher LTQ XL Orbitrap instrument at a spray temperature
of 38 °C.

Cyclic Voltammetry. The experiments were carried out in a
conventional three-electrode cell using a Parstat 4000 apparatus
(Ametek). A glassy-carbon disk (diameter 1.6 mm) served as the
working electrode and a platinum wire as the counter electrode. The
glassy-carbon disk was polished using polishing alumina (0.05 ym)
prior to each experiment. As reference a Ag/AgNOj electrode (silver
wire in 0.1 M NBu,BF,/CH,CN solution; ¢(AgNO;) = 0.01 M; E, =
—87 mV vs ferrocene redox couple)*” was used, and this
compartment was separated from the rest of the cell with a Vycor
frit. Tetrabutylammonium perchlorate (0.1 M) was employed as
supporting electrolyte in a dry CH;CN solution. The electrolyte was
purged with Ar or CO, for at least S min prior to recording. In order
to account for the iR drop at high catalytic currents, positive feedback
iR compensation was carried out in measurements under a CO,
atmosphere. The resistance R (typically around 300 Q) was
determined by electrochemical impedance spectroscopy prior to
each experiment.

FTIR Spectroscopy. IR spectra were recorded with a Vertex 80
Bruker spectrometer using a mercury—cadmium-telluride (MCT)
detector. A globar was employed as the source of radiation and a KBr
crystal as a beam splitter. For monitoring of nonelectrochemical
control experiments in solution, a transmission cell with CaF,
windows (optical path length SO ym) was used and the aperture
adjusted to 1.5 mm. The resolution was adjusted to 1 cm™" and the
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mirror velocity to 20 kHz. A total of 128 scans was recorded for the
background spectrum as well as for the sample spectrum.

FTIR SEC. For the spectroelectrochemical studies, the same
spectrometer as described above was used, whereby the aperture
was adjusted to S mm and the mirror velocity to 320 kHz. The
resolution was 1 cm™". The mirror of the Michelson interferometer
was embedded in an airstream, and a band-pass filter with a cutoff at &
>3861 cm™" was applied in order to increase the sampling rate (rapid
scan mode). For the background spectrum, 200 scans (8 scans for the
sample spectrum) were recorded using a rapid scan technology. A
spectroelectrochemical cell (external reflectance mode, CaF, window)
based on the setup reported by Kubiak et al.>’ was used in
conjunction with an Autolab PGSTAT 101 instrument (Metrohm). A
glassy-carbon disk, a Pt wire, and a Ag wire were respectively used as
working, counter, and quasi-reference electrodes. A PTFE spacer with
a thickness of 100 ym was placed between the optical window and the
working electrode. Analyte solutions with 1 mM 1b/0.1 M
tetrabutylammonium perchlorate (NBu,ClO,) in dry acetonitrile
saturated with Ar or with CO, were prepared under Schlenk
conditions. Prior to filling of the cell with the electrolyte solution, the
setup was purged with argon or CO, for at least S min. Background
spectra were recorded in each experiment. The experiments were
initiated by recording a cyclic voltammogram in order to identify the
peak potentials vs the quasi-reference electrode, followed by recording
the IR spectra at constant potential.

Preparation of [K(18-crown-6)],3. Complex 1b (20.9 mg, 0.05
mmol) was added to 5 mL of dry THF in a Schlenk flask under an Ar
atmosphere. The solution was cooled to —35 °C, and KCg (13.5 mg, 2
equiv) was added together with 18-crown-6 (26.4 mg, 2 equiv). The
resulting mixture was vigorously stirred and warmed to room
temperature over 1 h. The reaction mixture was then filtered using
a Schlenk frit and layered with S mL of dry pentane to obtain orange-
red crystals of the dimer (5.2 mg, 3.75 pmol, 15%).

Controlled-Potential Electrolysis. Bulk electrolyses were carried
out in a gastight H-type cell equipped with a fine-porosity glass frit as
a separator (frit diameter 0.8 cm, pore size 10—16 ym/P16 according
to ISO 479) and an additional inlet sealed with a stopcock and a
septum for taking headspace samples. The cathodic compartment was
fitted with a glassy-carbon plate as the working electrode and the same
Ag/AgNO; reference electrode as described in in the procedure for
cyclic voltammetry. The potential of the reference was checked vs
ferrocene in a separate cell prior to and after electrolysis and was
generally found to be stable within a range of +10 mV after 24—48 h.
A platinum sheet served as the counter electrode in the cathodic
compartment. The catholyte was based on 0.1 M NBu,ClO, in dry
CH;CN and contained the catalyst. The anolyte was either 0.1 M
NBu,ClO,/CH;CN (standard conditions) or 0.25 M NBu,OAc/
CH;CN (control experiments). The electrolysis was carried out as
follows: under a CO, atmosphere, 5 mL of anolyte and 5 mL of
catholyte were transferred simultaneously from Schlenk flasks to the
corresponding cell compartment with syringes. After addition of the
solutions, the cell was purged with CO, for 10 min. The cathode
potential was held at E = —1.65 V vs NHE with stirring. Gas samples
were taken using a gastight Hamilton syringe equipped with a PTFE
Luer lock valve. The products were analyzed using a calibrated GC
apparatus and Karl Fischer coulometry, respectively. Calculations of
TON:Ss for carbon monoxide were performed using its van der Waals
volume (24.44323 mol/L) at 25 °C and 1.01325 bar.

DFT Calculations. All presented calculations have been
conducted with the ORCA program package.’”*' If not stated
otherwise, molecular geometries were optimized using the B3LYP
functional together with the scalar relativistic recontraction of the
def2-TZVP(-f) basis set.”>>° During these optimizations Coulomb
and “exact” exchange integrals were approximated by the resolution of
identity and “chain of spheres” approximations, respectively
(RIJCOSX).>*~%° For the former the def2-TZV/J auxiliary basis set
was employed.®" Scalar-relativistic effects were taken into account by
the zeroth order regular approximation (ZORA), while solvent effects
were modeled by the conductor-like screening model (COSMO)

- 6265 .
configured for acetonitrile as solvent. Accurate numerical
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integration was ensured by a dense integration grid (ORCA grid4).
The nature of all optimized structures was verified by numerical
Hessian calculations. Stable intermediates have a positive definite
Hessian, while transition states exhibit a single negative Hessian
eigenvalue. Thermochemical contributions to the free energy from
translational, rotational, and vibrational degrees of freedom were
estimated by the “particle in a box”, “rigid rotor”, and “harmonic
oscillator” models with an assumed temperature of 298.5 K. The
relaxed surface scan along the Fe—Fe bond distance of 3*" employed
the same methodological setup as the geometry optimizations, with
the exception that the hybrid B3LYP functional was replaced with the
pure density functional BP86.°°” Accordingly, no “exact” exchange
integrals had to be approximated.

IR frequencies corresponding to CO stretching and bending modes
were calculated from harmonic frequencies that were extracted from
the numerical Hessians (see above). As suggested in many places, a
scaling factor was applied to achieve better numerical agreement with
the experimental data.®® The factor of f = 0.9816 applied in the
present case was determined from fitting the calculated harmonic
frequencies of the well-characterized compound 1b to the
experimental data. Excellent numerical agreement between calculated
and experimental IR frequencies for two additional well-characterized
species shown in Table S3 underline the validity of the chosen
approach.
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ABSTRACT: The facilitation of redox-neutral reactions by electrochemical injection of holes
and electrons, also known as “electrochemical catalysis”, is a little explored approach that has
the potential to expand the scope of electrosynthesis immensely. To systematically improve
existing protocols and to pave the way toward new developments, a better understanding of
the underlying principles is crucial. In this context, we have studied the Newman—Kwart
rearrangement of O-arylthiocarbamates to the corresponding S-aryl derivatives, the key step in
the synthesis of thiophenols from the corresponding phenols. This transformation is a
particularly useful example because the conventional method requires temperatures up to
300 °C, whereas electrochemical catalysis facilitates the reaction at room temperature. A
combined experimental—quantum chemical approach revealed several reaction channels and
rendered an explanation for the relationship between the structure and reactivity. Furthermore,
it is shown how rapid cyclic voltammetry measurements can serve as a tool to predict the
feasibility for specific substrates. The study also revealed distinct parallels to photoredox-
catalyzed reactions, in which back-electron transfer and chain propagation are competing
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B INTRODUCTION

The vast majority of the electro-organic conversions reported
in the literature are redox reactions which involve either the
transformation of functional groups or the formation (and
cleavage, respectively) of chemical bonds.'”” As a conse-
quence, at least stoichiometric amounts of electric charge are
required to achieve a full conversion. Very few reported
examples, however, show that substoichiometric amounts can
be used to facilitate overall redox-neutral chemical reactions.”
This scenario is denoted as “electrochemical catalysis” and is
triggered by the electrochemical generation of an ionic or
radical ionic species.”” After a coupled chemical step, the
reaction sequence is either terminated by a backward electron
exchange with the electrode (ECE® mechanism) or a chain
process is initiated in the bulk solution. Under these
conditions, substoichiometric charge quantities are sufficient
for a full conversion, and conceptually, the injected electrons
and holes can be regarded as catalysts. The feasibility of this
approach for electrolysis on a preparative scale has been
demonstrated several times in the past, for example, with hole-
induced cycloadditions'®™"? and molecular rearrange-
15 a5 well as with electron-catalyzed Syl reac-

The utility of the concept is particularly well illustrated by
the Newman—Kwart rearrangement (NKR) of O-aryl thio-
carbamates 2 to the corresponding S-aryl compounds 3, which

© 2020 American Chemical Society
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represents the key step in the synthesis of thiophenols 4 from
phenols 1 (see Scheme 1)."* Traditionally, the NKR is carried
out at temperatures between 200 and 300 °C," which has
been rationalized by the rearrangement following an intra-
molecular ArSy mechanism passing through the strained
spirocyclic structure TS-1.°° In recent decades, nonelectro-
chemical approaches toward enabling a transformation under
milder conditions have been developed. These advancements
include improved heat transfer by microwave irradiation”' >’
as well as decreasing the required temperature by using
stoichiometric amounts of BF;-OEt,”* or catalytic amounts of
[Pd(1,‘Bu3P)2].2S More recently, it was shown that the O,S-
rearrangement can be achieved at room temperature by
irradiation with blue light in the presence of a pyrylium-based
photoredox catalyst’® or by treatment with chemical
oxidants.””?® Electrochemical catalysis, however, allows for
additive-free reaction at room temperature, which was
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Scheme 1. Synthesis of Thiophenols 4 from Phenols 1 via
the Thermal and the Electrochemical NKR Route,
Respectively
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up to 99% yield

demonstrated by a synthetic study carried out in our laboratory
(Scheme 1, bottom)."

The electrochemical method (electrochemical NKR,
ENKR) is characterized by a simple setup (galvanostatic
conditions, undivided cell, carbon anode), good scalability,
short reaction times, and good to excellent yields in
compounds of type 3. However, for the batch process,
NBu,ClO, was used as a supporting electrolyte, and we have
shown that the use of a microflow cell allows for salt-free
electrolysis on the gram-scale, rendering the products in
quantitative yield and analytical purity after recovery of the
solvent without further purification. It is noteworthy that the
use of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) as the solvent
is crucial because other solvents either decrease the yields or
completely inhibit the rearrangement.

In contrast to the thermal NKR, where electron-deficient
aromatics react faster than electron-rich ones,”” we found that
the room-temperature ENKR exhibits an inverted reactivity
trend. On the basis of this observation and in agreement with
the abovementioned examples where the NKR was induced by
nonelectrochemical oxidation,”*™>* we have proposed the
mechanistic rationale shown in Scheme 1."° The sequence is
initiated by the anodic generation of 2°*, followed by
rearrangement to 3°" and reduction either by the anode
(ECE®) or by 2 (chain process).

Although electrocatalysis (which is generally understood as
the facilitation of the heterogeneous electron exchange via a
chemical interaction between the substrate and an electro-
catalyst) is well understood,”*~** only few detailed studies of
electrochemically catalyzed reactions are available.”® Because
electrochemical catalysis has the potential to massively expand
the scope of electrosynthesis, we believe that a better
mechanistic understanding including the knowledge about
preconditions and typical bottlenecks is the key to the
successful development of similar transformations in the
future. We have therefore carried out a detailed study of the
ENKR using both experimental and quantum chemical
methods, the results of which are presented herein.
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B RESULTS AND DISCUSSION

Molecularity of the Electrochemical NKR. We started
our study with an investigation of the molecularity of the
rearrangement. In principle, mono- and bimolecular pathways
are conceivable (see Scheme 2). The monomolecular pathway

Scheme 2. Possible Pathways for the Rearrangement 2°* —

3"
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(R" =4-OEt, R“ = Et) carbon anode 5 crossover
products

proceeds via spirocyclic intermediate TS-2 as previously
proposed for the photoredox-catalytic NKR.”® Analogously,
the ENKR is initiated by the oxidation of 2. However, the
heterogeneous electron transfer leads to a local accumulation
of 2a®* close to the electrode surface, whereas the
concentration of the reactive intermediate is spatially
independent when a homogeneous oxidant is used. Therefore,
we have also taken into account a bimolecular pathway, which
passes through eight-membered TS-3.*° A bimolecular process
via a charge-neutral TS-3-type transition state has initially been
proposed for the thermal (microwave-assisted) NKR at high
concentrations,”” which was later conclusively disproven.*®
To investigate whether the rearrangement proceeds in an
intra- or in an intermolecular fashion, we have carried out a
crossover experiment between the 4-methoxy-N,N-dimethyl-
substituted species 2a and its 4-ethoxy-N,N-diethyl derivative
2b under standard electrolysis conditions. After passing 0.1 F
with respect to 2a and 2b, full conversion into 3a and 3b was
achieved, whereas no crossover products were observed (for
more details see the Supporting Information). It can therefore
be concluded that under standard electrolysis conditions, the
rearrangement proceeds via the intramolecular pathway.
Voltammetric Analysis. With the goal to collect
mechanistic proof and to devise a diagnostic criterion for the
feasibility of the ENKR for specific substrates, we carried out
cyclic voltammetry (CV) with initially three representatives of
the O-arylthiocarbamates in 0.1 M NBu,BF,/HFIP. Two of
these examples, 2a (R = 4-OMe) and 2e (R = 4-NHAc),
belong to the group of ENKR-susceptible compounds, while 2t
(R = 4-F) does not rearrange under standard electrolysis
conditions."® In Figure 1, the CVs of 2 (solid line) are depicted

https://dx.doi.org/10.1021/acs.joc.0c00831
J. Org. Chem. 2020, 85, 8029—-8044
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along with the CVs of the corresponding S-aryl derivatives 3
(dashed line).
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Figure 1. Top and bottom left: Background-corrected voltammetric
responses of three O-arylthiocarbamates 2 (solid lines) and their S-
aryl derivatives 3 (dashed lines) in 0.1 M NBu,BF,/HFIP [v = 100
mV s, ¢(2) = ¢«(3) = 1 mM, working electrode: glassy carbon].

Bottom right: Plot of the peak current densities (j}) vs 72,

The scan of the positive potential regime of the 4-methoxy
substituted compound 2a at v = 100 mV s ' exhibits two
irreversible signals with peak potentials at Ej(2a) = 1.18 V and
E3(2a) = 1.44 V (top left, solid black line). While the shape of
the second signal resembles the one of a typical EC process,*”
the first signal appears rather unusual. An uncommon feature is
that the peak current density of the first signal jp(2a) is
relatively low compared to the one of the second j3(2a).
Furthermore, after passing through Ej(2a), the profile does not
converge against the diffusion-limited current but decreases
continuously until reaching a negative “dip” at approximately
1.32 V. Before discussing the origin of the unusual behavior, it
is useful to assign the individual features to the associated
electrochemical processes. For this assignment, a comparison
with the CV of the corresponding S-arylthiocarbamate 3a is
helpful (dashed black line), which exhibits only a single feature
at E}(3a) = 1.44 V in the scanned potential regime. Because
the second anodic peak in the CV of 2a appears at exactly this
potential in a similar shape, a mechanism that explains the
voltammetric behavior can be derived (eqs 1—4).

2a=2" +e E,(2a) (1)
22t > 3a°7 )
3a=3a"" +e Ep,(3a) 3)
3a®" +2a 2 3a + 2a°" (4)

Thus, oxidation at Ep(2a) leads to the formation of 2a**, which
spontaneously rearranges to 3a**, followed by reduction to 3a
either via backward electron transfer (BET) from the electrode
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or via a chain process. Then, upon reaching Ej(2a), in situ
formed 3a is reoxidized to 3a®". The digital simulation of the
anodic scan confirms that an explanation of the signature
profile is possible based on the proposed kinetic model (Figure
2, bottom, for more details regarding parameters and v-

Experiment (2a)
O Simulation

06|

VA

0.8 1.0 1.2 1.4

E (vs. Ag/AgNO,) / V

1.6

Figure 2. Digital simulation (red circles) of the normalized current
profile (solid line) using eqs 1—4 (v = 400 mV s™', S mM S$a). The
simulations were carried out using the DigiElch package.*

dependency see the Supporting Information). For an accurate
fitting to the full CV, an extended model is required, which will
be discussed later.

Because the peak associated with the reoxidation is similarly
pronounced as the anodic peak in the CV of 3a, it can be
assumed that upon passing through E}(2a), most of the O-
arylthiocarbamate molecules near the electrode are already
rearranged to the corresponding S-aryl derivative. The fact that
jb(2a) is much smaller than j3(2a) can indicate both that a part
of the oxidative current is quenched by simultaneous BET and
that the concentration of redox-active 2a in the vicinity of the
electrode is diminished by a radical chain process migrating
from the electrode surface into the solution (vide infra).
With two irreversible signals at E}(2e) = 1.24 V and E3(2e)
1.57 V, respectively, the anodic scan of the 4-acetamido
substituted thiocarbamate 2e exhibits similar characteristics
(Figure 1, top right). Again, E}(2e) matches the peak potential
of the corresponding S-aryl (Ep(3e) = 1.55 V). In contrast to
2a, however, the ratio between jj(2e) and j3(2e) is
approximately 1, while ji(2e) reaches only about 50% of
jb(3e). From the latter observation, it can be concluded that
the O-aryl compounds are only partially converted upon
reaching E3(2e) and consequently that the rate of the step 2e**
— 3e"" must be significantly smaller than that for 2a** — 3a°".

Compared to 2a and 2e, the behavior of 2t is fundamentally
different (Figure 1, bottom left). While the anodic scan again
exhibits two features with Eb(2t) = 1.22 V and E3(2t) =
1.84 V, the second peak potential does not match the peak
potential of the S-aryl derivative (Ep(3t) = 1.60 V). From this
mismatch, it can be concluded that anodically generated 2t**
does not rearrange to 3t**. These results are in agreement with
the outcome of the preparative-scale electrolysis of 2t, where
the formation of 3t was not observed."> The irreversibility of
the peak at 1.22 V indicates that another chemical step is
coupled to the initial electron transfer.*' Thus, j5(2t) must
originate from the oxidation of another intermediate than 2t**
or 3t. A plausible explanation is that oxidation at Ej(2t) leads
to desulfurization and thus to the formation of the carbamate
(5t), which would be oxidized at 1.84 V. To probe this
possibility, we have carried out CV with an authentic sample of
St. Because Ep(5t) amounts to 2.04 V, the occurrence of

https://dx.doi.org/10.1021/acs.joc.0c00831
J. Org. Chem. 2020, 85, 8029—-8044
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Table 1. Peak Potentials (Ep;) and Half-Wave Potentials (Ep/,) Extracted from the CVs of 2 and 3

. EL2) E2Q) E},Q2) E%,Q) S-Arylthiocarbamate EL3) E},03)
O-Arvlth b t P P P/2 P/2 % i P P/2
rylthiocarbamate 1y, vl V] vl (isolated yield)® vl vl
R! s R! °
o)ku R S)KN,RZ
R? R?
2a(R'=0OMe, R =Me)  1.18 1.44 1.09 1.38 3a (95%, >99%") 1.44 1.37
2b (R' = OEt, R = Et) 115 1.39 1.07 133 3b (91%) 1.40 133
2ab (R' = OEt, R”>=Me)  1.18 1.42 1.09 1.36 3ab (80%) 1.39 1.33
2¢ (R! = OBu, R> = Me) 1.18 1.41 1.09 1.35 3¢ (90%) 1.40 1.34
2d (R' = SMe, R? = Me) 1.10 1.30 1.04 1.24 3d (85%) 1.29 1.24
2e (R'=NHAc,R”>=Me)  1.24 1.57 1.14 1.50 3e (71%) 1.55 1.49
2f (R' =NHBoc, R =Me)  1.22 1.48 111 141 3£ (68%) 1.46 1.40
. 2g (R'=OPh, R? = Me) 1.17 1.50 1.08 1.44 3g (78%) 1.50 1.44
5 S o
X O)LN/ s)kn/
g oo ! oo !
2 2h 1.21 1.54 1.11 1.48 3h (93%) 1.54 1.48
2
] \ |
E o) s o) o
& Ay A
o ! o |
2i 1.21 1.49 1.08 1.44 3i (94%) 1.48 1.43
R? R?
R! s RL e}
OAN/ S)j\N/
O\ ! O\ ‘
2j (R' = Me, R> = H) 111 1.45 0.98 1.39 3§ (90%) 1.44 1.37
2k (R'=H,R*=F) 121 1.61 1.12 1.54 3k (70%) 1.58 1.53
21 (R! = allyl, R* = H) 1.20 1.45 1.11 1.41 31 (54%) 1.47 1.40
2m (R1 = vinyl, R> = H) 1.21 1.40 111 1.35 3m (40%) 139 1.32
0 s O o
T, L,
Br I 8 I
2n 1.20 1.55 1.09 1.50 3n (79%) 1.55 1.49
S o
0 - S)kN/
I |
20 1.20 E 1.12¢ 1.46¢ 30 (72%) 1.52 1.44
O LS
OJW/ SJW/
2p¢ (R = NMe2) 1.21 1.59 121 1.53 3p¢ (35%, 77%*) 1.62 1.54
o 2q° (R = Me) 1.21 1.66 1.13 1.60 3q° (70%) 1.64 1.58
®
kg OH OH
5
: S WAL
z I I
= 2r 1.23 1.64 1.14 1.59 3r° (45%) 1.62 1.55
R. R.
108 108!
o A K
2 | |
5 2s (R =H) 124 1.92 1.14 1.87 3s(n.d.) 1.78 1.71
f 2t (R=F) 1.22 1.84 1.10 1.78 3t(n.d) 1.60 1.53
g 2u (R =NO») E - 1.53¢ E 3u(n.d) 2.12 2.03
£ 2v (R=Cl) 1.21 1.82 1.09 1.75 3v(n.d) 1.80 1.74
z 2w (R = COOMe) 127 -h 1.14 -b 3w (n.d.) 2.03 1.96
2x (R = CFs) 1.33 - 1.14 - 3x(n.d) 2.05 1.97

“Yields of the batch processes taken from ref 15. “Isolated yield under optimized flow conditions. “In addition to the shown values, the CV of 2p
exhibits a reversible signal centered around 0.78 V. #Yield of a controlled potential electrolysis determined via GC using an internal standard (see
Table 4). “Rearrangement only under reflux conditions (bp HFIP: 58 °C)."No clear resolution of the signal. #Ep/, was estimated using differential
pulse voltammetry (see the Supporting Information). *No occurrence of a second signal in the scanned potential regime.

carbamate St in the anodic scan of 2t can be excluded. The
absence of a carbamate species was confirmed in the same way
for the anodic scan of 4-Cl-substituted compound 2v (the CVs
of 5t and Sv are shown in the Supporting Information).
Because of the fact that the oxidation of 2t cannot trigger
ECE® or chain processes, it is safe to assume that jb is merely
diffusion-limited and exhibits Randles—Sevcik behavior,*
which is in agreement with the linear relationship to v'/>
(Figure 1, bottom right). For 2a and 2e, the plot jb — v'/* also
exhibits linearity, albeit with a significantly smaller slope. The

8032

smaller slopes indicate that the ECE® and/or the chain process
are additional jp-limiting factors. The observed decrease of the
slope in the order 2t > 2e > 2a can thus be used for a
qualitative assessment for the rate of the rearrangement step.

It is noteworthy that the CVs of 3a, 3e, and 3t have an
unusual crossing between the profile lines of the forward and
the backward scan in common (1.3—1.5 V). This is a typical
sign for the redox process leading to a product, which is easier
to oxidize than the starting material. This feature will be
discussed later in more detail.

https://dx.doi.org/10.1021/acs.joc.0c00831
J. Org. Chem. 2020, 85, 8029—-8044
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To find out how other representatives of 2 and 3 behave
under these conditions, we have carried out CV studies with a
set of 25 differently substituted O-arylthiocarbamates in a
NBu,BF,/HFIP electrolyte (see Table 1). Based on our
previous synthetic study > and several additional preparative-
scale experiments (see the Supporting Information), these
compounds can be divided into two groups: those that are
susceptible to the ENKR (2a—2r, slow NKR of 2q and 2r at
room temperature) and those that are nonreactive under
standard electrolysis conditions (2s—2x). Interestingly, the
diagnostic criteria described for 2a, 2e, and 2t seem to be
generalizable because all of the studied ENKR-susceptible
compounds exhibit the same characteristics as 2a/3a and 2e/
3e, while all of the nonreactive congeners follow the same
trend as 2t/3t (see the Supporting Information). CV can thus
be considered as a straightforward and rapid tool to assess the
teasibility of the ENKR for particular compounds 2.

Further mechanistic information can be obtained upon
variation of the concentration of 2 (see Figure 3). For 2a, an

1.2
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Figure 3. Influence of the concentration on the voltammetry of 2a,
2e, and 2t. Top and bottom left: Background-corrected voltammetric
responses at 1 mM 2 (solid lines) and 7 mM 2 (dashed lines) in
0.1 M NBu,BF,/HFIP (v = 100 mV s™'). Bottom right: Plot of the
first peak current densities (jp) vs c.

increase from 1 mM (top left, solid line) to 7 mM (dashed
line) leads to only a moderate increase of jp(2a), whereas
jb(2a) grows significantly. The decrease of the ratio between
jb(2a) and j3(2a) clearly indicates a growing efficiency of the
radical chain process, which leads to more depletion of 2a
close to the electrode surface while increasing the concen-
tration of 3a. The same c-dependent effect, albeit less
pronounced, can also be observed for 2e, which again reflects
the smaller rate for 2e** — 3e*" compared to 2a** — 3a°". In
contrast, jb(2t) increases linearly with ¢ (as predicted by the
Randles—Sevcik equation), which is in agreement with the
absence of the radical chain process. From the dramatic effect
of ¢ and the minor influence of v, it can be concluded that the
radical chain mechanism plays the more important role for
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sustaining the catalytic cycle compared to the ECE®
mechanism. The most obvious explanation for this is that
the rearrangement 2** — 3°* is slow enough for 2** to diffuse
from the electrode surface into the solution, where the
rearrangement can finally set the chain mechanism in motion.

A further important detail which becomes evident at high
concentrations is the appearance of a shoulder between 1.1 and
1.4 V during the cathodic scans of 2a and 2e, which leads to an
unusual crossing of the profiles. Such a line crossing was
already observed in the CVs of 3a, 3e, and 3t (vide supra) and
further highlights the possibility that the oxidation of 3 leads to
a product that is easier to oxidize than the S-aryl compound
(for details see penultimate section). A similar effect is also
observed with 2t, although the cause must obviously be
different.

To learn more about the relationship between the aryl
substitution and the electrochemical behavior of compounds 2
and 3, it is useful to relate the redox potentials to the electronic
properties of the substituents. For this purpose, the first half-
wave potentials E}/, of the O- and S-aryl compounds carrying
only para substituents were plotted against the corresponding
op" parameters (see Figure 4)."

22
® series3
20F A series2
A 2u
18}
® 2p/3p Slope: 0.46 V
16}
> A
Tnalb
a
T _&—W
10 } A
Slope: 0.04 V
08 |
[ |
1 1 1 1 1 1 1
16 1.2 0.8 0.4 0.0 0.4 0.8
o

Figure 4. Plot of the first half-wave-potentials E}/, of para-substituted
compounds 2 and 3 vs their 6p" constants.

The Hammett plot reveals several important mechanistic
details. First, Ep/5(2) < E}»(3) as an important precondition
for electrochemical catalysis is fulfilled in all cases,” even for
those where the ENKR does not occur under standard
electrolysis conditions. In other words, the 3/3°" couple
constitutes a stronger oxidant than the 2/2°" couple, which
allows the chain process (or the ECE® mechanism) to proceed
spontaneously. It can therefore be concluded that in the non-
ENKR case, neither the initiation 2 — 2°* nor the chain
propagation are the prohibiting steps. Second, with the
exception of 2p/3p (4-R = NMe,, 6" = —1.7) and 2u (4-R
=NO,, 6p" = 0.79), each series follows a linear trend according
to eqs S and 6.

Ep»(2) = 116 V + 0.04 V-0, " (s)

Ep/»(3) = 1.68V + 0.46V-0," (6)

https://dx.doi.org/10.1021/acs.joc.0c00831
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The slope provides a measure of the influence of the
substituents upon the observed potential, while the intercept
refers to the oxidation potential of the unsubstituted
compound of the series.** Compounds 2p, 3p, and 2u deviate
from the trend and are therefore not taken into account in the
equations. The voltammetric behavior of 2u is inconclusive
and different from the other non-NKR compounds of the
series. The half-wave potential shown in Table 1 could only be
obtained by means of differential pulse voltammetry (see the
Supporting Information). While the reason for the deviation of
2u remains unclear, the 4-NMe,-substituted 2p/3p couple
assumes a special role which is discussed further below. In view
of the slopes of the two linear equations, it becomes obvious
that the influence of the electronic character of the substituents
on Ejp, is much less pronounced in the case of 2 than for 3.
This assessment is confirmed by the spin densities depicted in
Figure S (top) that were obtained from density functional

a)

0__S- OsS- 0.__S ArSe S 0
Y OYT OY O wway Y
®NMe, NMe, NMe, NMe,
24 241" 24 3

Figure 5. Top: Isosurface of the calculated spin densities of 2a** (a)
and 3a** (b) at a value of 0.01 electron spins. In 2a**, the spin is
mostly sulfur-centered with only little contributions from the aromatic
ring, while in 3a*™, the density is considerably shifted toward the
aromatic ring. Bottom: Resonance formula of 2°* and 3** which are in
best agreement with the Hammett correlation.

theory (DFT) calculations. In 2, the spin is mostly sulfur-
centered with only little contributions from the aromatic ring,
whereas for 3, the density is considerably shifted toward the
aromatic ring. This indicates that the O-aryls are oxidized at
the thiocarbamoyl group, while charge and spin density are
predominantly localized on the aryl unit in the case of 3. The
resonance formulas that best fit this picture are shown in
Figure S (bottom). From these observations, it can also be
deduced that the rearrangement of the radical cations proceeds
via an intramolecular electrophilic aromatic substitution. These
findings are in agreement with previous studies on the NKR
induced by chemical oxidants.**®

Relationship between Arene Substitution and Re-
activity. As discussed above, the cation radical NKR induced
by chemical oxidants exhibits the same reactivity trends in
terms of electron—donatin§ or -withdrawing substituents as our
electrochemical reaction.”®™*® While kinetic control of the
overall reaction by the rearrangement was suggested,*”*° the
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central mechanistic feature governing the observed behavior
could not be unambiguously identified so far. The above
presented analysis of our electrochemical data excludes the
reactant oxidation and radical chain propagation as possible
candidates. Hence, the most straightforward explanation would
indeed involve kinetic control by the rearrangement, that is,
that the reaction barrier for 2°* — 3°" for compounds bearing
electron-withdrawing groups is significantly increased, thus
prohibiting product formation. However, no conclusive
relation was found by quantum chemical calculations on the
DFT and G4MP2 level of theory. Our electronic structure
calculations at the local coupled cluster level (see computa-
tional details in Experimental Section) agree with these
findings. Although electron-withdrawing substituents in
general lead to higher reaction barriers (see Figure 6, right),
the trend is not sufficiently pronounced to conclusively explain
the observed selectivity. Instead, all calculated reaction barriers
are considerably below 20 kcal mol™' (see Table 2). The
barriers for 2t, 2u, and 2x alone should thus not be prohibitive,
in particular, because the ENKR does not even proceed at the
boiling point of HFIP (58 °C) for these substrates.

The relatively low reaction barriers point toward another
reason for the lack of reactivity for electron-deficient aromatics.
Because electrolysis of 2t and 2u under standard conditions
did not lead to conversion (no consumption of starting
material), off-cycle equilibria yielding stabilized intermediates
were the starting point for our considerations. Recently,
Nicewicz and co-workers proposed a dimerization according to

2a +2a°" = (2a),"" (7)
as the competing process that could prevent the rearrangement
reaction, but no experimental evidence for the exact nature of
the off-cycle intermediate could be found.** Inspired by this
idea, we studied various dimerization reactions by means of
quantum chemical methods and found that while (2),** is not
stable with respect to a decay into the monomeric species, the
reaction

2 x 22" 2 (2a),F (8)
leads to a stable S—S bond (Figure 6, left) reflected by a
corresponding free reaction energy of —10.8 kcal mol™" for the
4-methoxy (2a/3a) derivative. This and all other free energies
for dimerization reactions in Table 2 are upper bounds to the
true free energies, as the translational entropy contributions of
the monomers on the order of 12 kcal mol™! are obtained from
an idealized model in the gas phase. In solution, these
contributions will be considerably smaller, leading to a
systematic underestimation of the reaction free energy in the
calculated dimerization free energies (see the Supporting
Information).*”** The driving force for the bond formation is
the pairing of the two unpaired electrons in the monomer,
which overcompensates the Coulombic repulsion. Of course,
the polar medium (HFIP) plays a central role in this regard, as
it screens the two charges enough to allow for the bond
formation, whereas in the gas phase, the dimerization is
unfavorable. As expected, the effect of the solvent is dominated
by indirect interactions, that is, the relatively high permittivity
of the bulk phase which is modeled by a polarizable continuum
in the quantum chemical calculations. As depicted in the left
panel of Figure 6, the usage of such a continuum solvation
model shifts the reaction free energy by about —20 kcal/mol,

https://dx.doi.org/10.1021/acs.joc.0c00831
J. Org. Chem. 2020, 85, 8029—-8044
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Figure 6. Left: Calculated free-energy profile for the formation of (2a),* vs the rearrangement toward 3a** using different solvation models. While
solvation has only a limited effect on the barrier and free reaction energy of the rearrangement, it is integral for the dimerization. Right: Calculated
free-energy profiles for the formation of (2),** vs the rearrangement toward 3°* for multiple para-substituted derivatives. Thiocarbamates featuring
electron-withdrawing groups are subject to higher reaction barriers and lower reaction free energies than derivatives with electron-donating groups.

Table 2. Calculated Free Energies and Reaction Barriers in kcal mol™" for Selected Conversions 2 — 3 (Implicit Solvation, for

Details See the Experimental Section)

Yield 3

Structure Compound [%]° AG(3/2) AG(312) AG* AG((2)2127)
2a (R = 4-OMe) 95 (>99)° 128 2109 8.4 108
2e (R = 4-NHAc) 71 12,6 111 75 117
Y s 2t (R=4-F) n.d. -11.9 -4.1 11.6 -8.5
R@O)LN/ 2u (R = 4-NO») n.d. 118 03 17.9 -10.1
\ 2x (R = 4-CFs) n.d. 119 02 15.4 99
2h (R =2-OMe) 93 -12.3 -13.0 4.1 -17.8
2y (R = 3-OMe) n. d. -12.0 -6.2 14.7 -10.3

“Isolated yields of the batch electrolyses taken from ref 15. “Isolated yield under optimized flow conditions.

while the explicit addition of solvent molecules that form
strong hydrogen bonds to the substrate has only a minor effect.

The energy profiles for species 2e, 2h, 2t, 2u, and 2x shown
in the right panel of Figure 6 illustrate the relevance of the
aforementioned dimerization for the observed selectivity. For
all species bearing electron-withdrawing groups (2t, 2x, and
2u), the rearrangement product formation is less favorable by
~5—10 kcal mol™! than the dimerization. In contrast, the
rearrangement products 3a and 3e are isoenergetic to the
corresponding dimer to within ~1—2 kcal mol™". Furthermore,
the associated reaction barriers are consistently higher for 2t,
2x, and 2u as compared to that for 2a and 2e (~4—8 kcal
mol™ vs ~11—18 kcal mol™!). The calculated reaction free
energies and barriers for the 2-, 3-, and 4-methoxy-substituted
thiocarbamates 2a, 2h, and 2y follow the same trend and
highlight the importance of the position of the activating
substituent on the aromatic ring (see Table 2).

At this point, we would like to reiterate that even in the non-
ENKR cases, the reaction barriers of the rearrangement alone
are not high enough to prohibit the occurrence of the
rearrangement at the given reaction conditions. Only the subtle
interplay between the two reaction channels provides an
explanation for the observed trend in reactivity consistent with
all experimental evidence.

Comparison to the Thermal NKR. Figure 7 shows a
comparison between the computed Gibbs free energies of the
thermal and electrochemical NKR using the 2a/3a couple as
an example. In good agreement with the literature,” our
calculations indicate a concerted thermal process via
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Figure 7. Comparison between the energy profiles of the thermal and
electrochemical NKR. AG values obtained from quantum chemical
calculations in kcal mol™. All values were obtained from the
combination of DLPNO-CCSD(T)/complete basis set (CBS) for
electronic energies and wB97X-D3/def2-TZVP(-f) with C-PCM for
thermochemical corrections and solvation energies, respectively (see
the Experimental Section for further details).

https://dx.doi.org/10.1021/acs.joc.0c00831
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spirocyclic TS-1. The computed activation barrier amounts to
48.9 kcal mol™" and the Gibbs free energy to —12.8 kcal mol ™.
While the same AG value also represents the driving force for
the electrochemical reaction, the ENKR proceeds via a second
reaction channel opened by the anodic generation of 2°*. In
this way, the substrate is elevated to an entirely new potential
energy surface with considerably altered properties, for
example, reaction barriers. The required energy for the
“electrochemical excitation” of 2a corresponds to 148.7 kcal
mol™ according to our quantum chemical calculations. It
should be noted that (i) this substantial amount of energy is
completely provided by the electrode potential (E vs vacuum
level) and (ii) the actually required minimum energy to trigger
the chain process corresponds to the equilibrium cell voltage,
that is, the difference between E,(2/2°") and the potential
required for proton reduction on platinum (which is the
cathodic half-cell reaction in our system).

Compared to the thermal process 2a — 3a, the calculated
barrier for 2a** — 3a®" via TS-2 is much lower (8.4 kcal
mol™"), whereby the rearrangement becomes slightly less
exergonic (AG = —10.9 kcal mol™"). The low activation barrier
allows the cation radical rearrangement to proceed at room
temperature, whereas the decreased Gibbs free energy of the
cation radical rearrangement explains why the chain process
proceeds spontaneously. After all, it is precisely the difference
between AG(2a/3a) and AG(2a**/3a") that represents the
driving force for the chain propagation (and BET from the
electrode at a given potential, respectively). Finally, this leads
to a possible explanation for the positive influence of HFIP on
the reaction. The fluorinated alcohol is known as a strong H-
bond donor and among the four species 2a**, 2a, 3a, and 3a*,
compound 3a is the one that is best stabilized via the carbonyl
group as H-bond acceptor. Our calculations with explicit
solvent molecules (see Table 3) support this assessment.

Table 3. Calculated Influence of Explicit Solvation on the
Reaction Free Energies of 2a** — 3a*" and 2 — 3 (for
Details See the Experimental Section)

number of explicit HFIP AG(3a**/2a%") AG(3a/232
molecules [keal mol™!] [kcal mol™"]

0 109 11.6

1 12.0 13.6

2 11.7 14.8

Comparison to Photoredox Catalysis. The presented
case illustrates the functional principle of electrochemical
catalysis in a very clear way and furthermore reveals strong
parallels to photoredox catalyzed redox-neutral reactions. In
the latter scenario, the injected light energy leads to excitation
of a photosensitizer PS™, which then abstracts an electron
from the substrate to generate a reactive species A** (see
Scheme 3). After conversion to P**, the intermediate is either
reduced by A in a chain propagation step or by PS™~ D% thus
forming a closed catalytic cycle. For a number of photoredox-
catalyzed transformations such as cation radical Diels—Alder
reactions or anion radical [2 + 2] cycloadditions, the
coexistence of chain processes and catalytic loops was indeed
demonstrated.* In the proposed analogy, these closed
photocatalytic loops correspond to the ECE" mechanism in
electrochemical catalysis.

At this point, we would like to highlight the similarities
between the quantum yield ® (number of conversions per
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Scheme 3. Schematic Illustration of the Parallels between
Photoredox Catalysis and Electrochemical Catalysis

[PS'"+ \l
chain

ps-i+ propagation

cycle
PSH+
P

closed catalytlc cycle
(in analogy to the
ECEP mechanism)

injected photon) and TON, (number of conversions per
transferred electron),® both metrics being increased by the
chain propagation cycle. However, a major difference is that
the BET between ground state PS""D* and P** leads to the
waste of a photon (thus lowering ®). Moreover, the
unproductive BET between PS("~V* and A** (leading to A
and ground state PS™) is usually exergonic and further
decreases the efficiency of the photochemical process.” In
contrast, such an unproductive step is completely suppressed
in electrochemical catalysis. The BET as a part of the ECEP
mechanism does not have any negative impact on TON,,
which can be ascribed to the electrode remaining in the
“excited state” after the initial electron transfer, and
consequently, TON, values of up to 15 were achieved for
the ENKR of 2a."

Another parallel becomes apparent when comparing the
excitation steps. In each case, external energy input is required
for the excitation step, albeit its source differs. While in
photoredox catalysis, the energy input is defined by the
wavelength of the incident light, the equilibrium cell voltage
AE, (difference between E,(A/A**) and E, of the cathodic
half-cell reaction) can be considered as the electrochemical
counterpart. Of course, AE, accounts only for the required
minimum amount of energy because additional barriers have to
be overcome to achieve current flow (e.g, kinetic inhibitions
and the Ohmic resistance of the cell).

The differences and similarities between electrochemical
catalysis and photoredox catalysis are well illustrated by a
comparison between the ENKR and the photochemical NKR
(PNKR) reported by Cruz and Nicewicz. The PNKR was
proposed to proceed via the pathways shown in Scheme 3,
whereby PS corresponds to a pyrylium catalyst and A/P to 2/

® The photoexcitation was achieved by using blue light-
emrttlng diodes (450 nm). This corresponds to an excitation
energy of 63.5 kcal mol™', which is considerably above the
minimum energy required for triggering electrochemical
catalysis. The latter value amounts to 37.7 kcal mol™" and is
calculated from the difference between Ep/,(2/2%*) [1.63 V vs
standard hydrogen electrode (SHE)] and E; for proton
reduction (approximated by SHE). Although this consider-
ation is rather theoretical, there is also a more tangible parallel
with practical consequences: in both the ENKR and the
PNKR, an off-cycle dimerization has been proposed (in our
case leading to (2),>" as described above). However, the
impact on the efficiency of the desired rearrangement is
fundamentally different. In the PNKR case, a negative
influence on quantum yield and reaction rate were described,
which was explained by the unproductive BET between the
dimer and the reduced ground state of the photocatalyst

https://dx.doi.org/10.1021/acs.joc.0c00831
J. Org. Chem. 2020, 85, 8029—-8044
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(Scheme 4, top). This was evidenced by monitoring the
conversion at different initial concentrations (c,) of 2a,

Scheme 4. Comparison between the Impact of the Off-Cycle
Dimerization Equilibrium on the Photocatalytic and the
Electrochemically Catalyzed Process

2 + 2"
PS*
photocatalytic
NKR ps(n-1)+
®
S $._0O
2AF\O)§(,3/ = ¢ s \W
| 2+ Ar /N\
@
2%
electrochemical
NKR anode
2 + 2"

whereby an increase from 0.06 to 0.25 M led to a 55%
decrease in @ and to a 15-fold increase of the time required for
95% conversion. As pointed out above, such an unproductive
reduction of (2a),>* should not be possible in the ENKR case
because of the electrode residing in the “excited state” after the
initial electron transfer. In order to probe this hypothesis, we
carried out controlled current electrolyses at different initial
concentrations (c,) of 2a and monitored the conversion with
gas chromatography—flame ionization detector (GC—FID)
(see Figure 8). Indeed, the normalized concentration profile of

o3a)/ ¢,(2a)

1 1 1 1 1

0.1 0.2

QI/F
Figure 8. Fractional yields of 3a during the electrolysis of 2a (for

details see the Supporting Information). The concentrations were
determined via GC—FID using an internal standard.

3a (fractional yield) shows no significant influence of cy(2a).
The absence of the discussed unproductive pathway can thus
be considered as an advantage of the electrochemical method.

Unusual behavior of Dimethylaniline Derivative 2p.
The Hammett plot in Figure 3 clearly shows that 2p/3p with R
= 4-NMe, assumes a special role among the investigated
reaction couples. While our previous synthetic study
demonstrated that 2p — 3p is feasible under standard
electrolysis conditions (35% isolated yield after passing 1.3
F)," the voltammetric responses are rather unusual. Both 2p
and 3p exhibit a well-behaved reversible redox couple centered
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around 0.78 V (see Figure 9), which is significantly below the
potentials predicted by eqs S and 6, respectively.
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Figure 9. Left: Normalized current responses 2p and 3p recorded at

100 mV s™' and 1 mM 2p (3p). Right: Plot of the peak current

densities vs v'/%

On the voltammetry timescale, 2p/2p** and 3p/3p°* are the
only chemically reversible redox couples within the entire
series 2 and 3. We attribute these findings to a relocation of
charge and spin density from the thiocarbamate unit to the
amino group and the aryl ring consistent with the computed
spin density for 2p** (see Figure 10). The observed chemical
reversibility is in good agreement with other cases involving
the oxidation of 4-substituted arylamines reported in the
literature.>' ~*

intramolecular Ar-Sy

AG =-13.6
AGF =147
-+
+e Me;N o
3P ES———— \©\ )L
E,=0.78V S” 'NMe,
3p

Figure 10. Top: Isosurface of the calculated spin density of 2p** at a
value of 0.01 electron spins. Bottom: Mechanistic consequence for the
rearrangement 2p — 3p. AG values obtained from quantum chemical
calculations (kcal mol™), for details see the Experimental Section).

The relocation of charge and spin density has a significant
impact on the reaction mechanism. First, the anodic oxidation
serves the activation of the aromatic ring and not of the
thiocarbamate unit. The 2p** — 3p®" rearrangement thus
corresponds to an intramolecular ArSy (in analogy to the
thermal NKR), which is supported by a negative computed
Gibbs free energy (—13.6 kcal mol™') and a relatively low
activation barrier (14.7 kcal mol™'.). Second, because the
potential of the 2p/2p** couple is the same as for 3p/3p°",
there is insufficient driving force for an efficient chain process.

To interrogate the proposed intermolecular ArSy-type
mechanism and to exclude alternative pathways via possible

https://dx.doi.org/10.1021/acs.joc.0c00831
J. Org. Chem. 2020, 85, 8029—-8044
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twofold oxidized intermediates, we have carried out a
controlled potential electrolysis at 0.80 V [20 mV more
positive than Eo(2p/2p°**)]. A divided cell was used in order to
avoid discharge of radical cation intermediates at the cathode.
The experiment showed that the ENKR indeed proceeds at the
potential of the 2p/2p®* couple, thus ruling out alternative
pathways. The yield in 3p was monitored via GC—FID
(internal standard, see Table 4 and the Supporting

Table 4. Controlled Potential Electrolysis of Compound 2p

NMe, NMe,
E=0.8Vvs. Ag/AgNO3
divided cell, . t.
HFIP / NBuyBF,
- @ @O OO @ s
OYS S _O
2p NMe, 3p NMe,

Q mol ™! [F] 3p [%]“ TON,
0.25 S3 2.1
0.5 66 1.3
0.75 77 1.0
0.9 70 0.8
1.0 64 0.6

“Determined GC—FID using an internal standard.

Scheme S. Electrolysis of 3a Including the Anodic Peak
Potentials of Products 6a and 7a

o
10 mA, 1F
divided cell, r. t.
_— PN + S<Ar
© HFIP, NBuBF, 7 AT ArmS
6a 2:1 7a
S._0O
Ep=14V Ep=12V

3a

T
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Information). Interestingly, over-stoichiometric quantities of
3p are initially formed with respect to the consumed charge.
After passing 0.25 F, the turnover number per transferred
electron (TON,) amounted to 2.1. However, this TON, is
more than 1 order of magnitude below the initial TON,
determined for 2a,"° underlining the lack of driving force for
the chain process because of Ey(2p/2p**) being equal to
Ey(3p/3p**). Furthermore, a maximum yield of 77% in 3p was
obtained at 0.75 F. Upon further charge consumption, the
yield gradually drops due to the formation of an unidentified
side product, which shows that a careful optimization of the
charge equivalents is crucial for this special case.

Electrolysis of S-Arylthiocarbamate 3a. Investigating
the behavior of the rearranged products 3 under electrolysis
conditions is useful for understanding the ENKR in two
respects: first, the characterization of the products would
explain the chemical irreversibility of the 3/3°* couple in the
CVs, including the unusual line crossing between the forward
and the backward scans (see Figures 1 and 3). Second, the
experiment would reveal side reactions that may occur during
electrolysis when more charge is applied than required for
complete conversion [see also the slow decay of ¢(3) between
0.3 and 0.5 F in Figure 8]. Therefore, we have electrolyzed 3a
as a representative of the ENKR-susceptible 2/3 couples with a
stoichiometric amount of charge for the analysis of the
products (see Scheme S).

To avoid possible reduction of intermediates at the cathode,
we have used a divided cell for the experiment. After passing
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1 F, a 2:1 mixture of diaryl sulfide 6a and diaryl disulfide 7a
was formed, while 3a was almost entirely consumed. Aside
from the identification of overoxidation products, this
discovery may lead to the development of a useful two-step
one-pot electrolysis, where 6a or 7a is directly generated from
2 (provided that the selectivity can be controlled in either
direction).

Compounds 6a and 7a were isolated and subjected to CV
analysis (Figure S11). The estimated peak potentials [Ep(6a) =
1.1V, Ep(7a) = 1.2 V] explain the line crossing in the CVs of
3a. Thus, 6a and 7a are easier to oxidize than 3a, which leads
to additional anodic contributions after reversal of the scan
direction. Knowing the fate of 3°" at elevated potentials and
with eqs 1—4 and as well as the off-cycle dimer (2a),>* (eq 8)
in mind, it is possible to obtain an accurate fit between the
digital simulation of the extended kinetic model and the full
CV of 2a (Figure 11, for details see the Supporting
Information).
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Figure 11. Digital simulation (red circles) of the normalized CV of §
mM 5a (solid line, v = 400 mV s™') using eqs 1—4 and taking into
account the off-cycle dimer (2a),** as well as the formation of 6a and
7a (Scheme S). The simulations were carried out using the DigiElch
package.*

At this point, it should be highlighted that the formation of
6a and 7a can only be initiated when species 2a is depleted.
Using the standard electrolysis protocol,'® this side reaction is
usually not observed, which can be explained in two ways:
First, in a galvanic electrolysis the anode potential is close to
Ep/»(2a) as long as sufficient 2a is available for oxidation. At
this potential, 3a** is reduced to 3a by means of BET (ECEP
mechanism). Second, 3a** is “protected” in the presence of 2a
by reaction through the thermodynamically favorable chain
process.

On the Use of Alternative Solvents. As discussed
before,"> HFIP offers a number of advantages with respect to
the ENKR such as excellent electrochemical properties, low
nucleophilicity, and good hydrogen bonding strength.”*>> A
further interesting feature is that because of the relatively low
boiling point (58 °C), the solvent can be conveniently
recovered and recycled. However, the initial cost (currently
~99£/kg, Fluorochem Ltd.) is certainly a drawback, and we
have therefore tested alternative solvents during the
optimization of our procedure.'> We found that the use of
MeOH, CH,Cl,, and CH3;CN under standard electrolysis
conditions does not lead to the formation of 3, whereas ENKR
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is possible in 2,2,2-trifluoroethanol (albeit in significantly lower
yields).

Two recent studies showed that the cation radical NKR
triggered by chemical oxidants can be carried out in dimethyl
sulfoxide (DMSO) at room temperature and in CH;CN/H,0
(3:1) at temperatures in the range of 45—65 °C.””** We were
therefore interested in whether the ENKR is possible in these
solvents and tested 2a under standard electrolysis conditions
(general procedure II, for details see the Supporting
Information). No conversion was achieved in DMSO even
after passing 1 F, whereas electrolysis in CH;CN/H,O (3:1)
rendered small amounts of 3a along with an unidentified
byproduct. Although in the latter case, the optimization of the
electrolysis conditions may lead to improved results in the
future, HFIP currently remains the solvent of choice for the
ENKR.

B CONCLUSIONS

Through a combination of experimental and quantum
chemical methods, we have obtained mechanistic key
information on the electrochemically catalyzed Newman—
Kwart rearrangement. Analogously to other routes mediated by
chemical oxidants, a sequence proceeding via cation radical
intermediates was identified as the most likely mechanism.
Both the experimental data and calculations indicate that with
the exception of the 4-NMe,-substituted O-phenylthiocarba-
mate, charge and spin density are predominantly located on
the thiocarbamoyl unit and that consequently, the cation
radical rearrangement can be considered as an intramolecular
Ar-Sg reaction.

The unusual voltammetric profile of the O-aryl thiocarba-
mates was deciphered by varying the scan rate and
concentration, isolation of electrolysis products, and digital
simulations. Through the evaluation of the CVs of 25 reaction
couples, diagnostic criteria for the prediction of the feasibility
for specific substrates were derived. We expect that in the
future, this analytical approach will be useful for the
development of further electrochemically catalyzed redox-
neutral reactions.

Our quantum chemical calculations have shown that the
activation barrier alone cannot sufficiently explain the
susceptibility of specific substrates toward the ENKR. It is
much rather the interplay between the kinetic inhibition of the
rearrangement and the thermodynamically favorable equili-
brium formation of an off-cycle dimer that determines the
teasibility for specific substrates. Concentration and temper-
ature are therefore parameters that could help to extend the
scope of the ENKR to less activated arenes, albeit at the
expense of productivity and energy efficiency. Furthermore, the
benign influence of the solvent HFIP was explained by the
inclusion of explicit solvent molecules into the calculations.
The resulting H-bond interactions both decrease the activation
barrier of the rearrangement and improve the thermodynamics
of the final reduction step, thereby adding driving force to the
chain mechanism.

The comparison between photochemically and electro-
chemically induced NKR shows several parallels, such as the
mode of excitation and the coexistence between chain
mechanism and back-electron transfer.’® On the other hand,
a significant difference is that in electrochemical catalysis the
BET does not lead to a decrease of the efficiency of the
process. This is due to the fact that the electrode remains in
the “excited state” after oxidation, whereas in photoredox
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catalysis BET proceeds between the reactive intermediate and
the ground state of the catalyst. A practical consequence is that
in the photochemical NKR, an increase in concentration leads
to a lower efficiency of the reaction, whereas no significant
concentration effect was observed for the ENKR. We believe
that these insights will contribute to cross-fertilization between
electrosynthesis and photoredox catalysis and will be of great
benefit for the development of further electrochemically
catalyzed processes.

B EXPERIMENTAL SECTION

General Information. Most of the O-arylthiocarbamates 2 and
their S-aryl derivatives 3 were synthesized according to our previously
described procedures.'® The syntheses of the examples which are not
part of ref 15 are described below. 'H, *C, and '°F NMR spectra were
recorded using an AVANCE 250, 300, or S00 spectrometer (Bruker).
Chemical shifts are reported in parts per million (ppm, § scale) and
referenced to the signal of the residual non- or partially deuterated
solvent. Mass spectrometry (MS) was carried out either with electron
ionization or with electrospray ionization using a MAT 95 XP
(Thermo Finnigan). GC—FID was carried out using a HP 1100
(Thermo Fisher) equipped with a 30 m HP-S column. All dry
solvents were purchased from Acros Organics (AcroSeal) and used as
received, if not stated otherwise. Tetrabutylammonium perchlorate
and tetrafluoroborate were purchased from Sigma-Aldrich (both
electrochemical grade) and used as received. HFIP (>99% purity) was
purchased from Fluorochem and used as received. The glassy carbon
electrodes (Sigradur K) were purchased from HTW GmbH
(Tierhaupten, Germany), and the reticulated vitreous carbon
electrodes (RVC 3000C, p = 0.05 g cm™, porosity = 96.5%) were
purchased from Goodfellow Ltd. (Cambridge, England).

General Procedure | (Cyclic Voltammetry). The experiments
were carried out in a custom-made three-electrode cell using a
PGSTAT 128N (Autolab). A glassy carbon disk (diameter: 1.6 mm)
served as the working electrode, and a platinum wire served as the
counter electrode. The glassy carbon disk was polished using
polishing alumina (0.0S ym) prior to each experiment. As reference,
a Ag/AgNO; electrode [silver wire in 0.1 MNBu,BF,/CH,CN
solution; c(AgNO;) = 0.01 M; E, = —87 mV vs ferrocene/
ferrocenium couple]*” was used, and this compartment was separated
from the rest of the cell with a Vycor frit. NBu,BF, (0.1 M,
electrochemical grade) was employed as the supporting electrolyte in
HFIP solution. The electrolyte was purged with Ar for at least S min
prior to recording. Compounds 2 and 3, respectively, were analyzed at
a concentration of 1 mM and a scan rate of 100 mV s, if not stated
otherwise. The half-wave potentials (E;;,) were extracted from
background-corrected voltammograms.

General Procedure Il (Electrolysis in Undivided Cell). The
experiments were carried out in a gastight undivided cell equipped
with an RVC anode (height: S0 mm, depth: S mm, width: 10 mm)
and a platinum wire (0.4 mm diameter) serving as the cathode. Both
electrodes had an immersion depth of 10 mm. A solution of N,N-
dimethylthiocarbamate (2 or 3, 1.0 mmol) and tetrabutylammonium
tetrafluoroborate (1.0 mmol) in 10 mL of HFIP was placed in the cell,
purged with argon for 5 min, and electrolyzed under stirring (700
rpm) at a constant current of 10 mA until an appropriate amount of
charge was passed (reaction monitoring via thin-layer chromatog-
raphy, GC—FID or GC—MS).

General Procedure Il (Electrolysis in Divided Cell). The
experiments were carried out in a gastight H-type divided cell
equipped with a porous glass frit (G4) as a separator. A piece of
reticulated vitreous carbon (height: S0 mm, depth: S mm, width: 10
mm) was used as a working electrode, and a platinum plate (width: 10
mm) was used as a counter electrode. Both electrodes had an
immersion depth of 10 mm. N,N-Dimethylthiocarbamates (2 or 3, 0.7
mmol), para-difluorobenzene (internal standard, 0.7 mmol), and
tetrabutylammonium tetrafluoroborate (0.7 mmol) were dissolved in
7 mL of HFIP and placed in the anodic half-cell. The cathodic half-
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cell was charged with a solution of tetrabutylammonium tetrafluor-
oborate (0.7 mmol) in 7 mL of HFIP. Both solutions were purged
with argon for S min prior to the experiment. The electrolysis was
performed under stirring and a constant current of 10 mA.

Computational Studies. The computational results were
obtained from electronic structure calculations on multiple levels of
theory. Here, we first describe the computational details of all
calculations that correspond to the gas-phase or apply implicit
solvation models before introducing the approach to account for
explicit solvent—solute interactions.

The ORCA program package in its version 4 was used throughout
the former set of calculations.®® All geometry optimizations were
carried out at the DFT level using the @B97X-D3 together with the
def2-TZVP(-f) basis set.”” ' In cases where solvation is taken into
account, it is modeled by a polarizable continuum model (C-PCM)
with & = 17.8 for HFIP.*>®* All special points on the potential energy
surface were verified by analyzing the corresponding Hessian matrix:
minima give rise to a positive definite Hessian matrix, while the
Hessian matrix of transition states features a single negative
eigenvalue. Refined electronic energies were obtained for gas-phase
geometries using the DLPNO-CCSD(T) method that yields excellent
approximations to the “gold standard of quantum chemistry” for
closed-shell molecules, canonical CCSD(T).®**” The DLPNO-
CCSD(T) energies were extrapolated to the CBS limit by means of
a two-point extrapolation scheme on the basis of energies calculated
with the cc-PVTZ and cc-PVQC basis sets.”*™”® Thermochemical
corrections to the coupled cluster electronic energy were estimated
from the particle in a box, rigid rotor, and harmonic approximations
utilizing DFT frequencies to get the final Gibbs free energies in the
gas phase, that is, Gy, (CC) = Eg,(CC) + [Gy,o(DFT) — E,,(DFT)].
In the solvent phase, the free-energy difference between implicit
solvation and gas-phase calculations was added to the gas phase
coupled cluster Gibbs free energy to get the final Gibbs free energy in
the solvent phase, Gypen(CC) = Gg(CC) + [Goen(DFT) —
Ggas(DFT)]. During all aforementioned calculations, the resolution of
identity in combination with the def2/J basis set and chain-of-spheres
(COSX) approximations were used to accelerate the evaluation of
two-electron integrals.w'_78

Explicitly solvated geometries with 1 and 2 HFIP molecules were
obtained in the following steps: (1) 300 geometries were sampled
using the ABCluster 2.0 program’”® tailored with the xTB6.1
program for the energies.81 (2) The 10 structures lowest in energy in
the previous step were sampled further with the crest program.** (3)
The lowest energy structure for each case was then taken for
optimization at DFT-GGA level with the B97-3¢ functional® (4)
The subsequent hybrid-DFT geometry optimizations and electronic
energy refinements were performed as described above.

General Procedure IV (Synthesis of Thiocarbamates). A
modified version of a previously described procedure was used to
synthesize the target compounds.'® For the synthesis of compound 2,
the corresponding phenol 1 (1.00 g) was dissolved in 10 mL of dry
dimethylformamide (DMF) in an argon-flushed, dry Schlenk flask.
The solution was cooled to 0 °C, followed by the addition of 1.1 equiv
sodium hydride (60 wt % in mineral oil) in small portions, whereby
the temperature was kept between 0 and S °C. After stirring the
mixture for 30 min at 0 °C, 1.3 equiv N,N-dimethyl thiocarbamoyl
chloride was added in a single portion. The reaction mixture was
allowed to warm up to room temperature and then poured into ca. 50
mL of water, which led to precipitation of the crude product. After
storing the mixture overnight at 0 °C, the precipitate was filtered off
and recrystallized from boiling n-heptane or n-heptane/ethyl acetate.
For the synthesis of compound 3, the same procedure was applied,
whereby thiophenols (4) were used as the starting material instead of
1.

O-Phenyl-N,N-dimethylthiocarbamate (2s). Phenol (1.42 g
15.06 mmol), N,N-dimethylthiocarbamoyl chloride (2.440 g, 19.74
mmol), and sodium hydride (0.663 g, 60 wt % in mineral oil, 16.58
mmol) were reacted in 14 mL of DMF according to general
procedure IV. The addition of 70 mL of water to the reaction mixture
led to the precipitation of the crude product as a viscous yellow oil,
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which was purified using column chromatography (n-heptane/ethyl
acetate 6:1). After recrystallization from n-heptane, 2s was obtained as
a colorless solid. The analytical data are in agreement with the
literature.** Yield: 1.694 g (9.34 mmol, 62%). mp 31.0-32.0 °C (lit.
29.5-30.5 °C).** 'H NMR (250 MHz, chloroform-d): 6(ppm) 3.38
(s, 3H), 3.49 (s, 3H), 7.04—7.17 (m, 2H), 7.23—7.34 (m, 1H), 7.37—
7.52 (m, 2H). BC{'H} NMR (63 MHz, chloroform-d): 5(ppm) 38.6,
432, 1227, 125.8, 129.1, 154.0, 187.8.
O-(4-Fluorophenyl)-N,N-dimethylthiocarbamate (2t). 4-Flu-
orophenol (2.187 g, 19.42 mmol), N,N-dimethylthiocarbamoyl
chloride (3.167 g, 25.62 mmol), and sodium hydride (0.856 g, 60
wt % in mineral oil, 21.40 mmol) were reacted in 22 mL of DMF
according to general procedure IV. The addition of 110 mL of water
to the reaction mixture led to the precipitation of the crude product as
a pale-yellow solid. After recrystallization from n-heptane, 2t was
obtained as an off-white solid. The analytical data are in agreement
with the literature.”’ Yield: 3.246 g (16.29 mmol, 84%). mp 75.5—
77.5 °C (lit. 75=77 °C).*' 'H NMR (300 MHz, chloroform-d):
8(ppm) 3.35 (s, 3H), 3.46 (s, 3H), 6.98—7.13 (m, 4H). BC{'H}
NMR (63 MHz, chloroform-d): 6(ppm) 38.6,43.3, 115.7 (d, ] = 23.3
Hz), 124.1 (d, ] = 8.7 Hz), 149.8 (d, J = 2.7 Hz), 160.2 (d, ] = 244.4
Hz), 187.7. F NMR (282 MHz, chloroform-d): § (ppm) —116.8.
O-(4-Chlorophenyl)-N,N-dimethylthiocarbamate (2v). 4-
Chlorophenol (2.191 g, 17.04 mmol), N,N-dimethylthiocarbamoyl
chloride (2.743 g, 22.19 mmol), and sodium hydride (0.755 g, 60 wt
% in mineral oil, 18.88 mmol) were reacted in 22 mL of DMF
according to general procedure IV. The addition of 110 mL of water
to the reaction mixture led to the precipitation of the crude product as
a pale-yellow solid. After recrystallization from n-heptane, 2v was
obtained as an off-white solid. The analytical data are in agreement
with the literature.”" Yield: 2.616 g (12.13 mmol, 71%). mp 52.5—
54.5 °C (lit. 51-52 °C).*' 'H NMR (250 MHz, chloroform-d):
S(ppm) 3.34 (s, 3H), 3.45 (s, 3H), 6.95—7.08 (m, 2H), 7.30—7.41
(m, 2H). BC{'H} NMR (63 MHz, chloroform-d): §(ppm) 38.7,
433, 124.1, 1292, 131.3, 152.4, 187.4.
O-(4-Carbomethoxyphenyl)-N,N-dimethylthiocarbamate
(2w). 4-Carbomethoxyphenol (1.723 g, 11.32 mmol), N,N-
dimethylthiocarbamoyl chloride (1.828 g, 14.79 mmol), and sodium
hydride (0.501 g, 60 wt % in mineral oil, 12.53 mmol) were reacted in
17 mL of DMF according to general procedure IV. The addition of 85
mL of water to the reaction mixture led to the precipitation of the
crude product as a pale-yellow solid. After recrystallization from n-
heptane/ethyl acetate, 2w was obtained as a colorless solid. The
analytical data are in agreement with the literature.”" Yield: 1.708 g
(7.14 mmol, 63%). mp 92.5-95.0 °C (lit. 94.5—95.5 °C).”' 'H NMR
(250 MHz, chloroform-d): 5(ppm) 3.36 (s, 3H), 3.46 (s, 3H), 3.91
(s, 3H), 7.09—7.19 (m, 2H), 8.03—8.14 (m, 2H). “C{'H} NMR (63
MHz, chloroform-d): §(ppm) 38.8, 43.2, 52.1, 122.9, 127.7, 130.9,
157.4, 166.3, 186.9.
O-(4-Trifluorphenyl)-N,N-dimethylthiocarbamate (2x). 4-Tri-
fluormethylphenol (0.784 g, 4.84 mmol), N,N-dimethylthiocarbamoyl
chloride (0.755 g, 6.27 mmol), and sodium hydride (0.219 g, 60 wt %
in mineral oil, 5.48 mmol) were reacted in 8 mL of DMF according to
general procedure IV. The addition of 40 mL of water to the reaction
mixture led to the precipitation of the crude product as a pale-yellow
solid. After recrystallization from n-heptane, 2x was obtained as a
colorless solid. The analytical data are in agreement with the
literature.”" Yield: 0.777 g (3.12 mmol, 64%). mp 116—117.5 °C (lit.
111-112 °C).*' 'H NMR (250 MHz, chloroform-d): §(ppm) 3.37 (s,
3H), 3.47 (s, 3H), 7.20 (d, ] = 8.3 Hz, 2H), 7.67 (d, ] = 8.3 Hz, 2H).
BC{'H} NMR (126 MHz, chloroform-d): 5(ppm) 38.8, 43.2, 123.9
(9 J = 272.1 Hz), 12643 (q, ] = 3.7 Hz), 127.9 (q, J = 32.2 Hz),
156.3, 186.8. 'F NMR (282 MHz, chloroform-d): 6(ppm) —62.1.
0O-(3-Methoxyphenyl)-N,N-dimethylthiocarbamate (2y). 3-
Methoxyphenol (0.89 mL, 8.1 mmol), N,N-dimethylcarbamoyl
chloride (1.3 g, 10.5 mmol), and sodium hydride (0.35 g, 60 wt %
in mineral oil, 8.9 mmol) were reacted in 10 mL of DMF according to
general procedure IV. The reaction mixture was poured into water,
followed by extraction with ethyl acetate. The organic layer was
separated, dried over anhydrous sodium sulfate, and evaporated under
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reduced pressure to give the crude product. Purification via column
chromatography (toluene/ethyl acetate 40:1) gave 2y as a yellow oil.
The analytical data are in agreement with the literature.”" Yield: 0.91
g (43 mmol, 54%). '"H NMR (300 MHz, chloroform-d): 5(ppm)
334 (s, 3H), 3.46 (s, 3H), 3.81 (s, 3H), 6.64 (dd, J = 2.3 2.3 Hz),
6.68 (ddd, J = 8.1, 2.3, 0.9 Hz, 1H), 6.81 (ddd, ] = 8.3, 2.5, 0.8 Hz,
1H), 7.29 (dd, J = 8.1, 8.1 Hz, 1H). BC{"H} NMR (63 MHz,
chloroform-d): §(ppm) 38.7, 43.2, 55.4, 108.8, 111.7, 115.0, 1294,
154.9, 160.3, 187.6.

5-(4-Methylphenyl)-N,N-dimethylthiocarbamate (3q). 4-
Methylthiophenol (0.999 g, 8.05 mmol), N,N-dimethylcarbamoyl
chloride (1.0 mL, 10.9 mmol), and sodium hydride (0.354 g, 60 wt %
in mineral oil, 8.85 mmol) were reacted in 10 mL of DMF according
to general procedure IV. The addition of 50 mL of water to the
reaction mixture led to the precipitation of the crude product as a
pale-yellow solid. After recrystallization from n-heptane, 3q was
obtained as a colorless crystalline solid. The analytical data are in
agreement with the literature.”" Yield: 0.331 g (1.70 mmol, 21%). mp
36.5—-38.0 °C (lit. 37.0-39.5 °C).”' 'H NMR (250 MHz,
chloroform-d): 6(ppm) 2.38 (s, 3H), 3.06 (br s, 6H), 7.15—7.25
(m, 2H), 7.34—7.44 (m, 2H). *C{'H} NMR (63 MHz, chloroform-
d): 6(ppm) 21.2, 36.8, 125.2, 129.7, 135.6, 139.3, 167.2.

S-Phenyl-N,N-dimethylthiocarbamate (3s). Thiophenol
(1446 ¢ 13.12 mmol), N,N-dimethylcarbamoyl chloride (1.575
mL, 17.14 mmol), and sodium hydride (0.578 g, 60 wt % in mineral
oil, 14.45 mmol) were reacted in 14 mL of DMF according to general
procedure IV. The addition of 70 mL of water to the reaction mixture
led to the precipitation of 3s as a colorless solid without further
purification. The analytical data are in agreement with the literature.**
Yield: 1.414 g (7.80 mmol, 59%). mp 43.0—46.0 °C (lit. 43—44
°C).** 'H NMR (300 MHz, chloroform-d): 6(ppm) 3.07 (br s, 6H),
7.35—7.44 (m, 3H), 7.47—7.55 (m, 2H). BC{’H} NMR (63 MHz,
chloroform-d): 5(ppm) 36.8, 128.7, 128.8, 129.0, 135.6, 166.8.

S-(4-Nitrophenyl)-N,N-dimethylthiocarbamate (3u). 4-Nitro-
thiophenol (1.014 g, 6.53 mmol), N,N-dimethylcarbamoyl chloride
(0.8 mL, 8.7 mmol), and sodium hydride (0.288 g, 60 wt % in mineral
oil, 7.20 mmol) were reacted in 10 mL of DMF according to general
procedure IV. The addition of 50 mL of water to the reaction mixture
led to the precipitation of the crude product as a yellow solid. After
recrystallization from n-heptane, 3u was obtained as a pale-yellow
solid. The analytical data are in agreement with the literature.*" Yield:
0.826 g (3.65 mmol, 56%). mp 119.0—122.0 °C (lit. 117.5-119.5
°C).*' 'H NMR (250 MHz, chloroform-d): §(ppm) 3.09 (br s, 6H),
7.68 (d, ] = 8.8 Hz, 2H), 8.21 (d, ] = 8.83 Hz, 2H). *C{'H} NMR
(63 MHz, chloroform-d): 6(ppm) 37.0, 123.5, 135.5, 137.7, 147.9,
164.6.

S-(4-Chlorophenyl)-N,N-dimethylthiocarbamate (3v). 4-
Chlorothiophenol (1.309 g, 9.05 mmol), N,N-dimethylcarbamoyl
chloride (1.08 mL, 11.80 mmol), and sodium hydride (0.399 g, 60 wt
% in mineral oil, 9.98 mmol) were reacted in 13 mL of DMF
according to general procedure IV. After completion of the reaction,
the mixture was transferred to a separation funnel, followed by the
addition of 65 mL of water. After extraction with ethyl acetate (3 X 40
mL), the combined organic layers were washed with water (3 X 40
mL) and brine (25 mL). After evaporation of the solvent and
recrystallization from n-heptane, 3v was obtained as a colorless solid.
The analytical data are in agreement with the literature.”’ Yield: 1.586
g (7.35 mmol, 81%). mp 78.0—80.5 °C (lit. 74—76 °C).*' '"H NMR
(300 MHz, chloroform-d): 8(ppm) 3.06 (br s, 6H), 7.33—7.39 (m,
2H), 7.39—7.46 (m, 2H). *C{'H} NMR (63 MHz, chloroform-d): §
(ppm) 36.9, 127.3, 129.1, 135.5, 136.9, 166.3.

S-(4-Carbomethoxyphenyl)-N,N-dimethylthiocarbamate
(3w). Step 1: mercaptobenzoic acid (1.163 g, 7.54 mmol) was
dissolved in methanol (30 mL), and three drops of sulfuric acid were
added. The solution was stirred for 72 h, whereby the temperature
was kept between 55 °C and the boiling point of the solution
(monitoring of the conversion via "H NMR). After completion of the
reaction, the solvent was removed under reduced pressure, and the
remaining solid was dissolved in 15 mL of ethyl acetate. The organic
layer was washed with water (2 X 15 mL), saturated aq. NaHCO; (1
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X 15 mL), and brine (1 X 15 mL). The solvent was removed under
reduced pressure to give 0.861 g (S5.12 mmol, 68%) of crude 4-
mercaptobenzoic acid methylester. Step 2: the unpurified product of
step 1 was converted with sodium hydride (0.226 g, 60 wt % in
mineral oil, 5.65 mmol) and N,N-dimethylcarbamoyl chloride (0.615
mL, 6.69 mmol) in 9 mL of DMF according to general procedure L
Precipitation with 45 mL of water and recrystallization from n-
heptane/ethyl acetate gave the product as an off-white solid. The
analytical data are in agreement with the literature.”’ Yield: 0.769 g
(3.21 mmol, 63%). mp 91.5-94.5 °C (lit. 90—91 °C).*' 'H NMR
(300 MHz, chloroform-d): §(ppm) 3.07 (br s, 6H), 3.92 (s, 3H),
7.53—7.63 (m, 2H), 7.97—8.09 (m, 2H). ®C{'H} NMR (75 MHz,
chloroform-d): 6(ppm) 36.9, 52.2, 129.8, 130.4, 134.7, 134.9, 165.6,
166.5.

S-(4-Trifluorphenyl)-N,N-dimethylthiocarbamate (3x). 4-Tri-
fluoromethylthiophenol (1.095 g, 6.15 mmol), N,N-dimethylcarba-
moyl chloride (0.735 mL, 8.01 mmol), and sodium hydride (0.272 g,
60 wt % in mineral oil, 6.80 mmol) were reacted in 11 mL of DMF
according to general procedure IV. The addition of 55 mL of water to
the reaction mixture led to the precipitation of the crude product as a
yellow solid. After recrystallization from n-heptane/ethyl acetate, 3x
was obtained as a colorless solid. The analytical data are in agreement
with the literature.”’ Yield: 0.960 g (3.85 mmol, 63%). mp 42.0—44.0
°C (lit. 43—44 °C).”' 'H NMR (300 MHz, chloroform-d): 5(ppm)
3.08 (br s, 6H), 7.63 (br s, 4H). BC{'H} NMR (75 MHz,
chloroform-d): 6(ppm) 36.9, 123.9 (q, J = 271.9 Hz), 125.6 (q, ] =
3.7 Hz), 125.6 (q, ] = 3.9 Hz), 131.0 (q, J = 32.5 Hz), 133.6, 135.6,
165.6. ’F NMR (282 MHz, chloroform-d): (ppm) —62.8.

O-(4-Fluorophenyl)-N,N-dimethylcarbamate (5t). 4-Fluoro-
phenol (1.89 g 16.86 mmol), N,N-dimethylcarbamoyl chloride
(2.440 mL, 21.99 mmol), and sodium hydride (0.749 g, 60 wt % in
mineral oil, 18.73 mmol) were reacted in 18 mL of DMF according to
general procedure IV. Water (90 mL) was added, and the mixture was
extracted three times with SO mL of ethyl acetate. The combined
organic layers were washed with water (3 X S0 mL) and brine (25
mL) and dried over sodium sulfate. After evaporation of the solvent,
St remained as a light-yellow oil. The analytical data are in agreement
with the literature.*> Yield: 2.802 g (15.30 mmol, 91%). '"H NMR
(500 MHz, chloroform-d): §(ppm) 3.01 (s, 3H), 3.10 (s, 3H), 6.93—
7.17 (m, 4H). BC{'H} NMR (75 MHz, chloroform-d): 5(ppm) 364,
36.7, 115.7 (d, J = 23.7 Hz), 123.1 (d, J = 8.2 Hz), 1474 (d, ] = 2.7
Hz), 154.82, 159.87 (d, ] = 2432 Hz). ’F NMR (282 MHz,
chloroform-d): § (ppm) —118.2.

O-(4-Chlorophenyl)-N,N-dimethylcarbamate (5v). 4-Chloro-
phenol (1.92 g 1493 mmol), N,N-dimethylcarbamoyl chloride
(1.785 mL, 19.39 mmol), and sodium hydride (0.656 g, 60 wt % in
mineral oil, 16.40 mmol) were reacted in 19 mL of DMF according to
general procedure IV. After the addition of 95 mL of water, the
mixture was extracted three times with 50 mL of ethyl acetate. The
combined organic layers were washed with water (3 X 50 mL) and
brine (25 mL) and dried over sodium sulfate. After evaporation of the
solvent, Sv remained as a colorless oil. The analytical data are in
agreement with the literature.*® Yield: 2.516 g (12.60 mmol, 84%). 'H
NMR (500 MHz, chloroform-d): 6(ppm) 3.01 (s, 3H), 3.09 (s, 3H),
7.07 (d, ] = 8.8 Hz, 2H), 7.31 (d, ] = 8.8 Hz, 2H). *C{'H} NMR
(126 MHz, chloroform-d): 6(ppm) 36.4, 36.7, 116.1, 123.1, 129.2,
130.4, 150.0, 154.5.
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Abstract: Hypervalent iodine compounds constitute a popular class of reagents in organic
chemistry. Regardless of whether they are generated in situ from an iodoarene precursor
with a terminal oxidant or used in stoichiometric amounts, the resulting separation and
waste issues are major challenges en route to sustainable and scalable processes. The elec-
trochemical generation of iodine(III) compounds represents an attractive alternative, since
electric current is used as traceless oxidant and unstable or hazardous species are conven-
iently generated in situ. In this context, we have explored the possibility for the use of
iodoarene sulfonates and iodobenzoates as ex-cell mediators for electrosynthesis in
1,1,1,3,3,3-hexafluoroisopropanol. While 2-, 3- and 4-iodobenzoate salts proved to be im-
practical for various reasons, 2- and 4-iodobenzenesulfonates salts can be selectively oxidized
to the iodine(III) species and used for synthetic applications. The ionic tag on the mediator
allows for electrolysis without supporting electrolyte additives and enables a straightforward
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Hypervalent iodine compounds constitute a popular class of
reagents in organic chemistry. Regardless of whether they are
generated in situ from an iodoarene precursor with a terminal
oxidant or used in stoichiometric amounts, the resulting
separation and waste issues are major challenges en route to
sustainable and scalable processes. The electrochemical gen-
eration of iodine(lll) compounds represents an attractive
alternative, since electric current is used as traceless oxidant
and unstable or hazardous species are conveniently generated
in situ. In this context, we have explored the possibility for the

1. Introduction

Electroorganic chemistry is generally considered to be a
practical and sustainable synthetic method." Using electric
current as traceless redox reagent provides a possibility for the
reduction of the energy consumption, waste production, and
overall cost of a process.”? Most applications, however, depend
on supporting electrolyte additives to ensure sufficient ionic
conductivity, which can result in a tedious workup and the
generation of additional waste. Similar problems arise from the
use of mediators, which are frequently employed to lower
kinetic inhibitions associated with the heterogeneous electron
transfer and to steer the selectivity of electrode processes.”” To
overcome these separation and waste issues, researchers have
developed a number of approaches, including the use of
polyelectrolytes,” solid-supported salts®™ and solid-supported
mediators,”® as well as thermomorphic electrolyte systems.”

An increasingly popular mediatory system is represented by
iodoarenes, which are anodically oxidized to the active aryl-A*-
iodane species.f! To date, the iodine(l)/iodine(lll) couple has
been used for anodic partial fluorination,” C—N coupling
between amides and arenes,"” trifluoroethoxylactonization,!"
and enantioselective cyclizations (using a chiral iodoarene
mediator)."? In the course of our ongoing studies on sustain-
able electrolysis concepts, we have developed the bifunctional
mediator salt 1a-ClO, (see Figure 1), which is composed of an
iodophenyl unit and a trimethylammonium group, attached to
each other via an alkylene linker."® Species 1a-ClO, is prepared

[a] A.F. Roesel,* T. Broese," Dr. M. Mdjek, Dr. R. Francke
Institute of Chemistry, Rostock University
Albert-Einstein-Str. 3a, 18059 Rostock (Germany)
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use of iodoarene sulfonates and iodobenzoates as ex-cell
mediators for electrosynthesis in 1,1,1,3,3,3-hexafluoroisopropa-
nol. While 2-, 3- and 4-iodobenzoate salts proved to be
impractical for various reasons, 2- and 4-iodobenzenesulfonates
salts can be selectively oxidized to the iodine(lll) species and
used for synthetic applications. The ionic tag on the mediator
allows for electrolysis without supporting electrolyte additives
and enables a straightforward recovery from the product
mixture.

7

Hy Substrate l'—l
) Solvent +2R O
" 1r
2H Product ReO—I—OR;
2 —/
50,2
NMe3 | MeN ) 3
Me4N
cloP ok
1a-CI04 1b-MeyN 1c-MeyN
o
CO
MeyN ® C02 I 2 ®
® Me4N
MeyN
1d-MeyN 1e-MeyN 1f-MeyN

Figure 1. Top: Electrochemical generation of A*-iodane 2 for application in
jodine(lll)-mediated transformations. Bottom: Bifunctional mediator salts of
1a-1f. Note that 1a-ClO, was used in our previous work (see ref. [13]), while
1a-BF, is used throughout the present study.

in three steps from phenyl iodide and 4-chlorobutyryl chloride
and was successfully applied for the synthesis of carbazoles and
benzoxazoles."*'™ Since the oxidation potential of the iodoar-
ene unit is higher than the one of the substrates, 1a was
oxidized prior to the chemical transformation (ex-cell process).
The use of 1a instead of an uncharged iodoarene allows for
electrolysis without supporting electrolyte additives and facili-
tates the recovery of the mediator after completion of
electrolysis (a trituration of the crude product with common
non-polar solvents yields 1a-ClO, in analytical purity with
recovery rates >95%). For several reasons, 1,1,1,3,3,3-hexafluor-
oisopropanol (HFIP) proved to be the ideal choice as a solvent
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for the iodine(lll)-mediated reactions. Firstly, it coordinates to
the iodine(lll) center rendering A*-iodane of type 2, which can
be stored in solution for several days (the removal of the
solvent leads to degradation). Secondly, HFIP exhibits favorable
solvent properties for application in electrosynthesis (high
polarity, high anodic stability and a relatively low pK, for facile
cathodic proton reduction)."” Thirdly, HFIP effectively stabilizes
reactive intermediates in oxidative transformations, and is
therefore often employed as an additive or solvent both in
iodine(lll)-mediated chemistry"®"® and in electrosynthesis."”

Although the use of 1a in HFIP provides advantages in
terms of reaction control, product separation and recycling, it is
not yet ideal with respect to accessibility and molecular weight.
We were therefore interested in developing a mediator salt
with a simpler structure which can be synthesized in fewer
steps. Its structure needs to fulfil several criteria in order to be
applicable as mediator and supporting electrolyte for the
envisaged electrochemical reactions. In the first instance, the
solubility in HFIP needs to be sufficiently high for being a
practical ex-cell mediator. Next, the ionic tag has to be stable
toward anodic degradation. As mentioned above, aryl iodides
are oxidized at high potentials, and the choice of suitable ionic
groups is therefore rather limited. Furthermore, the anionic unit
should not have a negative impact on the generation of the
iodine(lll) species and the mediated transformation, e.g. as a
nucleophile. A deactivation pathway which can be induced by
nucleophiles is the previously described reduction of 2 to 1,
potentially via a tetra-coordinate I(lll)-intermediate and -
elimination liberating hexafluoroacetone and HFIP." Consider-
ing all these requirements, we have selected iodobenzenesulfo-
nates 1b and 1c as well as iodobenzoates 1d-1f as promising
candidates (see Figure 1). Herein we present a study on the
electrochemical properties of redox-active supporting electro-
lytes of type 1 in HFIP and their applicability in indirect
electrosynthesis.

2. Results and Discussion
2.1. Synthesis and Solubility in HFIP

The sulfonates 1b and 1c as well as the benzoates 1d-1f were
prepared in one step from commercially available starting
materials by treatment of either the conjugated acid or the acid
chloride with a tetraalkylammonium hydroxide solution. The
products were obtained in yields between 42 and 92% after
one- or twofold recrystallization (Table 1, for more information
see the Supporting Information (SI)).

With the exception of the insoluble 1d-NMe,, the tetrame-
thylammonium salts are more than sufficiently soluble in HFIP
for application as supporting electrolytes and mediators. In
order to solubilize 1d, we have prepared and tested its
tetrabutylammonium salt. With 5 mM, the solubility of 1d-NBu,
is slightly better, but still too low for application tests. We
therefore had to restrict the ensuing electroanalytical studies to
species 1b, 1¢, 1e and 1f.
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Table 1. Yields and molecular weights of species 1a-1f and their

solubilities in HFIP.

Species Yield My, (1) Solubility in HFIP
[%] [gmol "1 [molL™]

1a-BF, 81 332 (419) 1.33

1b-NMe, 71 283 (357) 2.20

1b-NEt, 92 283 (413) 1.81

1c-NMe, 42 283 (357) 1.52

1d-NMe, 96 247 (321) Insoluble

1d-NBu, 96 247 (489) 5.10°°

1e-NMe, 58 247 (321) 0.78

1f-NMe, 89 247 (321) 3.66

[a] Values in parenthesis correspond to the ion pair.

2.2. Electrochemistry of lodophenylsulfonates

We continued our studies with a voltammetric analysis of
supporting electrolyte-free 10 mM solutions of 1b-NMe, and
1c-NMe, in HFIP. The linear scans of the potential range
between 1.2 and 2.2V recorded at 100 mVs™' are shown in
Figure 2, along with the data corresponding to 10 MM 1a-BF,

——1a-BF
3k 4
——1b-NMe,
-===-1c-NMe,
——Phl + Bu,NBF,
. 2P e Bu,NBF,
£
(s}
<
E
= 1F
~
0
1 1

1 1 1
14 16 18 2.0 2.2
E (vs. Ag/AgNO,) / V

Figure 2. Linear sweep voltammograms of HFIP-solutions containing 10 mM
mediator salt (no supporting electrolyte for 1a-BF,, 1b-NMe, and 1c-NMe,,
10 mM Bu,NBF, for Phl) recorded at v=100 mVs ™' using a glassy carbon
working electrode (iR drop compensated). A blank CV (100 mM Bu,NBF, in
HFIP) is inserted for comparison.

and to 10 mM Phl for comparison (the latter recorded in
presence of 10 mM Bu,NBF,). In all four cases, the anodic scan
reveals a single feature in the studied potential regime, where-
by both the peak current densities j, and the peak potentials E,
vary strongly with the substitution of the iodoarene unit. A scan
of a blank electrolyte (Bu,NBF, in HFIP, black dotted line) shows
that no significant solvent degradation takes place in the
studied potential regime. Cyclic voltammetry of species 1a - 1c
at varying scan rates (10-500 mV's™") reveals that the oxidation
is irreversible (see the SI) and that j, is linearly dependent on
v'2,

The parameters extracted from the linear scans shown in
Figure 2 are summarized in Table 2. The sulfonate species 1b is
oxidized at a peak potential £, of 1.91 V vs. Ag/AgNO; (red line),
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Table 2. Summary of the electrochemical characteristics extracted from
Figure 2.

Species Ep [V Ep [VI? Jo IMACmM™?]
1a-BF, 2.20 2.08 145
1b-NMe, 1.91 1.86 1.87
1c-NMe, 1.88 1.78 1.78
Phl 1.88 176 3.05

[a] Reference electrode: Ag/0.01 M AgNO; in CH,CN.

which is 0.29 V below Ey(1a) (blue line). The cathodic shift can
be attributed to the less electron-withdrawing character of the
para-sulfonate group compared to the alkanoyl unit in 1a in
agreement with the Hammett o, constants for the para
substituents (0.09 for —SO;~ and 0.50 for —COCH,, used as a
reference for the alkanoyl linker in 1a).?” In principle, the lower
E, value can lead to energy savings in a preparative scale
electrolysis and improves the chances for a successful in-cell
mediated process. With 1.87 mAcm™2, 1b-NMe, provides a
significantly higher j, value compared to 1a-BF,. Since j, is
limited by the transport of 1 to the electrode,”” it can be
concluded that species 1b exhibits a higher mobility than 1a.

For 1c-NMe, having the sulfonate group in ortho instead of
the para position (dashed purple line), both E, and j, are in a
similar range as for 1b-NMe,. Compared to unsubstituted
phenyl iodide, both E,(1b) and Ey(1c) are very similar, whereas
the j, values are about 40% lower. Again, the smaller peak
current densities can be attributed to a slower mass transfer,
whereby a possible explanation is given by the higher
molecular weights of 1b and 1c relative to Phl.??

In order to identify the products of the anodic oxidation, we
electrolyzed solutions of 1b-NMe, and 1c-NMe, in HFIP under
galvanostatic conditions using an undivided cell equipped with
a glassy carbon anode and a platinum cathode (1 F with respect
to 1). Whereas the oxidation products were stable in HFIP for
several days, a conversion back to the iodine(l) species was
observed upon removal of the solvent (vide infra), and our
attempts for isolation and characterization of the products were
therefore not successful. Instead, aliquots were taken from the
solution prior to and after electrolysis, which were diluted with
CDCl, and subjected to 'H and "*F NMR spectroscopy.

Anodic oxidation of 1b-NMe, (c=100 mM, j=50 mAcm™, 1
F with respect to 1b) at room temperature leads to selective
conversion into a species displaying two aromatic signals with a
downfield displacement, consistent with the transformation of
the iodo substituent into a more electron withdrawing iodine
(Il) moiety (see Figure 3, A and B, full spectra are shown in the
SI). Based on the integrals of the NMR signals and assuming a
two-electron oxidation, the Faradaic efficiency (FE) of this
process corresponds to 95%. Additional structural information
was obtained from '°F spectroscopy, where a signal appeared at
—76.1 ppm, which is characteristic for HFIP anions coordinated
to iodine(lll)."® In order to establish the numeric ratio between
aromatic protons and fluorine atoms on the product, we have
repeated both the 'H and "F NMR measurements using 1,4-
difluorobenzene as an internal standard (for details see the SI).
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Figure 3. 'H NMR spectroscopy of solutions of 1Tb-NMe, and 1c-NMe, in HFIP
before (black line) and after passing 1 F of charge (blue line). All aliquots
were diluted with CDCl; prior to each measurement.

NMe,* ° . RO
SOy
3 RFO 1—0 O NMe,*
5 2c-l
-2H+ ZRFOH -2H"
RrO—1—OR¢ NMe4
2b-NMe,
Rpo I- ORF
Re = CH(CF3), 2l

Scheme 1. Electrolysis of 1b-NMe, and 1c-NMe, in HFIP at room temper-
ature.

Since these results indicate that two alkoxy groups are attached
to the iodine and due to the general preference of iodine(lll)
toward a T-shaped structure with a trans configuration of the
electron-withdrawing groups,l'”'® we conclude that the elec-
trolysis product corresponds to structure 2b-NMe, in Scheme 1.
The abovementioned reduction of 2b-NMe, to 1b-NMe, upon
removal of the solvent may be ascribed to a (-elimination
releasing one equiv. of HFIP and one equivalent of hexafluor-
oacetone, as previously observed for 1a-Cl0,.["!

The ortho-substituted iodoarene 1c-NMe, was converted
using the same electrolysis set-up (c=50 mM, j=25mAcm™,
1F with respect to 1c). Again, the iodoarene is selectively
transformed into a single species, which is stable in solution for
several days but unstable in the solid state. The 'H NMR
spectrum of the electrolyzed solution reveals four additional
aromatic signals at 7.63 (2H), 7.80 and 7.88 ppm (see Figure 3, C
and D). Assuming a two-electron process, the FE determined
from the integral ratio between iodine(l) and iodine(lll) species
is 84%. With the sulfonate group located in the ortho position,
the product can exist either as a cyclic benziodoxathiole species
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(2c-1, see Scheme 1) or as the non-cyclic structure 2c-Il. While in
previous studies it was shown that in the solid state, 2-
iodosylarenesulfonic acids assume the cyclic tautomer (analo-
gously to structure 2¢-1),? it is possible that in our scenario, the
sulfonate group competes with electrogenerated HFIP anions
for coordination to iodine(lll). Unfortunately, the results of 'F
NMR analysis of the electrolysis solution are not conclusive,
since the signals of the HFIP ligand(s) overlap with the solvent
signal. In contrast to 2b-NMe, we could therefore not
determine the H:F ratio on the electrolysis product using an
internal standard, leaving open the question whether it exists
as the cyclic structure 2c-l or the acyclic species 2c-Il.

In order to test whether 1b-NMe, and 1c-NMe, are capable
of serving as ex-cell mediators, 2-acetamidobiphenyl was added
to the solution as a test substrate, which is known to undergo
oxidative cyclization to form the N-substituted carbazole in
presence of iodine(lll) compounds."® A clean cyclization was
indeed observed in both cases by gas chromatography (for
more details see section 2.5). Furthermore, we have considered
the possibility for using the iodoarenes in sub-stoichiometric
amounts as in-cell mediators. However, since CV measurements
showed that 2-acetamidobiphenyl is oxidized at a less positive
potential than 1a - 1c and Phl (E,=1.6 V vs. Ag/AgNO;, see the
SI), the catalytic in-cell approach turned out to be unfeasible.

2.3. Electrochemistry of lodobenzoates

Since the solubility of 4-iodobenzoate salts is too low for the
application as mediator and supporting electrolyte, we re-
stricted the voltammetric analysis to 10 MM 1e-NMe, and
10 mM 1f-NMe, in HFIP. The linear scans recorded at 100 mVs™'
are shown in Figure 4 (along with the data corresponding to
10 mM 1a-BF, for comparison) In both cases, the scan reveals a
single feature in the studied potential regime, whereby E;
strongly depends on the position of the carboxylate group on

the iodoarene ring (AE,=320mV). As for 1a-1¢, cyclic
1a-BF, ----1f-NMe,
2| 1e-NMe, oo NBu,BF

" 1 " 1 Y 1 i 1 i
1.2 1.4 1.6 1.8 2.0 22
E (vs. Ag/AgNO,) I V

Figure 4. Linear sweep voltammograms of HFIP-solutions containing 10 mM
1a-BF, as well as iodobenzoate salts 1e-NMe, and 1f-NMe, (no supporting
electrolyte) recorded at v=100 mVs™' using a glassy carbon working
electrode (iR drop compensated). A blank CV (100 mM Bu,NBF, in HFIP) is
inserted for comparison.
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Table 3. Summary of the electrochemical characteristics extracted from
Figure 4.

Species E [VI® Epp/[V]® jo IMAcm™]
1e-NMe, 1.87 1.71 1.30
1f-NMe, 1.55 145 1.67

[a] Reference electrode: Ag/0.01 M AgNO, in CH5CN.
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voltammetry at varying scan rates (10-500 mVs™") reveals that
the oxidation of 1e and 1f is irreversible and that j, increases
linearly with v'? (see the SI). The E, E;,, and j, values extracted
from Figure 4 are summarized in Table 3.

The iodobenzoate species were subjected to electrolysis
using the same set-up as described above. Surprisingly, 'H NMR
analysis of the electrolyte solution after electrolysis of 1e-NMe,
(c=100 mM, j=10 mAcm™ 1 F with respect to 1e) did not
show any aromatic signals except for the ones of the
unconverted iodoarene. However, with the appearance of a
characteristic signal at —83.8 ppm, the 'F NMR spectrum
indicates the formation of hexafluoroacetone (see the SI).*!
Since according to the linear sweep voltammograms shown in
Figure 4, a direct oxidation of HFIP in presence of 1e-NMe, is
not possible, the generation of hexafluoroacetone most prob-
ably proceeds via an indirect pathway mediated by iodine(lll).
Assuming that the carboxylate group in 1e-NMe, is a
sufficiently strong nucleophile, such an indirect HFIP oxidation
would be in agreement with our previous study, where we
found that nucleophiles can induce the reduction of iodine(lll)
species of type 2 back to 1." Consequently, a plausible
explanation is provided by the sequence shown in Scheme 2,
where 2e-NMe, is initially formed, followed by nucleophilic
attack of the carboxylate group of 1e (potentially forming a
tetra-coordinate [12-I-4] iodate).”” Subsequent B-elimination of
a proton leads to the oxidation of HFIP and concomitant
reduction of the iodine(lll) species to 1e-NMe,. Since the
proposed reaction leads to regeneration of the iodoarene, it
would explain the absence of any signals related to iodine(lll)
species in the post-electrolysis '"H NMR spectrum.

The 2-iodobenzoate salt 1f-NMe,, however, can be selec-
tively oxidized to an iodine(lll) species. After passing 1 F with

1e-NMe, -2, -2H 1e-NMe, + R:OH
+ - > .\ 0
2 R:OH
" FsC” “CF3
-2¢ _
e Rr = CH(CFa) 1 - ACO,
; COy
c0: - NMe,*
NMe4+ + ArCO> e
- —
RO—IZ0O~H
ReO—I—OR¢ C; (g -cFs
2e-NMe,

Scheme 2. Electrolysis of 1e-NMe, in HFIP at room temperature (including a
plausible mechanism for the formation of hexafluoroacetone).
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respect to 1f (c=100 mM, j=25 mAcm?), the '"H NMR spec-
trum shows an additional set of signals at 7.81, 8.02, 8.09 and
8.23 ppm (Figure 5B), whereby the integral ratio corresponds to

1f + 2f

82 80 78 76 74 72 70
o/ ppm

Figure 5. '"H NMR spectroscopy of a solution of 1f-NMe, before and after
passing 1 F of charge (the aliquots were diluted with CDCI; prior to each
measurement).

0 ;+ ReO
RrO—1—0 NMe,*
-2e
1f-NMe, + 2 R-OH 2
-2 H*
NMe,*
COy
RrO—I—OR¢
Rr = CH(CF3), 2f1

Scheme 3. Electrolysis of 1f-NMe, in HFIP at room temperature.

a FE of 60%. With a signal at —75.0 ppm, the '°F NMR spectrum
reveals that HFIP is coordinated to the iodine(lll) species.
Analogously to 2c-NMe,, the cyclic benziodoxolone species 2f-I
and the non-cyclic structure 2f-l are conceivable (Scheme 3).

The benziodoxolone structure has been confirmed for a
number of analogous iodine(lll) compounds in the solid state
(e.g. 2-iodosobenzoic acid)®” and it has been found that the
cyclic structures exhibit a considerably higher stability com-
pared to the acyclic analogues.”™ In our case the analysis of the
'H and "F NMR spectra of the electrolysis solution recorded in
presence of 1,4-difluorobenzene as an internal standard
indicates that one alkoxy group is attached to the iodine (see
the SI) and that consequently, 2f-l is the prevailing structure in
solution.

In order to test the applicability of 2f-NMe, as a mediator,
2-acetamidobiphenyl was added to the electrolyte solution. In
contrast to the reactivity tests of 2b-NMe, and 2c-NMe,, no
conversion of starting material was observed after stirring
overnight. Since 2f appears to be less reactive than the other
candidates, hydroquinone was added as an easy-to-oxidize
starting material, whereby again no conversion could be
induced.” We therefore conclude that the stabilizing influence
of the ortho group curbs the reactivity of 2f-NMe, and thereby
its utility as a mediator. In principle, benziodoxolones of type 2f
exhibit a lower reactivity compared to the acyclic iodine(lll)

ChemElectroChem 2019, 6, 4229-4237 www.chemelectrochem.org
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congeners.”® The stabilization has been ascribed to an

improved overlap of the lone pairs of electrons on the iodine
atom with the m-orbitals of the benzene ring® and to the
bridging of an axial and an equatorial position by a five-
membered ring (aryl-A*-iodanes exhibit a pseudo-trigonal
bipyramidal geometry with the lone pairs in the equatorial
position)."”

2.4. Conductivity Measurements

Since the salts of the type 1 were designed to function both as
mediator and supporting electrolyte, we were interested in
comparing their conductivities (o) in HFIP solution to salts
which are frequently used in electrosynthesis. Due to the low
solubility of 4-iodobenzoate salts 1d, the lack of stability of 3-
iodobenzoate 1e-NMe, and the lack of reactivity of species 2f-I,
we restricted the analysis to the sulfonates 1b and 1c. The
corresponding o-concentration plots are shown in Figure 6

CHEM
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Figure 6. Plots of the conductivity (o) vs. the concentrations of mediator
salts 1a-1¢ (T=25°C) and Bu,NBF,.

along with the data for 1a-BF, and NBu,BF,, the latter one as
one of the most frequently used supporting electrolytes in
organic electrosynthesis.

Among the selected candidates, 1b-NMe, exhibits the
highest o-values within the studied concentration regime. With
6.4 mS cm™', o of a 0.5 M solution is about 10% higher than for
solutions of 1a-NMe, and 1c-NMe, of the same concentration
and 40% higher compared to the NBu,BF, standard.

We were also interested in varying the cation of the most
successful candidate 1b and measuring the effect on the
conductivity. Unfortunately, 1b-Li and 1b-Na turned out to be
insoluble in HFIP. In contrast, 1b-NEt, is well soluble, but
exhibits a slightly lower conductivity than 1b-NMe, (see
Figure 6).
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2.5. Synthetic Applications

For our synthetic study we have selected the 1b-NMe,/2b-
NMe, couple as the most promising candidate with respect to
conductivity, reactivity and FE for generation of the iodine(lll)
species. Prior to the application tests we started with an
optimization of the electrolysis parameters with particular focus
on process intensification. Monitoring the conversion of 1b to
2b via 'H NMR spectroscopy, j was varied for a 50 mM solution
of 1b-NMe, in HFIP (1 F with respect to 1b). Interestingly, an
increase of the current density leads to improved results with a
maximum FE at 100 mAcm™ (see Table 4, entries 1-4). A

Table 4. Optimization of the electrolysis parameters j, Q and the initial
concentration c for the electrogeneration of 2b-NMe,.”!
% electrolysis "
NMs, 2ROH  NMey OR
+
-2H ORg
1b-NMe, Rr = CH(CF3)2 2b-NMe,
Entry ¢ (1b) [mM] Qmol ™" [F] jImAcm™] FE (2b) [9%]®
1 50 1 5 69
2 50 1 25 95
3 50 1 50 96
4 50 1 100 >99
5 100 1 100 95
6 200 1 200 79
7 50 1.5 50 93
8 50 20 50 84
[a] Undivided cell, solvent: HFIP (5 mL), anode: glassy carbon plate
(A=1 cm?), cathode: platinum sheet (A=1 cm?), room temperature,
stirring. [b] The conversion was determined via 'H NMR spectroscopy of an
aliquot of the electrolyte solution (diluted with 50 vol% CDCI;).

simultaneous increase of concentration and j to 0.2 M and
200 mAcm™, respectively, results in a slight decrease of the FE
(entries 5 and 6), whereby no additional signals were found in
the aromatic range of the 'H NMR spectrum. A successive
increase of the amount of charge equivalents from 1 F to 2 F
leads to an eventual decrease of the FE to still respectable 84 %
(entries 7 and 8).

With the optimized electrolysis conditions in hand and after
having confirmed that 2b can only serve as an ex-cell mediator
for the oxidative cyclization of 2-acetamidobiphenyls 3 (vide
supra), we started to explore the scope of the reaction with
respect to the substitution on the aromatic ring and on the
nitrogen (see Table 5). For this purpose, 3 was added to a pre-
electrolyzed solution of 1b-NMe, in HFIP (two equiv. of 2b-
NMe,, generated under the conditions shown in entry 5 of
Table 4). The ex-cell conversion was monitored with TLC and
after completed reaction, the solvent was removed under
reduced pressure for recycling. Due to the low solubility of 1b-
NMe, in nonpolar solvents, the mediator could be recovered in
analytical purity from the solid residue either by simple
trituration with ether or by fractionation between water and an
organic solvent.
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Table 5. Synthesis of carbazoles using electrogenerated 2b-NMe,."”

NHR! 2 equiv. 2b-Me4N 51
OO —= G
3 4
Compound R R? Yield 4 Recovered
[%] 1b-NMe, [%]

3a Ac H 88 2

3b Ac OMe 54 >99

3c Ac Me 57 97

3d Ac F 45" 94

3e Ac CN [c] [c]

3f Ts H 51 98

3g Ms H 80 94

3h Bz H [d] [d]

3i CF,CO H [c] [c]

[a] Batch size: 0.25-0.5 mmol, room temperature, stirring overnight,
isolated yields. [b] 1.2 equiv. 2b-Me,N. [c] No conversion after stirring
overnight (according to 'H NMR spectroscopy, species 2b-NMe, remained
intact). [d] Conversion of 3h with 2b-NMe, led to consumption of the
oxidant, thus rendering a complex reaction mixture with several
unidentified products.

4234

While unsubstituted 3a is cleanly converted to N-acetyl
carbazole (4a), the introduction of the electron-donating Me
and OMe substituents to the 4’-position leads to side reactions
and slightly decreased yields in 4b and 4c, respectively. Under
the same conditions, the conversion of 3d having a fluoro
moiety in the 4’-position renders 4d in a poor yield as a part of
a complex reaction mixture, whereas a decrease of the mediator
load to 1.2 equiv. leads to a respectable 45% yield. The
introduction of an electron-withdrawing CN group to the 4'-
position, however, results in a deactivation of the starting
material and consequently, no conversion was achieved even
after heating and prolonged reaction time. With respect to the
N-substitution, we have tested the tosyl, mesyl, benzoyl and
trifluoroacetyl group (3f-i). While the C—N coupling was
successful for the sulfonamides 3f and 3g, no conversion was
achieved with compounds 3h and 3i. It is worth highlighting
that the average mediator recovery rate of 1b-NMe, for the
successful conversions shown in Table 5 amounts to 97 %.

Using the reaction 3a—4a as a test case, we proceeded
with exploring the tolerance of the protocol toward different
additives. For this purpose, 3a was converted with one equiv.
2b-NMe, in presence of one equiv. additive under otherwise
identical conditions as shown in Table 5, whereby the yields
were determined via GC using an internal standard. As
mentioned in the beginning, we have already tested the
stability of 2a toward various Brgnsted acids, and found that it
is relatively stable as long as the conjugated base is a weak
nucleophile. The presence of nucleophiles such as halide ions,
however, leads to a rapid conversion of 2a to 1a, and
concomitant release of HFIP and hexafluoroacetone.

In the presence of water or methanol, the yield of 4a
decreases only slightly (Table 6, entries2 and 3), whereas
increasingly nucleophilic additives such as pyridine and NEt;
lead to significantly reduced yields and formation of unidenti-
fied side products (entries 4 and 5). As expected, the addition of
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Table 6. Conversion of 3a with 1 equiv. of electrogenerated 2b-NMe, in
presence of different additives.”!

Entry Additive Unreacted 3a [%] 4a [%]
1 None 30 68

2 H,0 24 61

3 MeOH 21 54

4 Pyridine 31 53

5 NEt, 49 40

6 NBu,Br 17 o

7 AcOH 50 21

8 H,50, 36 0

9 PhCHO 19 62

[a] Conditions: 45 mM 2b-NMe, in 2.0 mL HFIP (1 equiv.), room tempera-
ture, 1 equiv. additive, stirring overnight, yields determined by GC using an
internal standard (dodecane). [b] Compound 6 (see Scheme 4) was isolated
instead of the carbazole. [c] Aq. H,SO, (92%) solution.

+ 1 equiv. NHAc
NBu4Br
—
@[NHAC R =Ph Br Ph
6: 77%
R 1equiv.2b ’

Ph HFIP, r. t.

R=
5a:R=H dg‘: NHAc
5b: R = Br [ Qé'p /@E
~0 R

R=H,Br /©/
*2n | 7a (R = H): 23%
QRF 7b (R =Br): 41%
!—Ar
NAc (NAC + Nu”
- . o 4, -RgO"
R -Ad r OFF
8 9

Scheme 4. lodine(lll)-mediated aromatic substitution at anilides 3 and 5.

NBu,Br inhibits the cyclization completely (entry 6). Interest-
ingly, the bromide ion does not attack the iodine(lll) species,
but is instead incorporated into the biphenyl structure in para
position relative to the amido group. The corresponding
brominated product 6 was isolated in 77 % yield (see Scheme 4).
The addition of Brgnsted acids leads to unidentified side
reactions with decreased yields in the case of AcOH and to a
complete inhibition, respectively, in the case of H,S0O, (entries 7
and 8). In contrast, the presence of benzaldehyde does not
significantly influence the outcome of the reaction (entry 9),
and therefore, carbonyl groups seem to be well tolerated.

Next, we were interested in exploring whether the sulfonate
group on 1b can itself act as a nucleophile and intercept
cationic intermediates. For this purpose, we have tested
benzamides 5a and 5b, where the phenyl substituent is
replaced by H and Br, respectively. In these cases, the activation
of the substrate should still proceed via the amide nitrogen,
whereas no cyclization can compete with the attack of the
nucleophile. After conversion with two equiv. 2b-NMe,, the
iodoarylsulfonate adducts 7a and 7b could be isolated in 23
and 41% yield, respectively. A plausible explanation for the
formation of compounds 6 and 7 would be an activation of the
amide nitrogen by iodine(lll) via intermediate 8, followed by
reductive elimination of the Arl unit giving intermediate 9 and
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subsequent nucleophilic attack of the bromide and sulfonate
group, respectively (see bottom of Scheme 4).%?

Scheme 4 highlights the importance of taking into account
the nucleophilicity of the ionic tags on the mediator for the
design of indirect anodic syntheses. This point is further
illustrated by the oxidative cyclization of allylamide 10 to the
corresponding 2-oxazolines 11a and 11b (see Scheme 5). The

O«

O 48%
4

Arl(ORp)2
=2b
—
1) 2 equiv. Arl(OR),
1.1 equiv. TFA
HFIP, r. t.

O” 'NH  2)1 M NaOH, r. t.
N
| O
0,
10 Ar(OR;), 4 R
=2a OH

N
W
%
12 !—Ar
L

N
W
sl
13 X

Scheme 5. Cyclization of N-allylamides using anodically generated 2b-NMe,
and 2a-BF,.

synthesis of 11b was previously reported by Moran and
coworkers to efficiently proceed by treatment of 10 with
Selectfluor in presence of 4-methoxyiodobenzene and TFA.
The authors proposed that the olefinic double bond on 10 is
activated by an in situ formed iodine(lll) species, thus inducing
cyclization via intramolecular nucleophilic attack of the amide
oxygen and formation of the A%-iodane intermediate 12
(Scheme 5, L=F or CF;CO,). Subsequent nucleophilic substitu-
tion by the trifluoroacetate ion was believed to render
intermediate 13 (X=CF;CO,), which was hydrolyzed in a second
step with ag. NaOH to give primary alcohol 11b. In our case,
however, the use of electrogenerated 2b-NMe, for the cycliza-
tion leads to the interception of either 12 or 13 (L, X=0CH
(CF5), or CF;CO,) by the sulfonate group of the mediator. The
thus formed adduct 11a is stable toward ag. NaOH and was
isolated in 48 % yield after the attempted hydrolysis. In contrast,
applying the two-step protocol using 2a-BF, instead of 2b-
NMe, under otherwise identical conditions leads to the
formation of 11b in 62 % yield. Therefore, we conclude that for
future developments involving redox-active supporting electro-
lytes of type 1, cationic tags should be used whenever an
anionic tag can interfere with cationic intermediates. On the
other hand, the iodoarylsulfonate unit may also be considered
as a building block for the construction of more complex
molecules, whereby the iodo group could serve as a starting
point for further functionalization.
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3. Conclusions

Based on our previously reported mediator-supporting electro-
lyte system, where an iodoarene was tethered to an alkylammo-
nium group (1a),"” we have explored iodoarene sulfonates 1b-
1c and iodobenzoates 1d-1f as potential alternatives. Their
distinct advantage over 1a is the significantly reduced effort for
synthesis of the iodine(l) compounds (one instead of three
steps) and the lower molecular weight. In the case of the
carboxylates, however, we have faced problems with the
solubility in HFIP (1d), a lack of stability of the iodine(lll) species
(2e) and a lack of reactivity toward test substrates (iodoxolone
species 2b-l). In contrast, excellent Faradaic efficiencies were
achieved for the electrochemical generation of the sulfonate-
substituted iodanes 2b and 2c. With respect to Faradaic
efficiency, conductivity, and reactivity, the para-sulfonate spe-
cies 1Tb-NMe, was identified as the most promising candidate.
Its successful application to carbazole synthesis proved that 1b-
NMe, is a useful mediator for oxidative cyclizations. For this
specific transformation, cyclic voltammetry studies showed that
1b-NMe, can only be used as an ex-cell mediator (the same is
true for unsubstituted Phl).

One of the outstanding benefits of the developed method
is that the generation of the active iodine(lll) species is achieved
using traceless electric current as reagent without the need for
supporting electrolyte additives and with the generation of H,
as the only byproduct. Furthermore, the integration of mediator
and supporting electrolyte into one species allows for straight-
forward recovery and reuse of both components in a single
step, which is a distinct advantage over unsubstituted Phl used
in combination with an alkylammonium salt. Another important
finding was that in some instances, the anionic group can
intercept carbocation intermediates forming stable sulfonate
adducts. Consequently, the sulfonate mediators should be
selected with care, and the alkylammonium-substituted salt 1a
can be used instead whenever the interception of carbocation
intermediates may represent a problem.

We consider the introduction of species 1a-1c as the
starting point for the development of a mediator-supporting
electrolyte platform, which will eventually allow for the
selection of a species with properties such as oxidation
potential and reactivity tailored to the synthetic purpose. Our
current efforts are therefore focused on the development of
novel ionically tagged iodoarenes and on the expansion of the
scope of synthetic applications.

Experimental Section

Voltammetric Analysis

The experiments were carried out in a conventional three electrode
cell using a Parstat 4000 (Ametek, Berwin, USA). A glassy carbon
disc (diameter: 1.6 mm) served as the working electrode and a
platinum wire as the counter electrode. The glassy carbon disc was
polished using an alumina suspension (0.05 um) prior to each
experiment. As a reference a Ag/AgNO; electrode (silver wire in
0.1 M NBu,CIO,/CH;CN solution; c(AgNO;) =0.01 M; E,=—87 mV vs.
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the ferrocene redox couple)®” was used and this compartment was

separated from the rest of the cell with a Vycor frit. The electrolyte
was purged with a stream of argon for at least five minutes prior to
recording. For the estimation of E, and E;,, the average value of
three different measurements was used (typical deviation within
the range of 10 mV). In order to account for the iR drop, positive
feedback iR compensation was carried out. The resistance R was
determined by electrochemical impedance spectroscopy prior to
each experiment.

Typical Procedure for Preparative-Scale Electrolysis

A solution of 1b-NMe, (1.0 mmol) in HFIP (10.0 mL) was placed in
an undivided cell equipped with a glassy carbon anode (1 cmx
1 ¢cm) and a platinum sheet cathode (1 cm x 1 cm). Under stirring of
the solution, a constant current density of 100 mAcm ™2 was applied
until 1.0 F were passed. The Faradaic efficiency of the electrolysis
and the concentration of 2b-NMe, were determined by 'H-NMR
spectroscopy. For this purpose, an aliquot of the electrolysis
solution was diluted with CDCl; (1:1, v/v).

After completed electrolysis, the starting material was added to the
solution and stirred at room temperature until completion of the
reaction (usually overnight, reaction monitoring by TLC). The
solvent was then removed under reduced pressure and recycled in
further experiments. The remaining solid was fractionated between
water (20 mL) and a diethyl ether/n-heptane mixture (20 mL, 1:1
vol/vol). The aqueous layer was extracted with n-heptane (20 mL)
and the combined organic layers were washed with brine, dried
over Na,SO, and concentrated under reduced pressure to obtain
the crude product. Further purification can be achieved by column
chromatography or sublimation. The mediator (1b-NMe,) was
recovered in analytical purity from the aqueous layer by evapo-
ration of the solvent under reduced pressure and drying in vacuum.
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