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Nummerierung

Die Bezeichnung aller Liganden und Komplexe wird wie in den Publikationen verwendet.
Zusétzlich erfolgt unter Angabe der Grobuchstaben A—I der Verweis auf die entsprechende

Publikation (Anhang 1).
Nummerierung der Liganden
Einige der Liganden kommen in mehreren Verdffentlichungen vor und besitzen auf Grund

dessen eine Doppelnummerierung die im Folgenden wiedergegeben ist:

1-MeSCy: 3C/3H

OAc-SPT: 2E/6aF OBz-Sbpy: 6E/7bF
OBz-SPT: 3E/6bF OBn-SEt: 4dF/1aG
OBn-SPT: 4E/6¢F OBn-STaz: 5bF/2aG
OAc-Sbpy: 5E/7aF 6bpy-OBn-STaz: 5hF/9aG

Nummerierung der Komplexe

Die Ausgangsstoffe zur Erzeugung der Platin(IV)-Precursorkomplexe sowie die
Precursorkomplexe selber werden ohne Angabe eines GroBbuchstaben nummeriert. In
eckigen Klammern erfolgt einmalig die Angabe der Nummerierung in den

Verdffentlichungen. Doppelnummerierungen einzelner Komplexe sind ebenfalls aufgelistet.

(1) [PtMesl(bpy)] [2A]

(2)  [(PtMesl)4] [2B]

(3a) [PtMe3(Me,CO)(bpy)][BF4] [1D, 1aG]

(3b)  [PtMe3(Me,CO)( ‘Buabpy)][BF4] [1bG]

(3c)  [PtMes(MeOH)(bpy)][BF4] [1C]

(4)  [PtMes(OAc)(bpy)] [4A, 1]

(5)  [PtMe3(OAc-k*’0,0")(Me,CO)] [3A, 1B, 2F, 6D]
(6)  [PtMe3(Me,CO)3][BF4] [3F, 1H]

(5A)  [PtMe;(bpy)(pymt-kS)]

(6A)  [PtMes(bpy)(pyt-kS)]
(7TA) [PtMes(bpy)(tzt-kS)]



(8A)

[PtMes3(bpy)(tpt-«S)]

(9A/4B) [(PtMe;3),(pn-pymt-1«N,1:2k%S),]
(10A/3B)  [(PtMes)a(u-pyt-1kN,1:2k%S),]
(11A/5B) [(PtMes)a(p-tzt-1kN, 1:2°S),]
(12A/6B) [(PtMe3)a(p3-tpt-kS)a]

(4C)
Cl®)
(3D)
(4D)
(5D)
(7D)
(7aD)

(1E)
(7E)
(8B)
(9E)
(10E)
(11E)
(8F)
(9F)
(10F)

[PtMe3(bpy)(SCy-kS)][BF]
[PtMes(bpy)(1-MeSCy-«S)][BF4]
[PtMe;(bpy)(s*Ura-kS*)][BF4]
[PtMe;(bpy)(s*Ura-kS*)][BF4]
[PtMe3(bpy)(szs4Ura-KS4)] [BF4]
[(PtMes)a( ].L—s4UraLH)2]
[{(PtMes)(u-s*Ura_on) }2 {(PtMe;)
(u-S*Ura_g) }2{(PtMes(H,0))(n-S*Ura n) )]
[Pt(COMe),(NH,Bn),]
[Pt(COMe),(OAc-SPT)]
[Pt(COMe),(OBz-SPT)]
[Pt(COMe)»(OBn-SPT)]
[Pt(COMe)2(OAc-Sbpy)]
[Pt(COMe),(OBz-Sbpy)]
[PtMes(bpy)(4aF-«S)|[BF4]
[PtMe3(bpy)(4bF-kS)][BF4]
[PtMe3(bpy)(4cF-«S)][BF4]

(11F/1cG)  [PtMes(bpy)(4dF-kS)][BF,]

(12F)
(13F)
(14F)
(15F)
(16F)
(17F)
(18F)
(19F)

[PtMe3(bpy)(4eF-«S)][BF4]
[PtMe;(‘Busbpy)(4aF-«S)][BF4]
[PtMes3("Busbpy)(4cF-«S)][BE4]
[PtMes3("Buabpy)(5¢F-kN)][BF4]
[PtMes3(‘Buabpy)(5gF-kN)][BF4]
[PtMes(bpy)(5aF-kN)][BF4]
[PtMes(bpy)(SbF-kN)][BF4]
[PtMes(bpy)(5CF-kN)][BF]

(20F/2¢G) [PtMes(bpy)(5dF-kN)][BF.]

(21F)

[PtMe3(bpy)(5eF-kN)][BF4]



(21aF) [PtMes(bpy)(STazH-kS)]

(22F) [PtMes(bpy)(5fF-kN)][BE4]
(23F) [PtMe3(bpy)(5gF-kN)][BF4]
(23aF) 1,6-Anhydro-2,3,4-O-tribenzoyl-B-D-glucopyranose
(24F) [PtMe3(OAc-k*0,0’)(4aF-kS)]
(25F) [PtMe3(OAc-k*0,0’)(4bF-xS)]
(26F) [PtMe3(OAc-k*0,0”)(4cF-kS)]
(27F/1dG)  [PtMe;3(0OAc-x’0,0°)(4dF-kS)]
(28F) [PtMe;(OAc-k*0,0”)(4eF-kN)]
(29F) [PtMes(OAc-k*0,0")(5aF-kN)]
(30F) [PtMes(OAc-k*0,0")(5bF-kN)]
(31F) [PtMes3(OAc-k*0,0")(5¢F-kN)]
(32F/2dG) [PtMe3(OAc-k*0,0")(5dF-kN)]
(33F) [PtMe3(0Ac-k*0,0")(5eF-kN)]
(34F) [PtMe3(OAc-k’0,0")(5fF-kN)]
(35F) [PtMe3(OAc-k°0,0")(5gF-kN)]
(36F) [PtMes(4aF)][BF4]

(37F) [PtMes(4cF)][BF4]

(38F/1bG)  [PtMes(4dF)][BF4]
(39F) [PtMe;(4eF)][BE4]

(40F) [PtMe;(4fF)][BF4]

(41F/9bG)  [PtMes(5hF)][BF]
(42F) [PtMe;(6aF)][BF4]

(43F) [PtMe;(6bF)][BF4]

(44F) [PtMe;(6¢F)][BF4]

(45F) [PtMes(7aF)][BF4]

(46F) [PtMes(7bF)][BF,]

(2bG) [PtMe;(0Ac-k*0,07)(2aG)]
(5bG) [PtMe;(5aG)][BF,]

(6bG) [PtMe;(6aG)][BF,]

(8bG) [PtMe;(8aG)][BF,]

(BH)  [(PtMes)2(n-1-MeSCy),][BF4]



Einleitung

1. Einleitung und Problemstellung

Die Erkenntnis, dass Metalle in biologischen Verbindungen und Prozessen eine zentrale Rolle
spielen, fiihrte zur Entwicklung der Bioanorganischen Chemie als ein junges eigenstindiges
Wissenschaftsgebiet [1]. Im Fokus dabei steht die Aufkldrung der Wirkungsweise und
Funktion von Metalloproteinen, Vitaminen und Naturstoffen. Zu den bekanntesten Vertretern
gehoren dabei das Hamoglobin, Vitamin B, und auch Chlorophyll (Abb. 1), also Porphyrin-
/Corrin-Komplexe vom Fe, Co und Mg, die fiir einige der wichtigsten Funktionen wie
Sauerstofffixierung und -transport, Speicherung von Spurenelementen oder auch
Photosynthese verantwortlich sind. Die Bioanorganik stellt dabei eine interdisziplinare
Wissenschaft dar, die nicht nur die anorganische und organische Chemie sowie Biochemie
miteinander verbindet, sondern mit weiteren grundlegenden Wissenschaften ein enges

Netzwerk bildet (Abb. 2).
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Abbildung 1. a) Himoglobin, b) Vitamin By,, ¢) Chlorophyll a.

Zu den bedeutendsten bioanorganischen Pharmaka zédhlt Cisplatin (Abbildung 3), das seit
seiner Entdeckung im Jahr 1965 von ROSENBERG [2] und der Einfiihrung in die Chemo-
therapie 1978, bis heute eines der meist verwendeten Cancerostatica ist. Die cytotoxische
Wirkung des Platin(II)-Komplexes beruht zunichst auf der Hydrolyse der Chloroliganden und
der daraus folgenden Generierung eines hochreaktiven Diammindiaquakomplexes [3]. Die
anschlieende Koordination an die DNA erfolgt hauptsdchlich iiber N7-Atome von zwei
Guanin-Nucleobasen, was vorwiegend zu Intrastrangvernetzungen (intrastrand cross-linking)
fiihrt, aber auch Interstrangvernetzungen (interstrand cross-linking) der DNA-Doppelhelix zur

Folge haben kann. Des Weiteren kommt es zu einer Aktivierung zahlreicher Signal-Transduk-
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Abbildung 2. Bioanorganische Chemie als interdisziplindres Wissenschaftsgebiet (nach [1]).

tionswege und im Endeffekt zur Unterbindung der DNA-Replikation und dem anschlieBenden
Zelltod [3,4]. Auf Grund von Resistenzen einiger Tumorarten gegeniiber Cisplatin sowie
erheblicher Nebenwirkungen wurden bis heute zahlreiche weitere Platinkomplexe auf ihre
cyctotoxische Aktivitdt untersucht. Allerdings ist die Anzahl der Komplexe, die eine
vergleichbare Aktivitdt zeigen und in klinischen Studien getestet wurden, minimal und be-
schriankt sich auf rund 30 Komplexe [3,5]. Davon wurden allein vier als Cancerostatica
eingefiihrt. Abbildung 3 zeigt die zweite Generation der Platin(Il)-Cancerostatica:
Carboplatin, Oxaplatin und Oxaliplatin. Der letztere Komplex ist der einzige, der auch bei
Cisplatin-resistenten Tumorarten angewendet werden kann [3]. Die cytotoxische Aktivitit
von Platin(IV)-Komplexen ist ebenfalls von hohem Interesse und Gegenstand zahlreicher
Untersuchungen [6]. Platin(IV)-Komplexe sind kinetisch inert gegeniiber Liganden-
substitutionen, was die toxischen Nebenwirkungen erheblich minimieren kann. Man geht
derzeit davon aus, dass Platin(IV)-Komplexe als Pro-Pharmaka agieren und im Organismus
zu Platin(II)-Verbindungen reduziert werden [6]. Jedoch existieren auch Studien die zeigen,
dass Platin(IV)-Verbindungen ebenfalls mit der DNA interagieren kénnen und in vitro
cytotoxische Aktivitdt besitzen [7]. Von den Platin(IV)-Verbindungen die in klinischen
Studien getestet wurden (Abb. 3) werden diese allerdings nur fiir Satraplatin weitergefiihrt

[6,8].
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Abbildung 3. Platin(II)- und potente Platin(IV)-Cancerostatica.

Die bioanorganischen Pharmaka sind jedoch nicht nur auf Platinkomplexe beschrinkt. Seit
langer Zeit ist die therapeutische Aktivitit von Gold(I)-Verbindungen bekannt, die vor allem
Anwendung in der Rheuma- und Arthritistheraphie finden (Abb. 4). Dabei handelt es sich um
Gold(I)-Komplexe mit Thioglucoseliganden, wobei heutzutage hauptsichlich das
»Auranofin“ als Nachfolger des ,,Solganols* eingesetzt wird. Die therapeutische Wirkung des
»Auranofins® beruht dabei auf der hohen Affinitidt von Gold(I)-Verbindungen zu Schwefel.
»Auranofin“ bindet an die Mercaptogruppe eines Cysteinrestes der Cathepsinproteasen und
agiert somit als Enzyminhibitor. Die Cathepsinproteasen zéhlen zu den Lysozymenzymen, die

als Ursache fiir Gewebsentziindungen angesehen werden [9].

OH OAc

HO S—Au AcO S—Au—P(CzHs)s
OH OAc
n
n=68
Solganol Auranofin

Abbildung 4. Gold(I)-Kohlenhydratkomplexe in der Rheuma- und Arthritistherapie.

Thioanaloga von Biomolekiilen, wie Kohlenhydraten oder Nucleobasen, sind beziiglich ihrer
Bioaktivitit von grofBem Interesse. In Abbildung 5 sind die Grundtypen beider Verbindungs-
klassen zusammengefasst. Thionucleobasen leiten sich formal von Nucleobasen durch die
sukzessive Substitution eines Sauerstoffatomes durch Schwefel ab. Gemif3 der Einteilung der
Nucleobasen unterscheidet man auch hier Pyrimidin- und Purinbasen, die sich von den
Grundgeriisten der entsprechenden Heterocyclen ableiten lassen. 1965 gelang CARBON erst-

mals die Isolierung von 2-Thiouracil aus der tRNA von E.coli Bakterien [10].
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Abbildung 5. Thionucleobasen und schwefelfunktionalisierte Kohlenhydrate.

Auch 4-Thiouracil und 2-Thiocytosin konnten als Bestandteile der tRNA in verschiedenen
Quellen nachgewiesen werden [11]. Von grolem Interesse sind die biologischen Aktivititen
der Thionucleobasen und deren Derivate, insbesondere die cancerostatischen und antiviralen
Eigenschaften [12]. Dies macht sie zu potentiellen Pharmaka und mit entsprechender Iso-
topenmarkierung auch zu Radiopharmaka [13,14]. Das Schwefelatom ist fiir die Bioaktivitit
essentiell und 18st hauptsichlich enzyminhibitorische Effekte aus. Auf Grund der hohen Ahn-
lichkeit zu den Sauerstoffanaloga werden diese Verbindungen in Stoffwechselprozessen nicht
erkannt und als sogenannte Antimetabolite in die RNA und DNA mit eingebaut, was zur
Unterdriickung von Protein- und Glycoproteinsynthesen fiihrt [15]. Weiterhin finden Thio-
nucleobasen Anwendung in der Photochemie zur rdumlichen Strukturaufklarung von Nuklein-
sduren sowie zur Identifizierung von Nucleobasen-Protein-Kontakten in Nucleoprotein-
komplexen [16]. Die Absorption der C=S-Bindung erfolgt im Vergleich zur C=0-Bindung
der Sauerstoffanaloga in ldngerwelligen Bereichen (A > 320 nm) und kann so selektiv mit

Hilfe von UV-Licht angeregt werden kann.
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Unter Thioglycosiden versteht man im strengen Sinne Kohlenhydrate (Abb. 5), die iiber die
glycosidische Bindung mit einem Thioalkohol (R—-SH) verbunden sind, geméil der
allgemeinen Struktur ch—S—R'. Dariiber hinaus gibt es schwefelfunktionalisierte Kohlenhy-
drate, bei denen der Ringsauerstoff durch Schwefel substituiert wurde, oder aber auch anstelle
einer Hydroxylgruppe die entsprechende Mercaptogruppe eingefiihrt wurde (Abb. 5). 5-Thio-
kohlenhydrate mit Ringschwefelatom besitzen cancerostatische und fertilitditshemmende
Eigenschaften [17]. Weiterhin wurde gezeigt, dass sie ebenfalls als Enzyminhibitoren agieren
[18]. In Diabetesstudien l0sten sie in Tierversuchen bei Ratten eine erhebliche Stérung des
Glucosestoffwechsels aus, was zu kurzzeitiger Hyperglycamie flihrte [19]. Neuere Unter-
suchungen zeigen, dass auch Thioglycoside und Kohlenhydrate mit Mercaptogruppen Enzym-
inhibitoren sind und auf Grund dessen cancerostatische oder auch entziindungshemmende Ei-
genschaften besitzen [20]. Auch Metallkomplexe mit Thionucleobase- und Thioglycosidli-
ganden besitzen potentielle Bioaktivitdt. Silber(I)-Komplexe mit Thioglycosidliganden
wirken antibakteriell und als Fungizid [21]. WHITEHOUSE synthetisierte 1998 Auranofin-
analoge Gold(I)-Verbindung mit Thionucleobaseliganden, die bei verminderter Toxizitdt eine
vergleichbare oder sogar hohere Aktivitit als ,,Auranofin® aufweisen (Abbildung 6) [22].
Dariiber hinaus konnte gezeigt werden, dass diese Verbindungen auch antitumorale Eigen-
schaften besitzen, wobei die cytotoxische Aktivitdt zum Teil deutlich hoher im Vergleich zu

Cisplatin ist [23].

R'3P—Au—S

H

l > HN™ ~N

/
=
sz)\ NT N o}\%\ R
L.

Abbildung 6. Auranofin analoge Thionucleobasegold(I)-Komplexe.

Dies macht deutlich, dass die Synthese von Metallkomplexen, insbesondere von
Platinkomplexen, mit Thionucleobase- und Thioglycosidliganden von besonderem Interesse
ist. Die Koordination eines bioaktiven Liganden an Platin kann zu Komplexen fiihren, die
eine hohere Bioaktivitit (insbesondere Cytotoxizitét) besitzen als vergleichbare Komplexe mit

»abiotischen Liganden.

' ch = Kohlenhydratrest
10
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Zielstellung der Arbeit

Das Ziel der vorliegenden Arbeit kann in drei Themengebiete unterteilt werden:

Zunichst sollten in Weiterfilhrung der Diplomarbeit [24] Platin(IV)-Komplexe mit
Thionucleobase-analogen N,S-heterocyclischen- sowie Thionucleobaseliganden synthetisiert
und charakterisiert und dariiber hinaus Untersuchungen zur cytotoxischen Aktivitdt dieser
Verbindungen durchgefiihrt werden. Die Synthese und Charakterisierung von Platin(II)- und
Platin(IV)-Komplexen mit Thioglycosidliganden, stellt den zweiten Schwerpunkt der Arbeit
dar. Dabei stand die Ermittlung des Koordinationsverhaltens der Kohlenhydrate im
Mittelpunkt. Die Kohlenhydratplatin(IV)-Komplexe sollten dariiber hinaus auf ihre Eignung
als Glycosyldonoren in Glycosylierungsreaktionen getestet werden. Dabei stand im Fokus zu
untersuchen, ob es durch die Koordination des Kohlenhydrates an das Platin(IV)-Atom zu

einer Beeinflussung des anomeren o/B-Gemisches zu Gunsten des a.-Anomeren kommt.

11
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2. Ergebnisse und Diskussion

2.1. Mononukleare Platin(IV)-Komplexe mit Thionucleobaseliganden [C,D]

2.1.1. Synthese und Charakterisierung

In Anlehnung an die in [A,24] beschriebenen Arbeiten, in denen das Koordinationsverhalten
der N,S- und S,S- heterocyclischen Modellliganden Pyridin-2-thion (pytH), Pyrimidin-2-thion
(pymtH), Thiazolin-2-thion (tztH) und Thiophen-2-thiol (tptH) untersucht wurde, wurden nun
die Thionucleobasen 2-Thiocytosin (SCy, 2C), 1-Methyl-2-thiocytosin (1-MeSCy, 3C/1H), 2-
Thiouracil (s*Ura), 4-Thiouracil (s*Ura) und 2.4-Dithiouracil (s’s*Ura) in die Untersuchungen
einbezogen, die auf Grund ihrer hdheren Anzahl an potentiellen Donoratomen ein
komplexeres Koordinationsvermogen besitzen. Um das bevorzugte Koordinationsverhalten
der Thionucleobasen gegeniiber Platin(IV)-Komplexen zu ermitteln, wurden zunichst die
Komplexe [PtMes(solv)(bpy)][BF4] (solv = Aceton, 3a; Methanol, 3c) als Precursorkomplexe
verwendet, die nur iiber eine substitutionslabile Koordinationsstelle verfiigen. Die Umsetzung
von 3a mit den Thionucleobasen SCy (2C) und 1-MeSCy (3C/1H) bzw. von 3c mit s*Ura,
s*Ura und s’s*Ura fithrt gemdB Schema 1 zur Bildung der mononuklearen Komplexe des
allgemeinen Typs [PtMes;(nb-«S)][BF4]. Die Komplexe [PtMes(nb-xS)][BF4] (nb = SCy, 4C;
1-MeSCy, 5C; sZUra, 3D; s4Ura, 4D; szs4Ura, 5D) wurden in Ausbeuten von 41-68% isoliert
und vollstindig durch 'H-, °C- und "’Pt-NMR Spektroskopie, Elementaranalyse sowie IR-
Spektroskopie charakterisiert.

In allen Féllen erfolgt die Koordination iiber das exocyclische Schwefelatom. Dies belegen
die Rontgeneinkristallstrukturanalysen von 4C-MeOH und 5C sowie die NMR-
spektroskopischen Daten aller Komplexe und quantenchemische Rechnungen von 4D und
5D. Dabei ist die Koordination {iber C4=S fiir 4D und 5D um 5.8 bzw. 3.3 kcal/mol stabiler
als iiber C2=0 (4D) bzw. C2=S (5D). Im Fall von [PtMe3(bpy)(szUra)][BF4] (3D) zeigen die
quantenchemischen Rechnungen, dass die Donorstarke der C2=S-Gruppe deutlich geringer ist
und mit der der C4=0-Gruppe vergleichbar ist. Das kann auf die zwei elektronegativen

Stickstoffatome in direkter Nachbarschaft der C2=S-Gruppe zuriickgefiihrt werden.
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Schema 1. Darstellung von mononuklearen Thionucleobaseplatin(IV)-Komplexen.

In Trimethylplatin(IV)-Komplexen ldsst sich der trans-Einfluss der Liganden anhand der
1Jpt,c-Kopplungskonstante des Methylliganden in trans Position zum jeweiligen Liganden ab-
schitzen, die sich umgekehrt proportional zueinander verhalten [25,26]. Auf dieser

Grundlage (Tabelle 1) ergibt sich folgende Abstufung:

SCy > 1-MeSCy = s*Ura ~ s’s"Ura > s*Ura.

Der relativ geringe trans-Einfluss des 2-Thiouracilliganden, der sich in der bis zu 31.6 Hz
groBBeren Kopplungskonstante widerspiegelt, steht im Einklang mit dem bereits erwédhnten
Ergebnis der quantenchemischen Rechnungen, das eine geringe Donorstirke der C2=S-

Gruppe ergab.
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Tabelle 1. Vergleich der 'Jp c-Kopplungskonstanten (in Hz) der Methylliganden in trans-
Position zu Thionucleobase- bzw. SAN_-Liganden in Komplexen der Typen

[PtMes(bpy)(nb-kS)][BF.] und [PtMes(bpy)(S  N-kS)].

[PtMe3(bpy)(nb-kS)][BF4] [PtMes(bpy)(S  N-k8)]”
nb Jpec” S N Jpic
4C SCy 642.1 pyt” 622.8
5C 1-MeSCy 649.5 pymt” 622.7
3D s*Ura 673.7 tzt” 622.9
4D s*Ura 651.5 tpt” 608.6
5D s’s*Ura 649.5

% Daten entnommen aus [A].” Trans zu S. © S N= Pyridin-2-thiolat, pyt"; Pyrimidin-

2-thiolat, pymt™, Thiazolin-2-thiolat, tzt"; Thiophen-2-thiolat, tpt").

ErwartungsgemiB zeigt der Vergleich der 'Jp c-Kopplungskonstanten der Neutralliganden in
4C, 5C, 3D-5D mit anionischen Thiolatoliganden der analogen Komplexe
[PtMes(bpy)(S  N-kS)] (S N— = Pyridin-2-thiolat, Pyrimidin-2-thiolat, Thiazolin-2-
thiolat, Thiophen-2-thiolat) [A,24] eine deutlich hohere Donorstirke der Thiolatoliganden
gegeniiber den Neutralliganden (Tabelle 1).

2.1.2. Strukturelle Aspekte

In den Komplexen 4C und 5C finden sich charakteristische Unterschiede in den Bindungs-
modi der SCy-«kS- (2C) und 1-MeSCy-kS-Liganden (3C/1H). In den Kiristallen von
4C-MeOH ist der Ligand nahezu parallel zur zentralen [PtC,N,]-Ebene angeordnet (Abb. 7).
Zwischen dem SCy-Liganden und dem Bipyridinliganden kommt es zur Ausbildung
intramolekularer attraktiver Wechselwirkungen durch n—n-Stapelung. Dariiber hinaus findet
man in Kristallen von 4C-MeOH intermolekulare n—n-Wechselwirkungen und
Wasserstoftbriickenbindungen. Im Unterschied dazu ist der 1-MeSCy-Ligand (3C/1H) in
einem Winkel von 71.1° zur [PtC,N,]-Ebene angeordnet, was nur zur Ausbildung
intermolekularer C—H---n-Wechselwirkungen und Wasserstoffbriickenbindungen fiihrt. Damit
ist das Schwefelatom in 4C als sp>- und in 5C als sp’-hybridisiert zu beschreiben. In

Ubereinstimmung damit stehen sowohl die ungewdhnlich lange C—S-Bindung von 1.745(7) A

14
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)
t—

Abbildung 7. Packung der [PtMe;(bpy)(SCy)] -Kationen und BF,; -Anionen in 4C-MeOH
unter Einbeziehung der n—n-Wechselwirkungen (---) und der Wasserstoffbriickenbindungen

().

in 4C-MeOH als auch der C2—S—Pt-Winkel (103.0 (2)°) sowie der Winkel von 78.2°, den die
Thiocytosinebene und der Pt—S-Vektor einschlieen. Die entsprechenden Werte in 5C (C—-S
1.702(6) A; C2-S-Pt 113.8°, « (-Mescy, p-s) 19.3°) belegen andererseits eine sz_

Hybridisierung des Schwefelatoms.

Quantenchemische Rechnungen®

Quantenchemische Rechnungen zeigen fiir die kationischen Thionucleobaseplatin(IV)-
Komplexe [PtMes(bpy)(nb-xS)]" (nb = s’Ura, 3D;s'Ura, 4D; s’s'Ura, 5Dcyc) bzw.
[{PtMes(bpy)(SCy-kS)}2]*" (6Ceaic) eine nahezu senkrechte Anordnung (88.8-90.0°) der
Thionucleobaseliganden gegeniiber der [PtC,N,]-Ebene. Dabei kann der Ligand eine der flinf
ausgezeichneten Konformationen (a—e) liber der [PtC,N;]-Ebene einnehmen (Abb. §), wobei
in allen Féllen Gleichgewichtsstrukturen lokalisiert werden konnten, die der Konformation a

entsprechen. Im Unterschied dazu sind im Neutralkomplex [PtMes(bpy)(pymt)] zwei nahezu

' Die quantenchemischen Rechnungen wurden von Herrn Prof. Dr. Steinborn und Herr Dr. G. N. Kaluderovi¢
angefertigt.
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energiegleiche Gleichgewichtsstrukturen mit den Konformationen ¢ und d lokalisiert worden.
Des Weiteren wurde ein Ubergangszustand (e) gefunden, der eine sehr niedrige
Rotationsbarriere von nur 2.9 kcal/mol besitzt [A]. Die Konformation (a, Abb. 8) des SCy-
Liganden in [{PtMe3(bpy)(SCy—KS)}2]2+ (6Cecaic.) entspricht nicht der in Kristallen von
4C-MeOH (Abb. 7) experimentell gefundenen. Zum einen nimmt der Ligand in 4C-MeOH
die Konformation ¢ ein und zum anderen ist der Heterocyclus annéhernd parallel zur
[PtC,N;]-Ebene angeordnet und steht nicht nahezu senkrecht auf ihr wie in 6C.q.

Weiterfiihrende quantenchemischen Rechnungen belegen, dass unter Einbeziehung der
Tetrafluoroborat-Anionen eine Verringerung des SCy/bpy-Winkels zu beobachten ist. Daraus
kann geschlussfolgert werden, dass die ungewdhnliche Konformation des SCy-Liganden in
4C-MeOH ein Resultat der Kombination aus sp’-Hybridisierung des Schwefelatoms und der

attraktiven Wechselwirkungen (n—n-Stapelung/Wasserstoffbriickenbindungen) ist.

Abbildung 8. Konformationen der Thionucleobaseliganden (nb) in Bezug auf die [PtC,N;]-
Ebene mit Blickrichtung entlang der S,,—Pt—CHj3-Achse.

2.1.3. Zur Tautomerie und zum Koordinationsverhalten der Thionucleobasen

Die moglichen tautomeren Formeln der Thiocytosin- bzw. Thiouracilliganden sind in
Abbildung 9 in der Reihenfolge Threr Stabilitit wiedergegeben [27]. Demzufolge liegen die
Thionucleobaseliganden in den Komplexen [PtMes(bpy)(nb-kS)][BF4] (nb = 1-MeSCy, 5C;
szUra, 3D; s4Ura, 4D; szs4Ura, 5D) in der stabilsten Form als Amino-Thion- (1-MeSCy), Oxo-
Thion- (s’Ura, S*Ura) bzw. Thion-Thion-Tautomer (s’s*Ura) vor. Dahingegen ist der 2-
Thiocytosinligand in [PtMe;(bpy)(SCy-«S)][BF4]-MeOH (4C-MeOH) in einer ungewdhn-
lichen tautomeren Form koordiniert, die als eine an N1 protonierte Amino-Thiolat-Form

beschrieben werden kann (Abb. 9).
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Abbildung 9. Tautomere von Thionucleobasen (nb) geordnet nach ihrer Stabilitdt [27]. Die
grau unterlegten Formeln beziehen sich auf die tautomeren Formen der Thionucleobasen in
den Komplexen [PtMe;(bpy)(nb-«S)][BF4] (nb = SCy, 4C; 1-MeSCy, 5C; s’Ura, 3D; s*Ura,
4D; szs4Ura, aD).

Neben einer sehr groBen Anzahl von Ubergangsmetallkomplexen mit anionischen
Thionucleobaseliganden findet man in der Literatur auch zahlreiche Komplexe mit neutralen
Thionucleobaseliganden. Wie erwartet weisen neutrale Thionucleobaseliganden ein flexibles
Koordinationsverhalten auf, welches in Abbildung 10 dargestellt ist [28]. Am besten
untersucht sind Komplexe mit 2-Thiouracilliganden, die iiberwiegend xS*-koordiniert sind
(a). Der 2-Thiocytosinligand ist mehrheitlich kN°,kS-koordiniert (a). Fiir 4-Thiouracil ist
bisher nur die kS*-Koordination beschrieben. Strukturell charakterisiert [29,30] wurden
bislang nur zwei Komplexe mit einem monodentat gebundenen s’Ura-kS*- (@) und s’s*Ura-
KS4—Liganden (a). Im Rahmen dieser Arbeit konnten durch die Strukturen von 4C-MeOH und
5C zwei weitere Koordinationsmodi strukturell gesichert werden. Dabei ist der Platin(IV)-

Komplex (5C) der erste Komplex mit 1-Methyl-2-thiocytosinliganden.
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Abbildung 10. Experimentell ermittelte Koordinationsmodi neutraler

Thionucleobaseliganden. Die grau unterlegten Buchstaben weisen auf Komplexe hin, deren
Konstitution durch Rontgeneinkristallstrukturanalysen bewiesen wurde. ® Diese Arbeit. [M] =

Metallfragmentkomplex.

Bisher wurden nur Platin(II)-Komplexe mit neutralen SCy- und s*Ura-Liganden beschrieben,
in denen der SCy-Ligand mono- (C) bzw. bidentat (a) koordiniert vorliegt und der s’Ura
Ligand eine Chelatkoordination (C) besitzt [28]. In der vorliegenden Arbeit konnte gezeigt
werden, dass in Thionucleobaseplatin(IV)-Komplexen des Typs [PtMes(bpy)(nb-«S)][BF4]
(nb = SCy, 4C; 1-MeSCy, 5C; szUra, 3D; s4Ura, 4D; szs4Ura, 5D), in dem durch fest
gebundene Coliganden eine monodentate Koordination der Thionucleobasen erzwungen wird,
diese immer iiber das exocyclische Schwefelatom erfolgt. Im Falle von 2,4-Dithiouracil
(Komplex 5D) ist dies die C=S4-Gruppe, die nur ein elektronegatives N-Atom in

unmittelbarer Nachbarschaft besitzt.
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2.2. Oligonukleare Platin(IV)-Komplexe mit N,S- und S,S-heterocyclischen und
Thionucleobaseliganden [A, B, H]

2.2.1. Synthese und Charakterisierung

Im vorhergehenden Teil dieser Arbeit konnte gezeigt werden, dass Thionucleobaseliganden in
Platin(IV)-Komplexen, die nur {iber eine substitutionslabile Koordinationsstelle verfiigen,
bevorzugt iiber das exocyclische Schwefelatom koordinieren. Im Folgenden stand das
Koordinationsverhalten gegeniiber Platin(IV)-Komplexen im Fokus, die bis zu drei
substitutionslabile Koordinationsstellen besitzen. Als Precusorkomplexe wurden die
Platin(IV)-Komplexe [PtMe3(OAc-k’0,0")(Me,CO)] (5) und [PtMe;(Me,CO)3][BF4] (6)
gewidhlt. Da Thionucleobasen, wie eingangs erwidhnt, auf Grund ihrer Vielzahl an
Donoratomen ein flexibles Koordinationsverhalten besitzen, wurden zunédchst die N,S- und
S,S-Heterocyclen Pyridin-2-thion (pytH), Pyrimidin-2-thion (pymtH), Thiazolin-2-thion
(tztH) sowie Thiophen-2-thiol (tptH) als Modellliganden verwendet. Diese besitzen nur zwei
mogliche Donorzentren (N- und S-Donoren). Die Reaktion von [PtMes;(OAc-
«’0,0")(Me,CO)] (5) mit den N,S- und S,S-Heterocyclen sowie 4-Thiouracil (s*Ura), fiihrt
unter Deprotonierung der Liganden zur Ausbildung der di- bzw. tetranuklearen
Neutralkomplexe [(PtMes)(u-S  D),] (S D = pymt, 9A/4B; pyt, 10A/3B; tzt, 11A/5B;
s*Ura, 7D) und [(PtMe3)s(ps-tpt)s] (12A/6B, Schema 2a) [A]. Dariiber hinaus konnte gezeigt
werden, dass die Reaktion der Natriumsalze Na(SAD) (SAD = pymt, pyt, tzt, tpt) mit
[(PtMesl)s] (2) ebenfalls zu den di- (9A-11A/3B-5B) und tetranuklearen (12A/6B)
Komplexen flihrt und keine anaeroben Bedingungen erfordert (Schema 2b) [B].
Wihrenddessen konnte der ionische dinukleare Komplex [(PtMes) (pn-1-MeSCy),][BFa]2
(3H) in der Umsetzung von [PtMe3;(Me,CO)s][BF4] (6) mit 1-Methyl-2-thiocytosin (1-
MeSCy, 3C/1H; Schema 2c) isoliert werden. Die Komplexe wurden in Ausbeuten von
16-93% isoliert und sowohl durch Elementaranalyse und IR-Spektroskopie als auch 'H-, '*C-
und '°Pt-NMR-Spektroskopie, hochauflosender ESI-Massenspektrometrie und Rontgen-

einkristallstrukturanalyse charakterisiert.
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Schema 2. Synthesewege von di- und tetranuklearen Platin(IV)-Komplexen mit N,S- und S,S-

Heterocyclen und Thionucleobaseliganden.
2.2.2. Strukturelle Aspekte

Die Molekiilstrukturen der dinuklearen Komplexe [(PtM€3)2(Sr\N)2] mit deprotonierten
S/\N-Liganden (SAN = pyt, 10A/3B, pymt, 9A/4B) und des dinuklearen Komplexkations
[(PtMe3)2(u—l—MeSCy)z]2+ in Kristallen von 3H:1.5 C4Hg weisen eine hohe Ahnlichkeit
zueinander auf. Alle Komplexe besitzen eine zentrale Pty(u-S),-Einheit, die leicht
abgewinkelt (Pt1-S1---S2—Pt2: 168.2—173.9°) und somit annédhernd C2- symmetrisch ist (vgl.
Abb. 11). Dariiber hinaus sind sowohl die heterocyclischen N,S-Liganden in 10A/3B und
9A/4B als auch die 1-Methyl-2-thiocytosinliganden in 3H-1.5 C¢Hj cis-stindig' zueinander
angeordnet und verbriicken in den jeweiligen Komplexen beide Platin(IV)-Atome in einer

1kN,1:2k”S-Koordination. Zentroid-Zentroid-Abstinde (a, Abb.11) von 3.4-3.5 A und

! Hier und im Folgenden bezieht sich ,,cis*/,,trans auf die Anordung der Liganden auf der gleichen/ gegeniiber-
liegenden Seite der Pt,(u-S,)-Einheit.
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Winkel (o) zwischen Zentroid-Zentroid-Vektor und Ringnormalen (b) von 10.4—16.7° lassen
auf m—mn-Wechselwirkungen schlieBen [31]. Auf Grund der 1kN?,1:2x*S-Koordination der
Liganden und Ausbildung eines Pt—N—C-S-Vierringes kommt es erwartungsgemill zu
erheblichen Abweichungen von der Idealgeometrie innerhalb des Molekiils, was an den sehr
kleinen N—Pt—S-Winkeln (65.4(1)—66.9(1)°) deutlich wird.

Interessanterweise ist die C=S-Doppelbindung im Komplexkation [(PtMes),(pi-1-MeSCy),]*"
in Kristallen von 3H-1.5 C¢Hg im Vergleich zu den C—S-Einfachbindungen in 10A/3B und
9A/4AB fast genauso lang. Offensichtlich beruht die Verldngerung der Doppelbindung
hauptséchlich auf der verbriickenden Metallkoordination. Ahnlich lange C=S-Bindungen
werden in My(pn-S),-Metallkomplexen mit verbriickenden p-CNC=S-Fragmenten (Typ I)
gefunden (Median: 1.724; unteres/oberes Quartil: 1.710/1.742, n = 3006, n-Anzahl der
Beobachtungen) [32], wihrend in solchen mit monodentat koordinierten NNC=S Fragmenten
(Typ 1) deutlich kiirzere C=S-Bindungsldngen beobachtet werden (Median: 1.715;
unteres/oberes Quartil: 1.701/1.728, n = 212).

Moglicherweise wird die Lange der C=S-Bindung aber auch durch die Ringspannung im

Pt—N—-C-S-Vierring beeinflusst.
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a = Zentroid-Zentroid-Vekior
b = Ringnormale

| C-s Pt-S Pt1-S1---52-Pt2 N-Pt-S
3H1.5C6H6 |1.726(7)1.737(7) 2.501(2)-2.551(2) 168.2(8) 65.4(1)/66.0(1)
9A/4B, T0A/3B |1.745(7)-1.777(8) 2.465(2)-2.551(3) 169.91(8)-173.91(9) 66.0(2)-66.9(1)

Abbildung 11. Molekiilstruktur von [(PtMes)>(u-1-MeSCy),]*" in Kristallen von 3H-1.5 CHs
und charakteristische strukturelle Parameter zur Bestimmung der m—m-Wechselwirkungen.
Die Tabelle gibt ausgewihlte Strukturdaten (Bindungslingen in A, Bindungswinkel in °) von
3H-1.5 Cg¢Hg, 9A/4B und 10A/3B wieder. Die Torsionswinkel sind als Absolutwerte

angegeben.

Quantenchemische Rechnungen

Quantenchemische Rechnungen der dinuklearen Komplexe [(PtMeg)z(p—S/\N)z] (S/\N =
pyt, 10A/3B; pymt, 9A/4B; tzt, 11A/5B) belegen im Einklang mit den
Rontgeneinkristallstrukturanalysen eine leicht hohere Stabilitdt (1.7-2.9 kcal/mol) der cis-
gegeniiber der trans-Konformation (vgl. Fuinote auf Seite 20) [B]. Die Bevorzugung der Cis-
gegeniiber der trans-Anordnung spiegelt sich auch bei anderen Pyridin-2-thiolato- und
Pyrimidin-2-thiolato-Metallkomplexen wider. Es werden iiberwiegend Komplexe mit cis-
standig angeordneten Liganden gefunden [33], wihrend es nur relativ wenige Komplexe mit
trans-stindig angeordneten Liganden gibt [34]. Im Fall des Thiazolin-2-thiolato-Komplexes
[(PtMe3)2(u-Sf\N)2] (11A/5B) wurden vier Gleichgewichtsstrukturen lokalisiert (Abb. 12).
Der Komplex mit S,N-gebundenen Liganden in cis-Stellung ist der stabilste.

Interessanterweise konnte keine Gleichgewichtsstruktur mit S,S -gebundenen Liganden
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Abbildung 12. Berechnete Gleichgewichtsstrukturen von [(PtMes)(p-tzt);]. In Klammern
sind die relativen Energien (Ey in kcal/mol) in Bezug auf den stabilsten Komplex angegeben.

O = freie Koordinationsstelle.

lokalisiert werden, wohl aber eine sehr energiereiche in der ein Ligand S,S"-gebunden ist,
der andere jedoch nur mononuklear iiber das exocyclische Schwefelatom, so dass ein
Platinatom nur fiinffach koordiniert ist. Auch im Fall des Thiophen-2-thiolato-Liganden
besitzt das endocyclische Schwefelatom eine geringe Koordinationstendenz, was zur
Ausbildung des tetranuklearen Komplexes [(PtMes)s(us-tpt)s] (12A/6B) und nicht zum
entsprechenden Dimer [(PtMes),(u-tpt),] fiihrt.

2.2.3. Koordinationsmodi der N,S- und S,S-heterocyclischen Liganden

Ein Uberblick iiber die verschiedenartigen Koordinationsmodi in Komplexen mit den im
Rahmen dieser Arbeit behandelten N,S-heterocyclischen Liganden ist in Abbildung 13
gegeben. In der liberwiegenden Anzahl findet man einfach deprotonierte Liganden, die geméf
b bzw. ¢ (Abb. 13) vorwiegend «S- [35] und «S,kN-koordiniert sind [36]. Im Falle der
Neutralliganden liegt eine kS-Koordination gemiB3 a vor [37]. Am besten untersucht sind
Pyridin-2-thiolato-Metallkomplexe. Eine 1xN,1:2x*S-Koordination (vgl. f, Abb. 13), wie sie
in den Pyridin-2-thiolato- und Pyrimidin-2-thiolatoplatin(IV)-Komplexen 10A/3B und 9A/4B
gefunden wurde, ist fiir andere Metalle nur relativ selten beschrieben [33,34]. Der Thiazolin-
2-thiolatokomplex Komplex [(PtMe3)2(u-S/\N)z] (11A/5B) ist sogar der erste Komplex mit

einer derartigen Koordination.
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Abbildung 13. Experimentell ermittelte Koordinationsmodi der N,S- und S,S-Heterocyclen.
Y Diese Arbeit. [M] = Metallfragmentkomplex.

Die verschiedenartigen Koordinationsmodi des S,S-heterocyclischen Thiophenthiolato-
Liganden sind in Abb. 13 (a-c) aufgefiihrt. In allen Féllen ist nur das exocyclische
Schwefelatom in die Koordination einbezogen. Uberwiegend findet sich eine monodentate
kS-Koordination (a) [38]. Komplex [(PtMes)4(us-tpt-kS)4] (12A/6B) ist der bislang einzige

Komplex, in dem eine p3-Koordination gemiaf3 ¢ gefunden wurde.

Losungen des dinuklearen Komplexes [(PtMes)a(pu-s'Ura_p),] (7D) mit 1xN,1:2kS-
koordinierten Thiouracilato-Liganden (Schema 2) erwiesen sich als nicht stabil. Als
Zersetzungsprodukt wurde ein hexanuklearer Komplex (7aD) gefunden (Abb. 14), der jeweils
drei verschiedenartige Platinzentren (Pt1-3) und s*Ura-Liganden (A, B, C) aufweist. Die grau
unterlegte Struktur zeigt die urspriingliche Pty(u-S),-Einheit des dinuklearen Komplexes 7D.
Bemerkenswert ist, dass ein s4Ura-Ligand doppelt deprotoniert ist und die Bildung von 7aD
unter Abspaltung eines Methylliganden vom Platin ablduft. In der Bildung von 7aD zeigt sich
die Tendenz von 4-Thiouracil zur Ausbildung multinuklearer Komplexe. In der Literatur

finden sich analoge Beispiele fiir die sauerstoffthaltigen Nucleobasen [39].
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Abbildung 14. Molekiilstruktur des hexanuklearen Zersetzungsproduktes 7aD.

Im Falle von Uracil und dessen Derivaten sind zumeist tetranukleare Platin(IT)-Komplexe
beschrieben worden [40], aber auch ein hexanuklearer Quecksilber(II)-Komplex ist bekannt
[41]. Die N,S- und S,S-heterocyclischen Modellliganden kdnnen ebenfalls oligonukleare (tri-,
tetra-, hexanuklear) und polymere Komplexe ausbilden, die auch strukturell charakterisiert

wurden [42].

2.2.4. Cytotoxische Eigenschaften von Platin(IV)-Komplexen mit N,S-heterocyclischen und
Thionucleobaseliganden [B,C,D]"

Cytotoxische Untersuchungen sind mit dem Ziel durchgefiihrt worden, zu testen ob die
Koordination eines bioaktiven Liganden an Platin zu Komplexen fiihrt, die eine hdhere
cancerostatische Aktivitdt aufweisen als vergleichbare Komplexe mit ,,abiotischen* Liganden.
Die mononuklearen Thionucleobaseplatin(IV)-Komplexe [PtMes(bpy)(nb-kS)][BF4] (nb =
SCy, 4C; 1-MeSCy, 5C; s?Ura, 4D; s'Ura, 5D; s’s*Ura, 6D) wurden in In vitro Studien
gegeniiber neun Zelllinien untersucht, wihrend die dimeren Komplexe [(PtMC3)2(M-S/\N)2]
(SAN = pyt, 3B/10A; pymt = 4B/9A; tzt = 5B/11A) gegeniiber fiinf Zelllinien getestet

wurden. Eine Zusammenfassung der Ergebnisse ist in Tabelle 2 gegeben.

' Die Untersuchungen der cytotoxischen Eigenschaften wurden von Herrn Dr. G. N. Kaluderovi¢ durchgefiihrt.
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Tabelle 2. Zusammenfassung der Ergebnisse der In vitro Studien zur Untersuchung der
cytotoxischen Aktivititen von Platin(IV)-Komplexen mit N,S-heterocyclischen und
Thionucleobaseliganden. Den ICso-Werten sind die entsprechenden Werte von Cisplatin, der

freien Liganden sowie von [PtMesI(bpy)] zum Vergleich gegeniibergestellt.

Ifd.  Verbindung ICsoin pM  Bemerkung

Nr.

1 SCy, 1-MeSCy, s"Ura, >125 keine cancerostatische Aktivitét
s4Ura, szs4Ura, S/\NH

2 Cisplatin 0.55-5.14

3 [PtMesl(bpy)] 7.38—18.36  moderate cancerostatische Aktivitit

4 [(PtMes)(bpy)(nb- 1.74-42.14 3D, 5D: spezifische Aktivitit gegeniiber A549
kS)][BF4] (4C, 5C, bzw. A2780, vergleichbar mit Cisplatin
3D-5D)

5 [(PtMes)2(pu-tzt), ] 0.53-1.32 aktivster Komplex des Typs [(PtMes)(p-
S5B/11A S/\N)z] vergleichbare (A253) bzw. 4-fach

hohere Aktivitéit (8505C/DLD-1) als Cisplatin

6 [(PtMes)a(u-S  N)s] 1.10-12.55 3B/10A: spezifische Aktivitit gegeniiber A2780
(3B/10A; 4B/9A) und DLD-1; gegeniiber DLD-1 2-fach hohere
Aktivitat als Cisplatin; 4B/9A: spezifische
Aktivitdt gegeniiber A2780, vergleichbar mit
Cisplatin

Die heterocyclischen Liganden vom Typ S NH (SANH = pytH, pymtH, tztH) sowie die
Thionucleobasen (SCy, 2C; 1-MeSCy 3C/1H) zeigen gegeniiber allen untersuchten Zelllinien
keine Aktivitdit im untersuchten Konzentrationsbereich (Eintrag 1, Tabelle 2). Sie sind
demzufolge zwar prinzipiell bioaktiv [43], wirken aber nicht cancerostatisch. Die Gesamtheit
der mononuklearen [PtMe;(bpy)(nb-kS)]|[BF4]-Komplexe sowie die zwei dinuklearen Kom-
plexe [(PtMes)»(u-S  N)] (S N = pyt, 3B/10A; pymt = 4B/9A) besitzen iiberwiegend
moderate cytotoxische Eigenschaften (Eintrige 4 und 6). Dennoch zeigen sie spezifische
Aktivititen gegeniiber einzelnen Zelllinien die in Tabelle 2 aufgeschliisselt sind. Eine heraus-
ragende, bis zu vierfach hohere, Aktivitit als Cisplatin wurde fiir den dinuklearen Komplex

[(PtMe;)a(p-tzt),] (5B/11A) ermittelt (Eintrag 5). Der Vergleich mit Trimethylplatin(IV)-
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Komplexen, die nur ,abiotische” Liganden enthalten, zeigt fiir [PtMesl(bpy)] (Eintrag 3)
vergleichbare ICsp-Werte mit denen der mono- und dinuklearen Komplexe (Eintrdge 4 und 6).
Anhand der Untersuchungen kann man die Aussage treffen, dass die Kombination zweier
bioaktiver Spezies nicht generell zu Komplexen mit erhdhten cancerostatischen Aktivitdten
fiihrt, sondern von Fall zu Fall unterschiedlich ist.

Komplex 5D wurde als aktivster Komplex der Untersuchungsreihe 3D-5D weiteren
Untersuchungen zur Ermittlung der Art des eingeleiteten Zelltodes (Apoptose vs. Nekrose)
unterzogen. Zellzyklussanalysen als auch ein Trypan-Blau-Ausschlusstest gegeniiber der
Zelllinie A431 belegen eine Induzierung des apoptotischen Zelltodes. Dariiber hinaus zeigen
die Zellzyklusanalysen eine Storung wihrend der G1-Phase (postmitotische Phase) des

Zellzyklus.

2.3. Platinkomplexe mit Thioglycosidliganden [E,F,G]

2.3.1. Synthese und Charakterisierung von Thioglycosidplatin(II)-Komplexen

Neben Thionucleobasen sind schwefelhaltige Kohlenhydrate eine weitere wichtige Klasse von
schwefelhaltigen Bioliganden. Im Rahmen der vorliegenden Arbeit ist das Koordinations-
verhalten von Thioglycosiden gegeniiber Platin untersucht worden. Zundchst werden
entsprechende Platin(Il)-Komplexe besprochen.

In der Reaktion von Diacetylbis(benzylamin)platin(II) (1E) mit Thioglycosiden des Typs ch-
SPT (2E—4E bzw. 6aF—6¢cF) die iiber eine 4-(Pyridin-2-yl)-thiazol-2-yl-Gruppe (PT) in der
anomeren Einheit verfiigen, bilden sich geméf Schema 3 in einer Gleichgewichtsreaktion die
Thioglycosidplatin(Il)-Komplexe [Pt(COMe),(ch-SPT)] (TE-9E), was zweifelsfrei durch IR-
und 'H-, PC, "°Pt-NMR-Spektroskopie sowie hochaufldsende ESI-Massenspektrometrie
belegt werden konnte. Der Umsetzungsgrad betrdgt bis zu 80%. Allerdings konnten die
Produkte nicht isoliert werden, da beim Fillen mit Diethylether eine fast vollstindige
Verschiebung des Gleichgewichtes zu Gunsten der Edukte eintritt. Die Koordination der
Thioglycosidliganden an das Platinatom tiber die anomeren SPT-Gruppe (7E-9E) kann
eindeutig anhand der koordinationsinduzierten Verschiebungen (coordination induced shift’s,
CIS’s) von bis zu 0.32 bzw. 2.8 ppm fiir die Protonen und Kohlenstoffatome der
Chelatliganden in den 'H-NMR- und "“C-NMR-Spektren belegt werden. Daher ist es
erstaunlich, dass die Komplexe 7E-9E trotz chelatgebundener Liganden in Losung nicht

stabil sind. Die analogen Reaktionen von [Pt(COMe),(BnNH;);] (1E) mit ch-Sbpy-
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Thioglycosiden, die in der anomeren Einheit iiber einen 2,2 -Bipyridin-6-yl-Chelatliganden
(bpy) verfligen, liefern widerspriichliche Ergebnisse. Wéhrend die Bildung der Komplexe
[Pt(COMe),(ch-Sbpy)] (10E, 11E) durch hochauflosende ESI-Massenspektrometrie
zweifelsfrei belegt werden kann, zeigen NMR-Versuche nur die Signale der Edukte. Dies
deutet darauf hin, dass es sich bei der Bildung der [Pt(COMe),(ch-Sbpy)] (10E, 11E)
Komplexe ebenfalls um eine Gleichgewichtsreaktion handelt, die nahezu vollstindig auf
Seiten der Edukte liegt. Im Gegensatz dazu setzt sich 1E mit 2,2-Bipyridin zu
[Pt(COMe),(bpy)] um, ohne dass eine Riickreaktion beobachtet wurde [44]. Weitere
Untersuchungen zur Synthese und Isolierung der Komplexe, insbesondere im Fall von
[Pt(COMe),(ch-Sbpy)] (10E, 11E), sind erforderlich, wobei durch Variation der
Losungsmittel versucht werden muss, nicht den Startkomplex 1E auszufillen, sondern die
Reaktion zu Gunsten der Thioglycosidplatin(II)-Komplexe 7E-11E zu verschieben.

Im Zusammenhang mit den besprochenen Untersuchungen ist es gelungen, Einkristalle von
[Pt(COMe),(BnNH;),] (1E) zu erhalten. Eine Rontgeneinkristallstrukturanalyse zeigt
ungewdhnlich lange Pt-N Bindungslingen von 2.164(2) A (Median: 2.040 A; unteres/oberes
Quartil: 2.027/ 2.053 A, n = 2139; n — Anzahl der Beobachtungen) [32] und belegt damit die
experimentell beobachtete hohe Reaktivitit von [Pt(COMe),(BnNH,),] (1E) durch
Abspaltung der Benzylaminliganden.

o o O O
A~ + CHCly J(H)K
/Pt'\

— 2 BnNH
0 2 o} 7N\
HaN NH2 * RO%SVN\_/N + 2 BnNH RO%SV N\____/N
2
@ d 2E-6E (bzw. 6aF-6¢cF, 7aF, 7bF) 7E-11E

1E

N_ N R
N__N = 4-(Pyridin-2-yl)-thiazol-2-yl {PT)‘*(/_B—H’\j N_NE| 4o & il
s 7

PT |2E/6aF,7E 3E/6bF, 8E 4E/6cF, 9E
5E/7aF, 10E 6E/7bF, 11E

= 2,2°-Bipyridin-6-y| (bpy) N\ N\ bpy

== ==

Schema 3. Synthese von Platin(II)-Komplexen 7E—11E mit Thioglycosidliganden.
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2.3.2. Synthese und Charakterisierung von Thioglycosidplatin(IV)-Komplexen

Fir die Untersuchung des Koordinationsverhaltens von Thioglycosiden in Platin(IV)-
Komplexen wurden Platin(IV)-Precursorkomplexe verwendet, die {iber bis zu drei
substitutionslabile ~ Koordinationsstellen  verfligen. Dabei  besitzen [PtMe;(4,4 -
R,bpy)(MeCO)][BF4] (R = H, 3a; R = Bu, 3b) und [PtMe;(0Ac-k*0,0")(Me,CO)] (5) sowie
[PtMe3(Me,CO)s][BF4] (6) einen bzw. drei Acetonliganden, die leicht substituierbar sind.
Dariiber hinaus kann der Acetatokomplex 5 beim Ubergang zum n'-gebundenen bzw. bei
vollstdndiger Abspaltung des Acetatoliganden eine bzw. zwei weitere Koordinationsstellen
generieren. Die Gesamtheit der verwendeten Thioglycoside ist in Abbildung 15
wiedergegeben. Die Umsetzung der Komplexe [PtMes(4,4"-R,bpy)(Me,CO)|[BF4] (R = H,
3a; R = 'Bu, 3b) und [PtMe;(0Ac-k’0,0")(Me,CO)] (5) mit Thioglycosiden der Typen ch-
SEt und ch-STaz fiihrt gemdB Schema 4a/b zu den ionischen Komplexen [PtMe;(4,4'-
Rbpy)(ch*)][BF4] bzw. den Neutralkomplexen [PtMes(OAc-k*0,07)(ch*)] (ch* = ch-SEt,
ch-STaz).

o RO Og
RO 0 :SS;KA,
RoﬁA,SEt i SW//\N)
RO S
_ —_— —
ch ch STaz”
4aF-fF 5aF-_hF
a:R=R'=Ac, b: R=R = Ac (§-D-Gal)® nRARER A ERE Ra) R B,
ccR=R =Bz, d:R=R =Bn, CZR:R’ZR':B“}DGE') dR=R =R’ =Bn,
e:R=Ac R’ _plcc} fR=Bn R'= bp)"H eeR=R" =R"=Me fR R"”"=Ac, R'=Bn
g:R=R =Bz R"=H, h:R=R"=Bn, R = bpy_9

\

ch SPTb) pry

BaF-cF (bzw, 2E-4E) 7aF, bF (bzw. 4E, 5E)

(a:R=Ac,b:R=Bz,c:R=Brﬂ (a:R=Ac,b:R=BzJ

Abbildung 15. Thioglycoside die als Liganden verwendet wurden. ® B-D-Galactose: OR an
C4 in axialer Position. ® Abkiirzungen: Taz: Thiazolin-2-yl; PT: 4-(Pyridin-2-yl)-thiazol-2-yl,
9 pic: 2-Picolin-2-yl, ¥ bpy_y: 2,2 -Bipyridin-6-yl.
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Dahingegen fiihrt die Umsetzung von [PtMe;(Me,CO);][BF4] (6) mit den Thioglycosiden der
Typen ch-SEt, ch-STaz, ch-SPT, und ch-Sbpy zu den Komplexen [PtMes(ch*)][BF4] (ch* =
ch-SEt, ch-STaz, ch-SPT, ch-Sbpy) mit tridentat-koordinierten Thioglycosidliganden
(Schema 4c). Die Identitét aller Komplexe wurde umfassend durch IR- und 'H-, BC-, °Pt-
NMR-Spektroskopie, hochauflosende ESI-Massenspektrometrie sowie im Fall von
[PtMe;(bpy)(ch-STaz)]|[BF4] (19F, ch-STaz = 5cF) auch durch Rdntgeneinkristallstruktur-
analyse belegt. Die Auswertung der 'H- und *C-NMR-Spektren zeigt eine kS-Koordination
der ch-SEt-Thioglycosidliganden in den Komplexen. Nur im Falle der Komplexe
[PtMes(bpy)(ch-SEt)][BF4] (12F, ch-SEt = 4eF) und [PtMe;(OAc-k*0,0")(ch-SEt)][BF4]
(28F, ch-SEt = 4eF) erfolgt die Koordination mit hoher Wahrscheinlichkeit iiber das
Stickstoffatom der Picolin-6-yl-Gruppe. Fiir die ch-STaz-Thioglycosidliganden wird
ausschlieBlich eine kN-Koordination iiber das endocyclische Stickstoffatom der anomeren
Thiazolin-2-yl-Gruppe  beobachtet, was die Rontgeneinkristallstrukturanalyse von
[PtMes(bpy)(ch-STaz-kN)][BF4] (19F, ch-STaz = 5cF) zweifelsfrei belegt (vgl. Abb. 16) und
auf Grund der analogen 'H- und *C-NMR-Spektren ebenfalls fiir die restlichen Komplexe
gleichen Typs abgeleitet werden kann. In den Komplexen [PtMes;(ch*)][BF4] mit tridentat-
koordinierten Thioglycosidliganden finden sich vielfiltige Koordinationsmodi (vgl. Schema
4c). Dabei ist eine Zunahme der Stabilitdt der Komplexe in Losung zu beobachten, je starker

die Donorgruppen des Thioglycosidliganden sind:

1’N,N",N"" (41F) = S,k’N,N" (40F 42F—46F) > «S,kN,xO (39F) > «S,*°0,0" (36F—38F) .

Im Vergleich zu den Trimethylplatin(IV)-Komplexen mit nichtfunktionalisierten
Kohlenhydraten [26] besitzen die hier synthetisierten Komplexe mit Thioglycosidliganden
eine hohere Stabilitit, insbesondere wenn sie iiber zusitzliche starke N-Donoren (pic, bpy,
SPT) verfiigen. Somit konnte gezeigt werden, dass Substitutionsreaktionen an Platin(IV)-
Komplexen — trotz der kinetischen Inertheit (low-spin d°-Elektronenkonfiguration) — bereit-
willig ablaufen, wenn die Komplexe iiber schwach koordinierte Liganden wie Aceton
verfligen. Dariiber hinaus werden die Substitutionsreaktionen durch Coliganden (Me) mit
hohem trans-Effekt begiinstigt.

In der Literatur findet man nur wenige Thioglycosidiibergangsmetallkomplexe. Diese konnen
in zwei Typen eingeteilt werden, zum einen in Komplexe mit thioglycosidhaltigen Liganden,
wobei die Thioglycoside nicht an der Koordination beteiligt sind. Diese erfolgt in der Regel

tiber die Donorzentren in der anomeren Einheit [45]. Und in Komplexe in denen die
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Koordination unter Einbezug der Thioglycoside, in der Regel iiber den Schwefel erfolgt. Zur
zweiten Gruppe ldsst sich sagen, dass alle Thioglycosidliganden zumeist zusitzliche
stabilisierende Donorzentren (N-,P-,S-Donorzentren) enthalten und als Chelatliganden
koordinieren. Die Derivatisierung erfolgt dabei iiberwiegend in der anomeren Einheit

[21,46,47].
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S
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@ N1 _~
- Fl" ~,, |[BF4]
| N
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R S
+ ch-SEt/ ch-STaz R=H 8F-11F R =H17F-23F
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Schema 4. Synthese von Trimethylplatin(IV)-Komplexen mit Thioglycosidliganden.

31



Ergebnisse und Diskussion

Es finden sich aber auch Beispiele, in denen die Hydroxylgruppe an C2 derivatisiert wurde
[48]. Es konnte gezeigt werden, dass Komplexe dieser Art in enantioselektiven
asymmetrischen Synthesen als Katalysatoren eingesetzt werden konnen [46,48]. Eine
Ausnahme stellen die Zinnkomplexe dar, in denen die Koordination iiber die Sauerstoffatome
der Hydroxylgruppen nichtfunktionalisierter Thioglycoside erfolgt und nicht unter Einbezug
des Schwefelatoms [49].

In Bezug auf die hier verwendeten Thioglycoside finden sich in der Literatur Palladium(II)-
Komplexe mit ch-STaz- und ch-SPT-Thioglycosidliganden des Typs [PdBry(ch-STaz-kN),]
[50] und [PdBrz(ch-SPT-KzN,N')] [51], in denen die Thioglycoside ebenfalls monodentat
tiber das endocyclische Stickstoffatom der STaz-Gruppe bzw. bidentat iiber die
Stickstoffatome der SPT-Gruppe koordiniert sind.

2.3.3. Zur Reaktivitdt von Thioglycosidplatin(IV)-Komplexen

Die Koordination der Thioglycosidliganden an das stark Lewis-saure Platin(IV)-Kation fiihrt
zur Aktivierung und leichten Spaltbarkeit der glycosidischen Bindung. Dies belegen zwei
Rontgeneinkristallstrukturanalysen von Zersetzungsprodukten, deren Kristalle aus unter-
schiedlichen Reaktionen in nicht strikt getrockneten Acetonlosungen erhalten wurden
(Schema 5, Abb. 17). Durch Hydrolyse bzw. intramolekularen nukleophilen Angriff des
Sauerstoffatoms der freien Hydroxylgruppe an C6 des Thioglycosidliganden kommt es zur

Spaltung der glycosidischen C—S-Bindung.

Abbildung 16. Molekiilstruktur des Kations in Kristallen von [PtMes(bpy)(5¢cF)][BF4] (19F).
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o)

Abbildung 17. a) Molekiilstruktur des Kations in Kristallen von [PtMes(bpy)(STazH)][BF]
(21aF) b) Molekiilstruktur von 1,6-Anhydro-2,3,4-O-tribenzoyl-f-D-glucopyranose (23aF).

Ein weiteres Indiz fiir die Aktivierung ist die Tatsache, dass es bei der Umsetzung von
[PtMe3(Me,CO)s][BF4] (6) mit ch-STaz-Thioglycosiden (auBler im Fall des Thioglycosides
5hF, das iiber eine stark bindende Bipyridylgruppe verfiigt) keine [PtMes(ch-STaz)][BF4]-
Komplexe isoliert werden konnten, sondern immer nur eine Zersetzung des Thioglycosides
unter anderem zum entsprechenden a-Hemiacetal beobachtet wurde.

Die Aktivierung der glycosidischen Bindung durch Zugabe und Koordination von
Metallsalzen wie AgOTf oder CuOTf ist ein géngiger Schritt bei Glycosylierungsreaktionen,
der ebenfalls zur Abspaltung der anomeren Einheit fiihrt [52]. Somit fungiert auch das
Trimethylplatin(IV)-Kation in den gesamten Reaktionen als elektrophiler Promotor. Wie beim
Methyltriflat [50] erfolgt dabei die Aktivierung in Bezug auf die ch-STaz-Thioglycoside {iber
das endocyclische Stickstoffatom. Im Gegensatz zu den im Rahmen dieser Arbeit
synthetisierten Platin(IV)-Komplexen mit xkN-gebundenen ch-STaz-Thioglycosidliganden
sind die bereits erwdhnten Palladium(Il)-Komplexe Typs [PdBry(ch-STaz-xN),] [50] und
[PdBra(ch-SPT-k’N,N")] [51], deutlich stabiler und desaktivieren die Thioglycoside. Die
Abspaltung der Thioglycosidliganden ist nur durch Zugabe von NaCN moglich.
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Schema 5. Mégliche Zersetzungsmechanismen der ch-STaz-Komplexe 21F und 23F.

2.3.4. Thioglycosidplatin(IV)-Komplexe in stereoselektiven Glycosylierungsreaktionen'

Unter Glykosylierungsreaktionen versteht man die Verlinkung von Monosacchariden unter
Ausbildung einer glykosidischen Bindung zu Di-, Oligo- bzw. Polysacchariden. Die
stereoselektive Synthese von 1,2-cis-Disacchariden? stellt immer noch eine Herausforderung
dar. 1,2-trans-Disaccharide konnen dagegen selektiv OR

dargestellt werden. Dazu ist ein Glycosyldonor® erforderlich, Rgoé% OR

der in Nachbarschaft zum anomeren C-Atom {iber eine RO%B&EA,OR
Esterschutzguppe (OAc, OBz) am C2-Atom verfiigt (Schema  Glycosyldonor ~————

. . . Glycosylakzeptor
6). Nach Abspaltung der Aglyconeinheit (L) erfolgt dann die

) . o ' ' 1.2-cis -Di —
Ausbildung eines Acyloxoniumions. Das bedingt eine G5 -HRacenan
Abschirmung einer Seite (b, ,,bottom face), so dass der Glykosylakzeptor3 selektiv von der

anderen Seite (a, ,,top face®), unter Ausbildung von 1,2-trans-Disacchariden, angreift.

! Die Glycosylierungsreaktionen wurden von Frau Dr. P. Pornsuriyasak durchgefiihrt.

* Die cis- bzw. trans-Bezeichnung in 1,2-cis/trans-Disacchariden bezieht sich auf die relative Position der
gekniipften C—C-Bindung zur C1-C2-Bindung im Glycosyldonor.

? Der Glycosyldonor bzw. -akzeptor stellt den Saccharidbaustein zur Verfiigung bzw. akzeptiert diesen.
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Ergebnisse und Diskussion

Acyloxoniumion 1 ,2 trans -Disaccharid

Schema 6. Allgemeine Synthese von 1,2-trans-Disacchariden (fiir D-Glucopyranoside) am

Beispiel einer 1,4"-Disaccharidverkniipfung.

Der Grundgedanke unserer Untersuchungen war nun die Oberseite (,top face®) des
Glycosyldonors durch Komplexierung an ein Metall abzuschirmen, um so den Angriff des
Glycosylakzeptors selektiv von der Unterseite her zu gewihrleisten. Die unter Punkt 2.3.2.
synthetisierten Platin(IV)-Komplexe waren dafiir von besonderem Interesse, da die facial-
gebundenen Methylgruppen der PtMes-Einheit zum Einen abschirmend wirken und die
Koordination der Thioglycosidliganden zum Anderen ebenfalls facial erfolgen kann (Schema
7). Fiir die Glycosylierungen wurden ausschlieBlich Thioglycosidplatin(IV)-Komplexe mit
benzylierten Thioglycosidliganden verwendet, die auf Grund des +M-Effektes der
Benzylschutzgruppen reaktiver sind, als die entsprechenden Kohlenhydrate mit
Esterschutzgruppen (Acetyl, Benzoyl). Im Folgenden wurden die Komplextypen
[PtMes(bpy)(ch*)][BF4], [PtMes(OAc-k’0,0")(ch*)] und [PtMes(ch*)][BF4]" (ch* = ch-SEt,
ch-STaz, ch-SPT) als Glycosyldonoren eingesetzt”.

"
+ +
Me Me
Me“||=t M Me‘rL M
Ron—7t Ve R-~— Pt Me
RO o] /\‘S — Ro—é& ,)‘S BnO‘ér\L
RO S RO -S_ BnO
OR OR p
R = Ac, Bz, Bn
P = Promotor = MeOTf, Cu(OTf), _ P,

Schema 7. Grundgedanke der platinassistierten stereoselektiven Glycosylierungsreaktion
unter Verwendung eines [PtMes(ch-STaz)]-Glycosyldonors. Im rechten Bild sind die

abschirmenden Methylliganden grau unterlegt.

! Aus Griinden der Ubersichtlichkeit wird im Folgenden auf die Nummerierung der einzelnen Komplexe
verzichtet. Details siche [G]
? Die Komplexe wurden in situ erzeugt und anschlieBend mit dem Glycosylakzeptor und Promotor umgesetzt.
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Ergebnisse und Diskussion

Erste Untersuchungen zeigen, dass die beobachtete Aktivierung der glycosidischen Bindung
des Glycosyldonors durch die Koordination an das elektrophile Platin(IV)-Atom nicht
ausreicht, um als Promotor zu fungieren und die Abspaltung des Aglycons zu initiieren.
Demzufolge wurden alle weiteren Glycosylierungsreaktionen unter Zugabe gingiger
Promotoren durchgefiihrt. Die Ergebnisse der Glycosylierungsreaktionen unter Verwendung
der [PtMes(ch*)][BF4]-Komplexe, fiir die die besten Ergebnisse erzielt wurden, sind in
Abbildung 18 zusammengestellt. Die Verwendung der Thioglycosidplatin(IV)-Komplexe mit
ch-SEt-Liganden fiihrte nicht zur Disaccharidbildung, an Stelle dessen konnte eine partielle
Hydrolyse des Glycosyldonors und die Methylierung (bei Einsatz von MeOTY) des
Glycosylakzeptors beobachtet werden. In allen anderen Fillen wurde ein o/B-Gemisch
erhalten, in dem im Vergleich zu den analogen Reaktion mit unkomplexierten Thioglycosiden
eine erhebliche Verbesserung um das 1.5-5.5-fache zu Gunsten des a-Anomers beobachtet
werden konnte. Die besten Ergebnisse wurden bei den Thioglycosidplatin(IV)-Komplexen
mit ch-STaz-Liganden erzielt, die iiber zusétzliche N-Donoren (Picolin-2-yl, 2,2"-Bipyridin-6-
yl) in C6-Position des Kohlenhydrates verfiigen. Die Verwendung von Komplexen mit stark

koordinierenden N-Donoren stellt zugleich sicher, dass die Glycosylierungen wirklich

/_<}
OBn OBn O N
* BnO o] BnO o] BnO Q
ch BHEXSJ‘A,SH BnESg;ﬁ,s\r,N Bngég, N_ N=

OBn OBn o]
(1.0M1) (1.5/1) (1.1/1)

A

s
S

[PtMes(ch*)][BF 4] - 2.4/1 211
9 9iIp Qi
O N o” N N s A N”

ch*® BnO- Xi;‘o: BnO 0 BnO o)
it = S+=N TBno s N N= “Bno S~=N

n

S OBn ¢ /\ _y OBn s\)

(2.011) (1.5/1) (1.7/1)

[PtMe3(ch*)][BF 4] 5.2/1 2.2/1 9.4/

Abbildung 18. o/f-Verhiltnis bei Glycosylierungsreaktionen unter Verwendung von
Trimethylplatin(IV)-Komplexen als Glycosyldonoren und von MeOTf, NIS/TfOH, DMTST,
Cu(OTY),, Ag(OTf) als Promotoren. In Klammern ist das o/B-Verhidltnis der analogen
Reaktionen unter Verwendung der nichtkomplexierten Thioglycoside angegeben (Weitere

Details siehe Publikation [G]).



Ergebnisse und Diskussion

platinassistiert und nicht unter vorzeitiger Zersetzung der Thioglycosidplatin(IV)-Komplexe
verlaufen. Diese Ergebnisse belegen das Konzept, dass eine Metallkoordinierung die

Stereoselektivitét in der Disaccharidbildung beeinflussen kann.

Im Rahmen der vorliegenden Arbeit wurden Platin(I)- und Platin(IV)-Komplexe mit
schwefelhaltigen Heterocyclen, Thionucleobasen und Thioglycosiden synthetisiert und
umfassend charakterisiert. Dabei konnte gezeigt werden, dass durch die Wahl geeigneter
Platin(IV)-Precursorkomplexe, die eine mono-, bi- oder tridentate Koordination der
Bioliganden zulassen, gezielt verschiedenartige Koordinationsmodi realisiert werden kdnnen.
Cytotoxische Untersuchungen der Komplexe ergaben fiir einige Verbindungen hohe
cancerostatische Aktivititen, zeigten aber auch, dass die Koordination von Bioliganden an
Platin — im Vergleich mit analogen Komplexen mit ,,abiotischen* Liganden — nicht generell
zu Komplexen mit hoheren Aktivitdten fithren. Darliber hinaus konnte gezeigt werden, dass
die Koordination von Thioglycosiden an Platin(IV) zur Aktivierung der glycosidischen
Bindung fiihren kann. Die Verbesserung der Stereoselektivitit in Glycosylierungsreaktionen
durch Verwendung dieser Komplexe spiegelt das synthetische Potential dieser Verbindungen

wider.
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Zusammenfassung

3. Zusammenfassung

Die Synthese von Platin(IV)-Komplexen mit schwefelhaltigen Bioliganden wie
Thionucleobasen und -glycosiden ist auf Grund der potentiellen Bioaktivitdt der Komplexe
von besonderem Interesse. Thre Synthese ist eine koordinationschemische Herausforderung,
da zum einen die Bioliganden bedingt durch mehrere — unter Umsténden sogar gleichartige —
Donorzentren ein flexibles Koordinationsverhalten aufweisen und zum anderen
Ligandensubstitutionsreaktionen durch die low-spin d°-Elektronenkonfiguration von Pt(IV)
erschwert sind. Dariiber hinaus kann die Koordination von Bioliganden an ein hoch
elektrophiles Metallatom wie Pt(IV) entscheidend deren Reaktivitit beeinflussen. Im Rahmen
dieser Arbeit bestand die Aufgabe darin, Platin(II)- und Platin(IV)-Komplexe mit bioaktiven
N,S-heterocyclischen sowie mit Thionucleobase- und Thioglycosidliganden zu synthetisieren
und zu charakterisieren sowie deren Reaktivitdt einschlieBlich der cytotoxischen Aktivitit zu

untersuchen. Im Einzelnen konnten die folgenden Ergebnisse erzielt werden.

1. Zur Synthese von Trimethylplatin(IV)-Komplexen mit schwefelhaltigen Bioliganden
wurde von den literaturbekanten Komplexen 3—6 ausgegangen. Sie verfiigen iiber ein bis
drei substitutionslabile Liganden (Me,CO, MeOH, OAc), deren Abspaltung auch durch
den hohen trans-Effekt der Methylliganden gefordert wird. Fiir Komplex 5 belegen
quantenchemische Rechnungen eine «”0,0 -Koordination. Die Konstitution des

Neutralkomplexes 4 wurde durch eine Rontgeneinkristallstrukturanalyse bewiesen.

2. Die Reaktion der Trimethyl(2,2’-bipyridin)platin-Komplexe 3a bzw. 3C mit
Thionucleobasen fithrt zu Platin(IV)-Komplexen des Typs [PtMes(nb-kS)][BF4] (nb =
SCy, 4C;1-MeSCy, 5C; szUra, 3D; s4Ura, 4D, szs4Ura, 5D). 'H-, BC- und "°Pt-NMR-

spektroskopische Untersuchungen, quantenchemische Rechnungen (4D, 5D) sowie

R
[ [ 1 M o o | L _‘
_N e Z e _N Me ~ ! _~Me _Me
~PtZ - |[BF4] ~ptl IBF4] P Me—<( Pt me” O~ py 7 |BF4)
SN N7 1 T Me o” | Me | ~Me
| 0 | OH o O 9 0
= = =
M 1 A PN Me
r Me” “Me Me Me” 0 Me™ "Me Me” ~Me
R=H 3a R=H 3¢ 4 5 6
R = Bu 3b
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Zusammenfassung

Rontgeneinkristallstrukturanalysen (4C-MeOH, 5C) belegen eine Koordination der
Thionucleobase liber das exocyclische Schwefelatom (KSZI 4C, 5C, 3D; kS*: 4D, 5D).

. Rontgeneinkristallstrukturanalysen von 4C-MeOH und 5C zeigen, dass n—n-Wechselwir-
kungen und Wasserstoffbriickenbindungen fiir die Molekiilstruktur als auch fiir die
Stapelung der Molekiile im Kristall von Bedeutung sind. So liegen in Kristallen von
4C-MeOH dinukleare Komplexkationen [{PtMe3(bpy)(SCy—KS)}2]2+ mit N-H---N'-
verkniipften Monomereinheiten vor. Strukturelle Parameter zeigen, dass die koordinierten
Schwefelatome in 4C-MeOH und 5C als sp’- bzw. sp>-hybridisiert zu beschreiben sind.
Diese Befunde sowie ergdnzende quantenchemische Rechnungen der Komplexkationen
[PtMe3(nb-xS)]" (nb = s’Ura, s'Ura, s’s*Ura) und [{PtMes(bpy)(SCy-kS)}-]*" belegen,
dass in diesen Komplexen die Thionucleobaseliganden als Amino-Thion- (5C), Oxo-
Thion- (3D, 4D) bzw. Thion-Thion-Tautomer (5D) vorliegen. Im Unterschied dazu ist der

SCy-Ligand in 4C als eine an N1 protonierte Amino-Thiolat-Form zu beschreiben.

[(PtMes])4] (2) reagiert mit Natriumsalzen von N,S-Heterocyclen (SAN)Na (SANH =
Pyridin-2-thion, pytH; Pyrimidin-2-thion, pymtH; Thiazolin-2-thion, tztH) zu dinuklearen
Komplexen (siche Formelbild auf der folgenden Seite), wihrend die analoge Umsetzung
mit dem Natriumsalz eines S,S-Heterocyclus (Thiophen-2-thiol, tptH) zu einem
tetranuklearen Komplex (12A/6B) fiihrt. Damit wurde in Fortfithrung der Diplomarbeit
ein wesentlich verbesserter Syntheseweg gefunden, der keine anaeroben Bedingungen
erfordert. Die Komplexe sind vollstindig analytisch und spektroskopisch charakterisiert.
Rontgeneinkristallstrukturanalysen belegen einen 1kN,1:2xS- (10A/3B, 9A/4B) bzw.
eine t3-kS-Koordination (12A/6B) der heterocyclischen Liganden.

S ™= = =

| : Me M | Me " | i Me " | ; Me "
= N | e -~ | ~Ne = N | e -~ ~ I - Ne
Pt [BF4] Pt [BF4] Pt [BF4] Pt. [BF4]
| SNT | T Me ¢ |“N/| Me ¢ !\ “| TMe ¢ | SNT| Me ¢
s S S $
Z Pz Z 322
.H .M
Nl)‘\‘N NIJ-LN 2 HNJ\NH f‘LNH
e e 40 i
H
ac 5C 3D = 04D
X=S8S5D
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6.

Zusammenfassung

Quantenchemische Rechnungen zeigen, dass bei den dinuklearen Komplexen die
experimentell gefundene Struktur auch die stabilste ist und fithren die Bildung des
tetranuklearen Komplexes auf die geringe Koordinationstendenz des endocyclischen

Schwefelatoms im tpt-Liganden zuriick.

Die Umsetzung von [PtMe;(OAc-k’0,0")(Me,CO)] (5) mit 4-Thiouracil fithrt unter
Deprotonierung des Liganden zur Ausbildung des dinuklearen Komplexes [(PtMes) (-
s*Ura_y),] (7D). In analoger Weise bildet sich der ionische Komplex [(PtMes)y(p-1-
MeSCy),][BFs]> (3H) bei der Reaktion von [PtMe;(Me,CO);][BF4] (6) mit 1-

Methylcytosin. Elementaranalyse, IR- und NMR-Spektroskopie ('H, °C, '

Pt) sowie
ESI-Massenspektrometrie zeigen fiir beide Komplexe eine 1kN,1:2i°S-Koordination
analog zu der in den dinuklearen [(PtMeg)g(u—S/\N)z]—Komplexen. Mittels
Rontgeneinkristallstrukturanalyse konnte 3H charakterisiert werden, sowie ein

Zersetzungsprodukt von 7D, ein hexanuklearer 4-Thiouracilatoplatin(IV)-Komplex (7aD).

Cytotoxische Untersuchungen der mononuklearen [PtMes(bpy)(nb-xS)][BF4] (nb = SCy,
4C; 1-MeSCy, 5C; s2Ura, 3D; s4Ura, 4D; szs4Ura, 5D) und dinuklearen Komplexe
[(PtMes)o(u-S N)o] (S N = pyt, 3B/10A; pymt, 4B/9A; tzt, 5B/11A) gegeniiber neun

bzw. fiinf Zelllinien zeigen eine herausragende Aktivitit des dinuklearen Komplexes

N__NH
‘ 10A/3B 9A/4B 7D M/ E/ 0 S
¢ A \ Me
S HN N,___‘___-Pt/
s D A
/ —
AME A NH, - Pt S \ N)QO /\Y\S/ S
/ s —pt Nee \
N"\Me” f S | \ N ~—
s _}sn / | _Me [BF4] % "/‘S—‘;Pt Mehpt/H Tg /Pt\‘“Me
’Pt\s/ | " Me Pt——8s & Me” \ ’ Me Me
Me
Me Me \[)
3H 12A/6B 7aD
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Zusammenfassung

5B/11A mit bis zu 4-fach hoheren cytotoxischen Aktivititen als Cisplatin, wihrend die
restlichen Komplexe iiberwiegend nur moderate cancerostatische FEigenschaften
aufweisen. Die mononuklearen Komplexe 3D und 5D besitzen spezifische cytotoxische
Aktivititen gegeniiber den Zelllinien A549 (3D) bzw. A2780 (5D), die vergleichbar mit
der Aktivitit von Cisplatin sind. Zellzyklusstérungen und ein Trypan-Blau-Ausschlusstest
unter Verwendung von [PtMes(bpy)(s’s*Ura-kS*)][BE4] (5D) gegeniiber der Zelllinie
A431 zeigen eine Induzierung des apoptotischen Zelltodes, widhrend der G1-Phase

(postmitotische Phase) des Zellzyklus.

7. Die Reaktion von [Pt(COMe),(BnNH>),] (1E) mit Thioglycosiden die tiber 4-(Pyridin-2-
yl)-thiazol-2yl-Chelatliganden (ch-SPT)' in der anomeren Einheit verfiigen, fiihrt in einer
Gleichgewichtsreaktion zur Ausbildung der Komplexe [Pt(COMe),(ch-SPT)] (7E-9E).
Die Charakterisierung des Reaktionsgemisches zeigt eine k’N,N’-Koordination der
Thioglycosidliganden an das Platin(IT)-Atom. Die Rontgeneinkristallstrukturanalyse von
[Pt(COMe),(BnNH;),] (1E) belegt mit einer ungewohnlich langen Pt—N-Bindungsldnge
von 2.164(2) A die experimentell beobachtete hohe Reaktivitit von 1E durch leichte

Abspaltung der Benzylaminliganden.

8. Die Umsetzung der Trimethylplatin(IV)-Komplexe 3a/3b bzw. 5 mit den Thioglycosiden
der Typen ch-SEt und ch-STaz fiihrt zu den Komplexen [PtMes(bpy)(ch*)][BF4] (ch* =
ch-SEt, 8F-14F; ch-STaz, 15F-23F) bzw. [PtMes(OAc-k*0,0")(ch*)] (ch* = ch-SEt,
24F-28F; ch-STaz, 29F-35F; ausgewihlte Prototypen s. Formelbilder auf der folgenden
Seite). Sie wurden vollstindig mittels IR- und NMR-Spektroskopie ('H, "*C, '°Pt),
hochauflosender ~ ESI-Massenspektrometrie  und im  Falle des Komplexes
[PtMes(bpy)(OBz-Gal-STaz)][BF4] (19F) auch durch Rontgeneinkristallstrukturanalyse

charakterisiert.

PS5 8
" P P
ROS—~\_S N N HoN NH;
oo 54
S P
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10.

Zusammenfassung

Die ch-SEt- und ch-STaz-Liganden sind monodentat kS- bzw. kKN-koordiniert. Im Falle
der Thioglycoside, die in C6-Position eine Picolylgruppe besitzen, erfolgt die
Koordination der Liganden in 12F und 28F {iber das Picolylstickstoffatom.

Die Reaktion von [PtMe3;(Me,CO)3][BF4] (6) mit Thioglycosiden der Typen ch-SEt, ch-
STaz, ch-SPT und ch-Sbpy fiihrt zu Platin(IV)-Komplexen [PtMe;(ch*)][BF4] (ch* = ch-
SEt, 36-40; ch-STaz, 41; ch-SPT, 42-44, ch-Sbpy, 45, 46) in denen die
Thioglycosidliganden tridentat kS, K2O,O' (36—38), kS,N,O (39), KS,K2N,N' (40, 41) und
i>N,N",N""-koordiniert (42—46) sind. Die Komplexe wurden durch IR- und NMR-
Spektroskopie (‘H, C, 'Pt) und hochauflésende ESI-Massenspektrometrie

charakterisiert.

Die Koordination der Thioglycosidliganden an das elektrophile Platin(IV)-Atom fiihrt zu
einer Aktivierung der glycosidischen C-S-Bindung, was die Rontgeneinkristall-
strukturanalysen der Zersetzungsprodukte 2laF und 23aF belegen. Dies kann in
Glycosylierungsreaktionen Anwendung finden, in denen die Thioglycosidplatin(IV)-
Komplexe als Glycosyldonoren agieren. Durch die zusétzliche Abschirmung der
Oberseite (a) durch die Methylgruppen der PtMes-Einheit erfolgt der Angriff haupt-
sachlich von der Unterseite (b), was zu einer 1.1-9.4-fachen Erhéhung des o-Anomers

(1,2-cis-Disaccharid) im o/B-Gemisch fiihrt.
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Zusammenfassung

Die Ergebnisse der vorliegenden Arbeit erweitern die Kenntnisse auf dem Gebiet der
Koordinationschemie von Bioliganden mit Metallionen in hohen Oxidationsstufen,
insbesondere von Thionucleobasen und Thioglycosiden, die bisher weitaus weniger intensiv
untersucht wurden als ihre Sauerstoffanaloga. Durch die Wahl geeigneter Platin(IV)-
Precursorkomplexe, die eine mono-, bi- oder tridentate Koordination der schwefelhaltigen
Bioliganden zulassen ist es gelungen, gezielt verschiedenartige Koordinationsmodi zu
realisieren und im Zusammenwirken mit quantenchemischen Rechnungen auch
koordinationschemisch zu interpretieren. Insbesondere bei Thioglycosiden konnte gezeigt
werden, dass deren Koordination an ein Ubergangsmetall in hoher Oxidationsstufe (Pt(IV)) zu
einer Aktivierung filhren kann, die in einer verbesserten Stereoselektivtit bei

Glycosylierungsreaktionen auch synthetisches Potential besitzt.
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Abstract

The reactions of [PtMe;(OAc)(bpy)] (4) with the N,S and S,S containing heterocycles, pyrimidine-2-thione (pymtH), pyridine-2-thi-
one (pytH), thiazoline-2-thione (tztH) and thiophene-2-thiol (tptH), resulted in the formation of the monomeric complexes [PtMes(D $-
kS)(bpy)] (D § = pymt, 5; pyt, 6; tzt, 7; tpt, 8), where the heterocyclic ligand is coordinated via the exocyclic sulfur atom. In contrast, in
the reactions of [PtMe3(OAc)(Me,CO),] (3, x =1 or 2) with pymtH, pytH, tztH and tptH dimeric complexes [{PtMe;(u-D 8)}2] (p-
D S =pymt, 9; pyt, 10; tzt, 11) and the tetrameric complex [{PtMes(ps-tpt-kS)}4] (12), respectively, were formed. The complexes were
characterized by microanalyses, '"H and '*C NMR spectroscopy and negative ESI-MS (12) measurements. Single-crystal X-ray diffrac-
tion analysis of [PtMe;(pymt-«S)(bpy)] (5) exhibited a conformation where the pymt ligand lies nearly perpendicular to the complex

plane above the bpy ligand that was also confirmed by quantum chemical calculations on the DFT level of theory.

© 2006 Elsevier B.V. All rights reserved.

Keywords: Platinum(IV) complexes; N,S heterocyclic ligands; S,S heterocyclic ligands; Sulfur coordination; Single-crystal X-ray diffraction analysis; DFT

calculation

1. Introduction

Metal complexes having sulfur and nitrogen containing
heterocyclic ligands like pyridine-2-thione or thiazoline-2-
thione are of interest in different aspects. On the one hand,
such ligands possess several binding modes to metals [1].
They can either act as neutral or anionic ligands and can
be bound monodentately via the exocylic sulfur atom
[2.3]. the endocyclic nitrogen atom [4] or in a chelating
binding fashion [5,6]. Also the formation of a sulfur bridge
through the thione group to two metal atoms has been
reported [7]. On the other hand, it has been shown that
the heterocyclic compounds exhibit bioactive properties.
Pyridine-2-thione is able to act as enzyme inhibitor of the
polyphenoloxidase, which is responsible for browning in
fruits and vegetables [8]. Thiazoline-2-thione is an inhibitor

" Corresponding author. Tel.: +345 5525620; fax: +345 5527028,
E-mail address: dirk sieinbornf@chemie.uni-halle.de (D. Steinborn).

0020-1693/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ica.2006.06.007

of the prostaglandine synthetase enzyme complex, which is
involved in inflammatory processes causing arthritis,
thrombosis or asthma [9]. Also complexes containing het-
erocyclic NS ligands were shown to have bioactive proper-
ties, among them being cytotoxic ones. Since the discovery
of the antitumor effect of cisplatin by Rosenberg [10], espe-
cially platinum complexes proved to be of interest in this
respect. Up to now a number of platinum complexes have
been synthesized with ligands like pyridine-2-thione or
pyrimidine-2-thione, which showed cytotoxic activities
sometimes higher than that of cisplatin and even to cis-
platin resistant cell lines [1.11-13]. So complexes of these
types are promising potential new cancerostatica. In gen-
eral, platinum(IV) complexes having S bound heterocyclic
ligands are much less investigated in this context than the
corresponding platinum(1I) complexes.

Already in 1907, Pope and Peachey [14] synthesized the
tetrameric complex [(PtMe;l),] (1) having the fac-Pt"™Me;
unit. In our research group, it was shown that trimethyl-
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platinum(I1V) complexes with a broad variety of bioligands
can be prepared, even when the ligands are only weak
donors and can be easily oxidized, such as carbohydrates
[15-17]. Here we report the synthesis and characterization
of platinum(1V) complexes with the heterocyclic ligands
pyrimidine-2-thione, pyridine-2-thione, thiazoline-2-thione
and thiophene-2-thiol. These heterocycles are capable of
thione-thiol tautomerism. While pyrimidine-, pyridine-
and thiazoline-2-thione exist mainly in the thione form
[18], thiophene-2-thiol prefers the thiol form [18,19].

2. Results and discussion
2.1. Synthesis of [PtMes;(OAc)(bpy)] (4)

The reaction of [PtMe;I(bpy)] (2) [20] with silver acetate
in acetone as well as the reaction of [PtMey(OAc) Mes-
CO),] (x=1, 2) (3) with 2.2"-bipyridine resulted in the
formation of [PtMes(OAc)(bpy)] (4) (Scheme 1). The prep-
aration of this complex starting from 2 and 3 is similar to
those previously described by Clegg et al. [20] and by us [16],
respectively. Complex 4 was isolated as a white air-stable
powder in 70% yield. The identity of 4 was confirmed by
microanalysis, 'H and '>*C NMR spectroscopy. The 'H
and '3C NMR spectra showed the expected pattern for
the three methyl ligands: two signals were found, namely
that for the methyl ligands trans to bpy (5 1.18, *Jpuy =
68.3Hz; dc—49, "Jpc=7048 Hz) and that for the
methyl ligand trans to OAc (dy 0.25, *Jpon = 74.1 Hz;
d¢ — 14.9, "Jp c = 706.1 Hz). Here we used complex 4 as
the starting material, but for these purposes the complex
was prepared in situ.

4327
2.2. Synthesis of mononuclear complexes 5-8

Complex 4 was found to react in the presence of an
excess of AgOAc (4:Ag0OAc = 1:1.5) with pyrimidine-2-thi-
one (pymtH), pyridine-2-thione (pytH), thiazoline-2-thione
(tztH) and thiophene-2-thiol (tptH) in acetone yielding the
neutral complexes [PtMes(D™ 5-k.5)(bpy)] (5-8) (Scheme 1).
As shown by "H NMR measurements of the reaction mix-
tures, all complexes were formed with a degree of conver-
sion =60%. The surplus AgOAc proved to be decisive.
Using equimolar ratio (2:AgOAc = 1:1), much lower
degrees of conversion were obtained. The complexes were
isolated as yellow powdery (5, 6, 8) and microcrystalline
(7) substances in moderate yields. They are stable on air.
Complex 6 contained a considerable amount of non-identi-
fied platinum complexes. Chromatographic purification
failed due to decomposition. The identities of complexes
were confirmed by microanalysis (except for 6), 'H and
3C NMR spectroscopy as well as by single-crystal X-ray
diffraction measurements of 5.

2.3. Structure of [PtMes(pymi-xS)(bpy)] (5)

Single crystals of [PtMe;(pymt-«S)(bpy)] (5) suitable for
X-ray diffraction analysis were obtained from acetone/
diethyl ether/n-pentane solutions. The complex crystallizes
in the space group P2;/n in isolated molecules (shortest
intermolecular distance between non-hydrogen atoms:
N2---§' 5.011(3) A). The molecular structure is shown in
Fig. 1. Selected bond lengths and angles are listed in Table
1. The platinum atom is octahedrally coordinated by three
methyl ligands in facial configuration, the 2,2'-bipyridine
and the S-bound pyrimidine-2-thiolato ligand. Due to the

+ AgOAc
[PtMeg3l(bpy)] (2) W
g Me /| Me /I
Me\Fl’t/N\ +HD s Me | NS
Me™ | N7 | - HOAC Me™ | N7 |
(0AG)MesCON) (3) — ore s S
[PtMe3(OAc)(Mey X (3
(x=1o0r2) ~ xMeCO D/
4 5-8
. JSL 3 S SH
HD s NTNHHNTY N PN
U S J/ —

e
o s°| % s© s° s°
NN N7 S)§N sé
K/ N \/ —
5 (pymt) 6 (pyt) 7 (tzt) 8 (tpt)
Scheme 1.
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Fig. 1. Molecular structure of [PtMes(bpy)(pymt)] (5). The displacement
ellipsoids are drawn at the 30% probability level.

restricted bite of the bipyridine ligand (N1-Pt-N2
76.9(2)°), the C1-Pt-N2 and C2-Pt-N1 angles of the equa-
torial plane are distinctly widened (98.0(3)°, 98.0(2)°). The
2,2'-bipyridine ligand is not planar; the two pyridine rings
are twisted by 11.1(3)°. The pyrimidine-2-thiolato ligand
coordinates through the exocyclic sulfur atom to the plati-
num(I1V) atom and is directed towards the 2,2'-bipyridine
ligand. Notably, the pymt ligand is almost perpendicular
to the bpy ligand (interplanar angle 85.4(2)°). Likely for
sterical reasons, the Pt—-S—C14 angle (114.79(2)°) is slightly
larger than the tetrahedral one and the S-Pt-C3, N1-Pt—
C1 and N2-Pt-C2 angles are smaller (172.8(2)-174.8(3)°)
than 180°.

2.4. Quantum chemical calculations

In the crystals of 5, the pyrimidine-2-thiolato ligand is
perpendicular to the PtN,C, plane (interplanar angle
85.4°) and lies above the central C8—C9 bond of the bipyri-
dine ligand (torsional angle N1-Pt-S-C14/N2-Pt-S-C14
—56.5(2)/20.6(2)°). Here and in the following, the latter

Table 1 .
Selected bond lengths (in A) and bond angles (in °) of [PtMes(pymt-
kS)(bpy)] (5), compared to the calculated conformers 5a/5b

5 (Exp.) Sa 5b
Pt-Cl1 2.079(6) 2.067 2.066
Pt-C2 2.056(6) 2.068 2.063
Pt-C3 2.067(6) 2.100 2.097
Pt-S 2.427(1) 2.514 2.517
Pt-NI1 2.152(4) 2.222 2.227
Pt-N2 2.147(5) 2.232 2.247
C1-Pt-C2 87.0(3) 85.3 86.1
CI-Pt-N2 98.0(3) 100.7 99.6
NI-Pt-N2 76.9(2) 74.7 74.2
C2-Pt-N1 98.0(2) 99.3 100.2
C3-Pt-S 173.9(2) 173.8 175.7
Cl14-S-Pt 114.8(2) 115.2 113.6

Fig. 2. Conformers of experimental (5) and calculated equilibrium (5a/5h)
and transition state {Se) structures. Shown s the caleulated structure 5a in
the view along the $-Pt-C3 vector,

torsional angle (N2-Pt-S—C14) is used to describe the con-
formation of the pyrimidine-2-thiolato ligand with respect
to the complex plane (see Fig. 2). To get further insight into
the conformation of the complex, quantum chemical calcu-
lations on the DFT level of the theory were performed.
Two equilibrium structures were found having, in prac-
tice, the same energy (AE = 0.1 kcal/mol). In both these
structures, the pyrimidine-2-thiolato ligand is perpendicu-
lar to the PtN-C, plane (interplanar angles 88.9/89.3°,
5a/5b).! In 5a, the pyrimidine-2-thiolato ligands lies above
the central C8-C9 bond of the bipyridine ligand approxi-
mately bisecting the N1-Pt—-N2 angle (torsional angles
N1-Pt-S-C14/N2-Pt-S-C14 -40.7/34.3°). Thus, the con-
formation of 5a is very close to that of the experimental
structure 5 (see Fig. 2). In the other equilibrium structure
5b, the pyrimidine-2-thiolato ligand lies between the bipyri-
dine and the methyl ligand (torsional angle N2-Pt-S-C14
117.8°). Apart from this, the bond lengths and angles in
5a and 5b are very similar and agree quite well with the val-
ues found in the experimental structure § (sece Table 1).
Notably, the Pt-S and Pt-N bonds were calculated to be
longer (up to 0.100 A) and the strong distortion of the
bipyridine ligand in the experimental structure 5 (interpla-
nar angle between the two pyridine rings 11.1°) is not
reflected in the calculated structures Sa/5b (4.8/5.3°).
Rotation of the pyrimidine-2-thiolato ligand around the
Pt-S vector exhibited that the maximum of the potential
energy belongs to a transition state structure Sc where
the pyrimidine-2-thiolato ligand lies above the methyl
ligand (N2-Pt-S-C14 -179.6°). Overall, the rotational bar-
rier is very low (2.9 kcal/mol). From all these findings, the
conclusion can be drawn that the pyrimidine-2-thiolato
ligand can (nearly) freely rotate and that the rotational bar-
rier is mainly caused by sterical repulsion between the
pyrimidine-2-thiolato ligand and the bpy/Me ligands.

! Because the calculated structures are very close to the experimental
one, Figs. of 5a/5b are shown in the Supplemental only. The numbering
schemes for 5a/5b are analogous to that for 5.
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Table 2
"H and "C NMR spectroscopical data (4 in ppm, Jin Hz) of the methyl
ligands of complexes 5-8

D S~ pyt (5) pymt (6)  tzt (7) tpt (8)
SuCper)

CH; transto S 0.31 (65.8)  0.29 (66.8) 0.29 (66.2) 0.24 (64.4)

CHy transto N 1.19(69.5)  1.16 (69.7) 1.14 (69.9) 1.13 (70.5)
S

CH; trans to S 1.9 (622.8) 1.2(622.7) 1.5(622.9) —0.8 (608.6)

CHj trans to N —5.2(672.3) —5.2(676.8) —5.4 (673.2) —5.2 (681.6)

2.5. NMR spectroscopic investigations of complexes 5-8

'H and '>*C NMR spectroscopic measurements of the
complexes [PtMes(D 5-kS)(bpy)] (5-8) gave evidence for
their constitution. In the case of complex 5, the "H NMR
spectrum shows a symmetrically bound pyrimidine-2-thio-
lato ligand (0p4 = dye of the pyrimidine ring) giving proof
for S coordination of the ligand, as verified by its solid-
state structure. The chemical shifts and coupling constants
of the methyl ligands are given in Table 2. Both the chem-
ical shifts (dy, dc) and the coupling constants {EJpL“,
'Jp,c) of the methyl ligands frans to the bipyridine ligand
are in a very narrow range, exhibiting that they depend
only to a small extent on the nature of the cis-bound het-
erocyclic ligand. The coupling constants 'Jp.c of the
methyl ligands trans to the S-bound ligands are smaller
by 49.5-73.0 Hz compared with those trans to the bipyri-
dine ligands. This indicates a greater frans influence of
the anionic S-bound ligands than the bipyridine ligand.
The same holds for the ZJPI,H coupling constants
(AJ = 2.9-6.1 Hz). On the basis of the 'Jp, ¢ coupling con-
stants, the trans influence of the tpt™ ligand (608.6 Hz) was
found to be slightly larger than those of the other three
ligands (tzt~, pymt~, pyt : 622.7-622.9 Hz).

2.6. Synthesis of di- and tetranuclear complexes 9-12

The reaction of [PtMe3(OAc)(Me,CO),](3) (x =1 or 2)
with HD™ s (pymtH, pytH, tztH) in acetone led to the for-
mation of dinuclear platinum complexes 9-11 having
bridging p-p § ligands. The reaction of 3 with tptH
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resulted in the formation of a tetrameric complex 12
(Scheme 2). As opposed to the synthesis of the monomeric
complexes 5-8, for the syntheses of the di- and tetranuclear
complexes 9-12 no excess of AgOAc is necessary. Yellow
microcrystals of complex 12 precipitated in 87% yield from
the reaction solution within a few minutes. The other com-
plexes were obtained in moderate to good yields (43-93%)
as yellow (9 and 10) and colorless powdery substances (11)
after addition of n-pentane to the reaction mixtures. Com-
plexes 9-11 are well soluble in acetone, methylene chloride
and chloroform, whereas complex 12 is less soluble in these
solvents. All complexes were characterized by microanaly-
sis, 'H and '*C NMR spectroscopy.

2.7. NMR spectroscopic investigations of complexes 9—12

Signal intensities in the "H NMR spectra gave evidence
for the 1:1 stoichiometry (PtMes:p™ ) of the complexes. In
accordance with the deprotonation of the ligands, no SH
resonances were found. For complexes 9-11, the 'H and
'3C NMR spectra are in agreement with a dimeric structure
as shown in Scheme 2, see sclected NMR parameters in
Table 3. As expected all three methyl ligands are chemically
non-equivalent both in the 'H and in the *C NMR spec-

Table 3
"H and '3C NMR spectroscopical data (8 in ppm, J in Hz) of the methyl
ligands of complexes 9-12

WP s I - ac" Ve o
pymt- ) 119/117° { I8 6627 74.7/730
—12.3 673.7
0.84 2.6 666.6 73.9
pyt (10) 1.08/1.07" { 5 6701 73.0/735
—12.2 663.60
0.84 2.2 658.6 72.6
tzt~ (11) 1.17 —0.6 684.6 77.7
1.01 0.0 672.4 724
0.85 —12.7 672.3 73.2
tpt (12) 1.36 7.1 639.5 71.8

# Correlated signals in "H-">C COSY NMR spectra are given in the
same line.

® Due to the small difference in the chemical shifts no unambiguous
assignment in 'H-'>C COSY NMR spectra can be made.

/S Me3 W
— Pt S
— Me 7D | |
+HD S Me | s | _Me s S—| PtMes
[PtMe3(OAC)(Me,CO),] Pt —=pt () . ‘
- HOAc Me/| S ST ) TMe /S| PtMe;
(x=1o0r2) M Pt/—S/
D Me 3 S
|/
3 9-11 12
9 10 1 12
—~ O ‘
D S pymt pyt tzt tpt
Scheme 2.
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tra. "H-"C COSY experiments revealed the correlation
given in Table 3 and exemplified in Fig. 3 for complex
10. Unexpectedly, the two signals positioned closely
together (both in the 'H and '*C NMR spectra) have not
been assigned to the methyl ligands (Me*/Me?) trans to
the p-S-atoms. NOE experiments of complex 10 with irra-
diation in the resonance of proton H6 of the pyridine ring
(see formula in Fig. 3) gave a strong increase of the inten-
sity for one of the two signals 1.07/1.08 ppm and a weaker
one for the signal at 0.84 ppm. This gives further indication

5
din ppm
Fig. 3. "H-"*C NMR correlation of the chemical shifts for the methyl
ligands of [{PtMes(p-pyt)},] (10).

for an assignment of these two signals to the methyl pro-
tons Me’/Me®. Thus, the methyl protons Me' resonate at
1.07 or 1.08 ppm.

Complex 12 exhibited only one resonance in 'H and '*C
NMR spectra for the protons and carbon atoms of the
three methyl ligands. Down to —50 °C, the signal for the
methyl protons remained to be a sharp singlet. This impli-
cates a different constitution than complexes 9-11. A tetra-
nuclear heterocubane cluster with a [PtyS4] core
analogously to the Pope cluster [(PtMes])4] (1) agrees with
the 'H and '>C NMR spectra and could be detected by neg-
ative ESI-MS (Fig. 4). The most intensive mass peak is the
anion [(PtMes)y( ps-tpt-x8)3(p3-S)]~ at 1338.01 m/z where a
thiophene cation is cleaved. The peak shows an isotopic
envelope (Fig. 4b) which is characteristic for a monoanion
containing four platinum atoms [natural isotopic composi-
tion: '"""Pt (0.01%), '"Pt (0.79%), '""*Pt (32.9%), '"°Pt
(33.8%), 7Pt (25.3%), "*Pt (7.2%)]. The observed values
agree very well with the calculated ones. Furthermore,
other signals could be detected which can be assigned to
the parent anion [{PtMe;(p,-tpt-kS)},]”y, at 1418.97 m/z
and to [{PtMe;(p,-tpt-xS)} )"y, at 1405.94 m/z (with
low intensity). The peak at 1370.51 m/z is formed by the
loss of a C4H; unit, probably by the fragmentation of the
thiophene ring. This measurement proves unambiguously
the tetrameric constitution of complex 12 and, most likely,
the tpt ligand is monodentately ps-bound through the
exocyclic thiolate group as shown in Scheme 2.

2.8. Reactivity of the dimeric complexes

To get insight into the stability of the sulfur bridges in
the dinuclar complexes 9-11, complex 11 was reacted with
2,2'-bipyridine and 4-picoline (pic). NMR spectroscopic
investigations revealed the formation of monomeric com-

(a)

[M-tp]’
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(b)
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Fig. 4. (a) Negative ESI-mass spectrum of [{PtMes(ps-tpt-kS)}4] (12). (b) Isotopic pattern of the anion [(PtMe3)s(ps-tpt-kS)s(ps-S)]~ at 1338.01 m/z
showing the expected intensity due to the isotopic composition (calculated intensities are shown in horizontal bars; M = [{PtMe;(p3-tpt-kS)}4],

tp = thiophene).
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plexes having 1:1:1 stoichiometry of PtMes:tzt:bpy and
PtMej:tzt:pic. respectively (Scheme 3). The complex
formed in the reaction with bipyridine contains a mono-
dentately S-bound tzt ligand and is identical with complex
7. that was obtained [rom the reaction of [PtMe;(OQAc)bpy]
(4} with tztH. Contrary to that, the reaction with 4-picoline
gave rise to the formation of complex 13 containing a
bidentately bound tzt ligand.

3. Conclusions

The synthesis and characterization of mononuclear
(5-8), dinuclear {9-11} and tetranuclear (12} trimethylplat-
inum(IV} complexes have shown that deprotonated NS
and S.S heterocycles 5 (HD s = pymtH, pytH, tztH
and tptH)} are versatile ligands. The strongest coordination
site is the exocyclic sulfur atom, thus acting either as a
terminal ligand as in the mononuclear complexes 5-8 or
as - and ps-bridging ligand as in the dinuclear (9-11}
and tetranuclear (12} complexes, respectively. As shown
in the reactions of dinuclear complex 11 with bpy and 4-
picoline, a terminal Pt-S bond is formed at the expense
of the bridging mode.

The reactions of [PtMes(OAc)(bpy)] (4) with HD™ S pro-
ceeded only smoothly in excess of OAc™, indicating that
the acetato ligand can only be substituted by the deproto-
nated species 55~ and that the neutral heterocycles HD™ 'S
are only weak donors. In contrast, the reactions of
[PtMes(OAc)(MexCO),] (3, x=1 or 2) with up™ s did
not afford excess of OAc™, indicating that the first step of
the reactions is the substitution of a weakly bound acetone
ligand from 3 by HD s followed by its deprotonation by
the acetato ligand and formation of the dinuclear and tet-
ranuclear complexes 9-12, respectively. The formation of
the tetranuclear complex 12 in the reaction with tptH might
indicate that its endocyclic sulfur atom is a weaker donor
than the endocyclic nitrogen atoms in pymt~, pyt™ and
tzt .

Summarizing, in this work it has been shown for the first
time that platinum(IV) can be coordinated in different

binding modes to N.8 and 8,8 heterocyclic ligands, which
are of both biological relevance and bioligand models.

4. Experimental
4.1. General considerations

Syntheses were performed under argon using standard
Schlenk techniques. Acetone and pentane were dried over
phosphorpentoxide followed by 4 A molecular sieves and
LiAlH,, respectively. All solvents were distilled prior to
use. NMR spectra were obtained with Varian UNITY
500, Gemini 2000, and Gemini 200 spectrometers using sol-
vent signals (*H and *C NMR spectroscopy) as internal
reference. Micreanalyses were performed by the University
of Halle microanalytical laboratory using CHNS-932
(LECQ). The negative ion high resolution ESI mass spectra
were obtained from a Bruker Apex III Fourier transform
ion cyclotron resonance (FT-ICR)} mass spectrometer
(Bruker Daltonics, Billerica, USA} equipped with an Infin-
ity™ cell, a 7.0 Tesla superconducting magnet (Bruker,
Karlsruhe, Germany), an RF-only hexapole ion guide
and an external electrospray ion source (Agilent, off axis
spray, voltages: endplate, 3.700 V; capillary, 4.200 V; capil-
lary exit, —100 V; skimmer 1, —15.0 V; skimmer 2, —6.0 V}.
Nitrogen was used as drying gas at 150 °C. The sample
solutions were introduced continuously via a syringe pump
with a flow rate of 120 pl h™!. The data were acquired with
512k data points and zero filled to 2048k by averaging 64
scans.

[(PtMesD)y] (1) [14,21] and [PtMesI{bpy)] (2) [20] were
prepared according to the literature methods. All other
malterials were purchased commercially. Thiophene-2-thiol
was distilled before use and stored under argon.

4.1.1. Synthesis of [PtMe;(OAc)(bpy) ] (4) [16]
[(PtMe;I)y] (50.0 mg, 0.04 mmol) and AgOAc (23.0 mg,
0.14 mmol) were suspended in acetone (4 ml) and stirred
vigorously for 15 h in the absence of light. The precipitate
(Agl) was filtered off and 2,2'-bipyridine (42.8 mg,
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0.36 mmol) was added to the clear filtrate. After stirring for
30 min the solution was concentrated to ca 1 ml. The white
precipitate formed was filtered, washed with pentane (1 ml)
and dried in vacuo. Yield: 50 mg (69%). Alternatively [20],
[PtMe;1(bpy)] (70.0 mg, 0.14 mmol) and AgOAc (23.0 mg,
0.14 mmol) were suspended in acetone (4 ml) and stirred
vigorously for 15 h in the absence of light. The precipitate
(Agl) was filtered off and the clear filtrate was concentrated
to ca. 1 ml. The white precipitate formed was filtered,
washed with pentane (1 ml) and dried in vacuo. Yield:
52 mg (72%). Anal. Calc. for C;sHyoN,O,Pt (455.55): C,
39.56; H, 4.40; N, 6.15. Found: C, 38.20, H, 4.62; N,
5.90%. '"H NMR (400 MHz, CD,Cl,): § 8.96 (m, 2H, H6/
H6' of bpy), 8.22 (d, 2H, H3/H3’ of bpy), 8.07 (m, 2H,
H4/H4' of bpy), 7.64 (m, 2H, H5/HS' of bpy), 1.54 (s,
3H, CH;COO), 1.18 (s +d, 6H, *Jp y = 68.3 Hz, PtCH;
trans to N), 0.25 (s + d, 3H, 2Jp y = 74.1 Hz, PtCH; trans
to 0). 3C NMR (125MHz, CD,ClL): 6 175.6 (s,
CH;CO0), 155.5 (s, C2/C2’" of bpy), 147.2 (s, C6/C6’ of
bpy), 138.5 (s, C4/C4’ of bpy), 126.1 (s, C5/C5’ of bpy),
122.6 (s, C3/C3’ of bpy), 24.6 (s, CH;COO), —4.9 (s +d,
Upc=704.8 Hz, PtCH; trans to N), —14.9 (s+d,
'p.c = 706.1 Hz, PtCHj; trans to O).

4.1.2. Synthesis of [PtMes(pymt-xS)(bpy)] (5)

A suspension of [PtMe;I(bpy)] (70.0 mg, 0.14 mmol) in
acetone (10 ml) and AgOAc (58.0 mg, 0.34 mmol) was stir-
red for 15 h in the absence of light. After filtration of Agl,
pyrimidine-2-thione (pymtH) (15.0 mg, 0.14 mmol) was
added with stirring to the clear filtrate. After 2 h the solu-
tion was concentrated up to ca. 3 ml, and pentane (6 ml)
was added. The yellow product formed was filtered,
washed with pentane (2ml) and dried in vacuo. Yield:
43 mg (61%). Anal. Calc. for Ci;H0N4SPt (507.51): C,
40.23; H, 3.97; N, 11.04, S, 6.32. Found: C, 40.16, H,
4.44; N, 10.95, S, 6.54%. '"H NMR (400 MHz, CD,Cl,): §
8.89 (m, 2H, H6/H6' of bpy), 8.21 (d, 2H, H3/H3' of
bpy), 8.01 (m, 2H, H4/H4' of bpy), 7.84 (d, 2H,
3Jpou = 4.8 Hz, H4, H6), 7.55 (m, 2H, H5/H5' of bpy),
6.40 (m, 1H, H5), 1.19 (s + d, 6H, *Jp, 1y = 69.5 Hz, PtCH;
trans to N), 0.31 (s + d, 3H, “Jp. = 65.8 Hz, PtCHj trans
to S). >*C NMR (100 MHz, CDCls): § 155.6 (s, C6, C4),
147.6 (s, C6/C6’ of bpy), 138.5 (s, C4/C4’ of bpy), 125.8
(s, C5/C5" of bpy), 122.5 (s, C3/C3’ of bpy), 113.1 (s,
C5), 1.9 (s+d, 'Jpc=622.8 Hz, PtCH; trans to S),
—5.2 (s+d, "Jp.c = 672.3 Hz, PtCH; trans to N).

4.1.3. Reaction of [PtMe;(OAc)(bpy)] (4) with pyridine-
2-thione to 6

To a solution of 4 in acetone (10 ml) prepared from
[PtMesI(bpy)] (70.0 mg, 0.14 mmol) and AgOAc (58.0 mg,
0.34 mmol) as described above, pyridine-2-thione (pytH)
(15.0 mg, 0.14 mmol) was added. After 2 h the solution
was concentrated up to ca. 3 ml, and pentane (6 ml) was
added. The yellow product formed (containing about 50%
6) was filtered, washed with pentane (1 ml) and dried in
vacuo. '"H NMR (400 MHz, CD,Cl,): & 1.16 (s +d, 6H,

2Jpen = 69.7 Hz, PtCH; trans to N), 029 (s+d, 3H,
2Jpen = 66.8 Hz, PtCHj trans to S). '>*C NMR (100 MHz,
CDCLy): 6 1.2 (s +d, "Jp.c = 622.7 Hz, PtCH; trans to S),
-5.2 (s +d, "Jp.c = 676.8 Hz, PtCH; trans to N).

4.1.4. Synthesis of [PtMes(tzt-xS)(bpy)] (7)

To a solution of 4 in acetone (10 ml) prepared from
[PtMe;I(bpy)] (50.0 mg, 0.09 mmol) and AgOAc (40.0 mg,
0.24 mmol) as described above, thiazoline-2-thione (tztH)
(11.0 mg, 0.09 mmol) was added. After 5h the volume of
the reaction mixture was reduced up to ca 1/3 and cooled
down to 0 °C for 2 h. The yellow precipitate formed was fil-
trated, washed with tetrahydrofuran and dried in vacuo.
Yield: 8mg (16%). Anal. Calc. for C;cH, N3S,Pt
(514.55): C, 37.35; H, 4.11; N, 8.17; S, 12.45. Found: C,
37.49; H, 4.15; N, 7.96; S, 11.8%. 'H NMR (400 MHz,
CD,Cl,): 6 8.88 (m, 2H, H6/H6' of bpy), 8.20 (d, 2H,
H3/H3' of bpy), 8.05 (m, 2H, H4/H4' of bpy), 7.59 (m,
2H, H5/H5' of bpy), 3.45 (m, 2H, NCH,), 2.76 (m, 2H,
SCH,) 1.14 (s +d, 6H, Zth,H =69.9 Hz, PtCH; trans to
N), 0.29 (s +d, 3H, 2Jplﬂ =66.2 Hz, PtCH; trans to S).
13C NMR (100 MHz, CD,Cl,) & 155.6 (s, C2/C2’ of
bpy), 147.6 (s, C6/C6’ of bpy), 138.6 (s, C4/C4’ of bpy),
126.1 (s, C5/C5" of bpy), 123.0 (s, C3/C3’ of bpy), 65.2
(s, NCH,), 35.7 (s, SCHy), 1.5 (s+d, "Jp.c =622.9 Hz,
PtCHj; trans to S), —=5.4 (s +d, "Jp.c = 673.2 Hz, PtCH;
trans to N).

4.1.5. Synthesis of [PtMes(tpt-xS)(bpy)] (8)

To a solution of 4 in acetone (10 ml) prepared from
[PtMe;I(bpy)] (70.0 mg, 0.14 mmol) and AgOAc (58.0 mg,
0.34 mmol) as described above, thiophene-2-thiol (tptH)
(15.0 mg, 0.14 mmol) was added and stirred for 2 h. The
volume of the solution was reduced up to about 3 ml,
and then pentane (6 ml) was added. The yellow product
formed was collected by filtration, washed with pentane
(1 ml) and dried in vacuo. Yield: 33 mg (49%). Anal. Calc.
for C17H,0N,S,Pt (511.54): C, 39.91; H, 3.94; N, 5.48; S,
12.53. Found: C, 39.79; H, 4.15; N, 5.32; S, 12.28%. 'H
NMR (400 MHz, CD,Cl,): é 8.75 (m, 2H, H6/H6' of
bpy), 7.97 (m, 4H, H3/H3', H4/H4' of bpy), 7.54 (m, 2H,
H5/H5' of bpy), 6.51 (m, 1H, H3), 6.28 (m, 1H, HS5),
5.62 (m, 1H, H4), 1.13 (s + d, 6H, 2Jp = 70.5 Hz, PtCH;
trans to N), 0.24 (s + d, 3H, 2Jp y = 64.4 Hz, PtCH; trans
to S). 13C NMR (100 MHz, CD,Cl,):  154.0 (s, C2 /C2’ of
bpy), 146.7 (s, C6/C6' of bpy), 137.9 (s, C4/C4’ of bpy),
135.6 (s, C2), 129.3 (s, C5) 127.6 (s, C4), 126.3 (s, C5/C5’
of bpy), 123.5 (s, C3), 122.9 (s, C3/C3’ of bpy), —0.8
(s+d, lth,C = 608.6 Hz, PtCH; trans to S), —5.2 (s +d,
'Jp.c = 681.6 Hz, PtCH; trans to N).

4.1.6. Synthesis of [{PtMes(u-pymt)}>] (9)

[(PtMes])4] (50.0 mg, 0.03 mmol) and AgOAc (23.0 mg,
0.14 mmol) were suspended in acetone (5 ml). In the absence
of light the reaction mixture was stirred for 15 h. Agl was fil-
tered off and pyrimidine-2-thione (pymtH) (15.3 mg,
0.14 mmol) was added to the clear colorless filtrate with stir-
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ring. Pyrimidine-2-thione dissolves within 30 min. After
another 30 min the volume of the solution was reduced to
about 1/3. The yellow product precipitated by adding pen-
tane (4 ml) and was collected by filtration, washed with pen-
tane (1 ml) and dried in vacuo. Yield: 36 mg (75%). Anal.
Calc. for C4H4N4S,Pt, (702.64): C, 23.93; H, 3.44; N,
8.02; S, 9.13. Found: C, 24.30; H, 3.72; N, 8.04; S, 9.07%.
"H NMR (500 MHz, CD,CL,): & 8.46 (m, 2H, H6/HG6'),
7.94 (m, 2H, H4/H4'), 6.90 (m, 2H, H5/H5"), 1.19 (s +d,
6H, 2Jpou=747Hz, PtCH3), 117 (s+d, 6H,
2Jpen = 73.0 Hz, PtCH3), 0.84 (s + d, 6H, “Jp yy = 73.9 Hz,
PtCH;). >*C NMR (100 MHz, CD,CL,): 6 157.7 (s, C6/C6'),
151.2 (s, C4/C4), 117.6 (s, C5/C5), 2.6 (s+d,
Upic = 666.6 Hz, PtCH3), 1.8 (s+d, "Jp.c = 662.7 Hz,
PtCH3), —12.3 (s + d, 'Jp.c = 673.7 Hz, PtCH3).

4.1.7. Synthesis of [{PtMes(u-pyt)}>] (10)

To a solution of 3 in acetone (5 ml) prepared from
[(PtMes])4] (50.0 mg, 0.03 mmol) and AgOAc (23.0 mg,
0.14 mmol) as described above, pyridine-2-thione (pytH)
(15.0 mg, 0.14 mmol) was added. The yellow clear solution
was stirred for 5h. Acetone was removed under reduced
pressure and the residue was washed with pentane (1 ml)
and dried in vacuo. Yield: 34 mg (93%). Anal. Calc. for
C6H26N,S,Pt, (700.66): C, 27.44; H, 3.74; N, 4.02; S,
9.15. Found: C, 28.05; H, 3.94; N, 4.12; S, 9.44%. 'H
NMR (500 MHz, CD,Cl,): 6 7.59 (m, 2H, H6, H6'), 7.38
(m, 2H, H4, H4'), 6.80 (m, 4H, H3/H3', H5/H5'), 1.08
(s+d, 6H, 2Jpoy=73.0Hz, PtCH3), 1.07 (s+d, 6H,
2Jpen = 73.5 Hz, PtCHj), 0.84 (s+d, 6H,
2Jpen = 72.6 Hz, PtCH3). '*C NMR (125 MHz, CD,Cl,):
8 168.5 (s, C2/C2"), 143.6 (s, C6/C6'), 136.5 (s, C4/C4"),
131.1 (s, C3/C3"), 120. 5 (s, C5/C5), 22 (s+d,
"Jp.c = 658.6 Hz, PtCH;), 1.5 (s+d, 'Jp,c=670.1 Hz,
PtCH3), —12.2 (s + d, 'Jp.c = 663.6 Hz, PtCH3).

4.1.8. Synthesis of [{PtMe;(p-tzt) 5] (11)

To a solution of 3 in acetone (5 ml) prepared from
[(PtMes])4] (132.1 mg, 0.09 mmol) and AgOAc (60.0 mg,
0.36 mmol) as described above, thiazoline-2-thione (tztH)
(42.8 mg, 0.36 mmol) was added. The clear, colorless solu-
tion was stirred for 5h. The solvent was removed under
reduced pressure. The residue was washed with methanol
(3 ml) and dried in vacuo. Yield: 110 mg (43%). Anal. Cale.
for C1oH6N,S4Pt, (716.74): C, 20.11; H, 3.63; N, 3.91; S,
17.87. Found: C, 21.28; H, 3.90; N, 4.22; S, 18.29%. 'H
NMR (500 MHz, CD,Cls): 6 4.17 (m, 2H, NCH,), 3.46
(m. 2H, SCH,) 1.17 (s + d. 3H. *Jp 1y = 77.7 Hz, PtCHs),
101 (s+d, 3H, Jp =724 Hz, PtCHy), 0.85 (s+d,
3H, %Jpoy=732Hz, PICH:). “C NMR (100 MHz,
CD,Cly): 0 57.5 (s, NCH,), 33.2 (s, SCH»), 0.0 (s +d,
'Jpic = 672.4 Hz, PtCH3), —0.6 (s +d, 'Jp c = 684.6 Hz,
PtCH;), —12.7 (s + d, 'Jp, c = 672.3 Hz, PtCH3).

4.1.9. Synthesis of [{PtMe;( p-tpt-xS)},] (12)
To a solution of 3 in acctone (5 ml) prepared from
[(PtMes])4] (50.0 mg, 0.03 mmol) and AgOAc (23.0 mg,
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0.14 mmol) as described above, thiophene-2-thiol (tptH)
(16.2 mg, 0.14 mmol) was added. After 10 min light yellow
microcrystals were formed. To complete the reaction the
suspension was stirred for another 2 h. Pentane (15 ml)
was added and the formed precipitate was filtrated, washed
with pentane and dried in vacuo. Yield: 42 mg (87%). Anal.
Calc. for C,gH45SgPt, (1421.56): C, 23.66; H, 3.40; S, 18.04.
Found: C, 23.10; H, 3.45; S, 16.24%. '"H NMR (500 MHz,
CD,Cl,): 6 7.32 (m, 1H, H3), 7.28 (m, 1H, HS5), 7.05 (m,
1H, H4), 1.36 (s+d, 9H, “Jp,y = 71.8 Hz, PtCH;). °C
NMR (125 MHz, CD,Cl,): d 134.4 (s, C2), 128.4 (s, C5),
127.0 (s, C4), 119.3 (s, C3), 7.1 (s +d, "Jp.c = 639.5 Hz,
PtCHj;).

4.1.10. Reactions of [{PtMes(u-tzt)}>] (11) with 2,2'-bpy
(complex 7) and 4-picoline (complex 13)

In a NMR tube to a solution of 11 (35.5 mg; 0.05 mmol)
in CD,Cl, (1 ml), 2,2'-bipyridine and 4-picoline (19 mg,
0.15 mmol), respectively, were added. The reactions were
monitored by "H NMR spectroscopically. Complex 7 (see
above). Complex 13: 'H NMR (500 MHz, CD,Cl,) 6
8.50 (m, 2H, H2, H2'), 7.23 (d, 2H, H3, H3'), 3.90 (m,
2H, NCH,), 3.27 (m, 2H, SCH,), 2.40 (s, 3H, CH3) 1.11
(s+d, 3H, *Jpoy=722Hz, PtCH;), 1.0l (s+d, 3H,
2Jpon=72.6 Hz, PtCH3), 090 (s+d, 3H, *Jpou=
73.5 Hz, PtCH;).

4.2. X-ray crystallography

Single crystals of 5 suitable for X-ray diffraction mea-
surements were obtained by recrystallization from chloro-
form/ether/pentane (1:1:1). Intensity data were collected
on a STOE IPDS with Mo Ka radiation (4= 0.71073 A,
graphite monochromator) at 220(3) K. Absorption correc-
tion was carried out numerically (Tiin/Tmax = 0.2291/
0.4617). The structure was solved by direct methods with
SHELX-86 [22] and refined using full-matrix least-square
routines against F° with sHELx-97 [23]. Non-hydrogen
atoms were refined with anisotropic displacement parame-
ters and hydrogen atoms with isotropic displacement
parameters. Hydrogen atoms were found in the difference
Fourier map and refined freely except the aromatic pro-
tons, which were refined according to the “riding model”
(see Table 4).

4.3. Quantum chemical calculations

All DFT calculations were carried out by the Gauss-
1aN98 and Gaussian03 program package, respectively [24],
using the hybrid functional B3LYP [25]. For the main
group atoms, the basis 6-31G" was employed. The valence
shell of platinum has been approximated by a split valence
basis set too, for its core orbitals an effective core potential
in combination with consideration of relativistic effects has
been used [26]. All systems have been fully optimized with-
out any symmetry restrictions. The resulting gcometrics
were characterized as equilibrium structures (5a/5b) and
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Table 4

Crystal data, data collection and refinement parameters of 5
Cy7H29N4PtS
507.52
monoclinic/P2,/n

Empirical formula
Formula weight
Crystal system/space group

z 4
a(A) 9.052(2)
b (A) 18.696(3)
¢ (A) 10.822(2)
B () 96.86(2)
V(A3 \ 1818.3(6)
p(gem™) 1.854
(Mo Ka) (mm") 7.836
F(000) 976

Scan range (°) 2.18<0<2591

Reciprocal lattice segments 4, &, [ —11 =11,
—22 — 22,
—13—13

Reflections collected 13970

Reflections independent [R;] 3488 [0.0966]

Observed reflection 2903
Data/restraints/parameters 3488/0/212
Goodness-of-fit on F> 1.052

Ry, wR, [I> 24(1)]
Ry, wR, (all data) .
Largest difference in peak and hole (e A™%)

0.0329, 0.0711
0.0437, 0.0747
1.142 and —1.996

transition state (5c¢), respectively, by the analysis of the
force constants of normal vibrations.
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Appendix A. Supplementary data

Crystallographic data (excluding structure factors) have
been deposited at the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-610550
(5). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge, CB2,
IEZ, UK (fax (internat.): +44 1223 336 033; e-mail: depos-
it@ccdc.cam.ac.uk). Tables of Cartesian coordinates of
atom positions calculated for the equilibrium (5a/5b) and
transition (5¢) structures and figures of the molecular struc-
tures including the numbering schemes. Supplementary
data associated with this article can be found, in the online
version, at doi:10.1016/].ica.2006.06.007.
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ABSTRACT

Reactions of [(PtMe;l)4] (2) with the sodium salts of the NS and 5.5 heterocycles S DH (pyridine-2-thi-
one, pytH; pyrimidine-2-thione, pymtH; thiazoline-2-thione, tztH; thiophene-2-thiol, tptH) resulted in
the formation of the dinuclear complexes [(PtMe; (- D)) (S D = pyt, 3; pymt, 4; tzt, 5) and the tet-
ranuclear complex [(PtMes ) (1s-tpt).] (8), respectively. Single crystal X-ray diffraction analyses of 3 and
4 exhibited dinuclear complexes having a central [Pty(1-S),] core. The platinum atoms are octahedrally
coordinated by three methyl ligands and the bridging 1kN,1:2kS heterocyclic ligands. The two hetero-
cyclic rings are face-to-face (cis) arranged, indicating stabilization through n-m stacking. The X-ray dif-
fraction analysis of 6 confirmed a tetranuclear [Pt;S4] heterocubane structure. Each platinum atom is
distorted octahedrally coordinated by three methyl ligands in facial arrangement and three p;-bridging
sulfur atoms. DFT calculations exhibited that the formation of the tetranuclear complex 6 can be mainly
attributed to the weak coordination tendency of the thiophene S atoms of the tpt ligands to the trimeth-
ylplatinum(IV) unit. In vitro cytotoxic studies of the complexes 3-5 using five different tumor cell lines
(8505C, A253, A549, A2780, DLD-1) revealed moderate to high cytotoxic activities. The most active com-
pound is [(PtMej3),(pi-tzt),] (5) with ICsg values of 0.5-1.2 uM on investigated cell lines, which is compa-
rable to cisplatin or even better.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The biological activity of nitrogen and sulfur containing hetero-
cycles like pyridine-2-thione or thiazoline-2-thione was reported
in several cases. It has been shown that such compounds can act
as enzyme inhibitors in biological processes [1,2]. This potential
bioactivity and also their numerous different binding modes in
metal complexes increased the interest in this class of ligands, in
particular in transition metal complexes using metals that possess
also biological activity [3-8]. The combination of two potentially
bioactive building blocks can increase the effect of the respective
application. Thus, it was reported that Au(l) complexes with
pyrimidine-2-thiolato and pyridine-2-thiolato ligands possess
antiarthritic activity [9]. In this context also platinum complexes
are of high interest, since Rosenberg discovered in 1965 the can-
cerostatic activity of cisplatin [10,11]. In the following time numer-
ous Pt{ll) complexes were synthesized and tested for their
antitumoral activity among them also complexes with pyridine-
2-thione ligands [12]. Cervantes synthesized pyridine-2-thiolato

* Corresponding author,
E-mail address: dirk.steinborn@chemie.uni-halle.de (D. Steinborn).

0277-5387[§ - see front matter @ 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.poly.2009.08.004

and pyrimidine-2-thiolato platinum(Ill) complexes that showed
significant anticancer activity [13]. Also of interest for this type
of studies are Pt(IV) complexes. It is believed that they act mainly
as prodrugs, which are reduced to Pt(II) complexes, although it has
been shown that Pt{IV) complexes can interact with DNA without
reduction leading to cancerostatic effects [14,15]. The kinetic inert-
ness of Pt(IV) complexes may reduce the reactivity including toxic
side effects compared to Pt(ll) complexes. In this respect the focus
of our research work has been on investigations of the synthesis
and characterization of trimethylplatinum(IV) complexes with bio-
active ligands and their cancerostatic properties. Thus, pyridine-2-
thione (pytH), pyrimidine-2-thione (pymtH), thiazoline-2-thione
(tztH) and thiophene-2-thiol (tptH) were found to react with
[PtMe;(0Ac) Me;CO),] (1) under deprotonation yielding dinuclear
and tetranuclear complexes 3-6, respectively (Scheme 1, route a).
NMR and ESI-MS investigations gave proof of their constitution,
both of coordination mode of the NS and 5,5 heterocycles and of
di- (3-5) and tetranuclear (6) nature of the complexes [16]. Here
we report on a more simple way of synthesis for these complexes,
on their solid-state structures as well as on DFT calculations to get
insight into the formation of dinuclear versus tetranuclear
complexes. Furthermore we investigated cytotoxic properties to
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testify if the combination of a piatinum{iV) compiex and a poten-
tially bioactive ligand leads to an increased antitumor activity.

2. Results and discussion

Reaction of the sodium salts Na(S D) (5 D =pyt: pymt; tzt;
tpt) in methanol with a solution of [(PtMe;l)y] (2) in methylene
chloride leads to the formation of the dinuclear [(PtMe;),
(u-S-D)2] (S D= pyt, 3: pymt, 4; tzt,5) and tetranuclear [(PtMe;),
(u3-tpt)s] (6) complexes (Scheme 1, route b). '"H NMR spectro-
scopic investigations exhibited the identity of complexes 3-6 with
those obtained via route a. Although the yields of 3-6 via route b
(16-52%) are lower than those of route a (43-93%), the route b is
superior because the syntheses are faster and do not require anaer-
obic conditions. Furthermore, via route b we were able to yield
crystals of complexes 3, 4 and 6 suitable for X-ray diffraction
analyses.

2.1. Structures of [(PtMe3),(u-pyt)2] (3), [(PtMes),( u-pymt),] (4) and
[(PtMes)4( pi3-tpt)4] (6)

Suitable crystals of 3 and 4 for X-ray diffraction analyses were
obtained from solutions in acetone by slow evaporation of the sol-
vent. In crystals of [(PtMes ),(u-pyt).] (3) isolated molecules were
found without unusual interactions (shortest intermolecular dis-
tance between non-hydrogen atoms: C7---C7’ 3.65 A). Complex 3
crystallizes as racemate in the space group P2,/c. The molecular
structure of one enantiomer is shown in Fig. 1. Selected bond
lengths and angles are given in the figure caption. In crystals of
complex 4 were also found isolated dinuclear molecules without
unusual interactions (shortest intermolecular distance between
non-hydrogen atoms: C20.--N4’ 3.23 A). [(PtMe3)(p-pymt),] (4)
crystallizes in the chiral space group P2; having two structurally
very similar symmetry independent molecules in the asymmetric
unit. One of them is shown in Fig. 2. The other one is approximately
the mirror image. Selected bond lengths and angles are given in the
figure caption.

Molecules of the complexes 3 and 4 are dinuclear, the primary
donor sets of the octahedrally coordinated platinum atoms

e

Fig. 1. Molecular structure of one enantiomer of [(PtMes)(p-pytlk:] (3). The
displacement ellipsoids are drawn at the 30% probability level. Selected bond
lengths (in A) and angles (in °): Pt1-C1 2.267(8), Pt1-C2 2.061(7), Pt1-C3 2.079(7),
Pr2-C4 2.196(7), Pt2-C5 2.127(8), Pt2-C6 2.065(7), Pt1-S1 2.530(2), Pt1-S2
2.488(2), Pt2-S1 2.490(2), Pt2-S2 2.551(3), Pt1-N1 2.159(6), Pt2-N3 2.174(6),
C7-S1 1.758(8), C8-S2 1.777(8), Pt1-S1-Pt2 94.87(7), Pt1-S2-Pt2 94.39(8),
S1-Pt1-S2 85.45(7), S1-Pt2-S2 84.94(7), N1-Pt1-C3 171.6(3), N1-Pt1-S1 66.3(2),
N3-Pt2-C6 170.8(3), N3-Pt2-S2 66.0(2).

[PtC3NS,] are built up by three methyl ligands in facial
arrangement and p-pyridine-2-thiolato-1xN,1:2xk%S ligands and
p-pyrimidine-2-thiolato-1N,1:2x%5  ligands, respectively. The
central [Pta(p-S)2] cores are slightly hinged (Pt1-S1.-.S2-Pt2
torsion angle: 173.91(9)°, 3; -169.91(8)°/172.20(8)%, 4). The two
N.S heterocyclic ligands are face-to-face (cis) arranged,' thus the
dinuclear molecules exhibit C, symmetry in rough approximation.
The distances between the heterocyclic ligands (3.4 A, 3; 3.4/3.5A,
4) and the angles between the centroid-centroid vectors and the
ring normals (15.2°, 3; 16.7{13.9°, 4) indicate a stabilization through
n-m stacking [17].

! Here and hereafter “cis* and “trans” refer to a configuration having the
heterocyclic rings on the same and opposite sides, respectively, of the [Pty(-S),] core.
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Fig. 2. Molecular structure of one of the two symmetry independent molecules of
[(PtMes),(pn-pymt),] (4). The displacement ellipsoids are drawn at the 30%
probability level. Selected bond lengths (in A) and angles (in °) (values for the
two symmetric independent molecules are separated by a slash): Pt1-C1 2.060(7)/
2.066(6), Pt1-C2 2.032(6)/2.047(7), Pt1-C3 2.049(6)/2.044(6), Pt2-C4 2.047(6)/
2.063(7), Pt2-C5 2.048(6)/2.047(6), Pt2-C6 2.027(6)/2.042(7), Pt1-S1 2.465(2)/
2.506(2), Pt1-S2 2.515(2)/2.500(2), Pt2-S1 2.496(2)/2.512(2), Pt2-S2 2.506(2)/
2.498(2), Pt1-N1 2.164(5)/2.149(5), Pt2-N3 2.150(5)/2.146(5), C7-52 1.745(7)/
1.763(6), C8-S1 1.760(6)/1.748(7), Pt1-S1-Pt2 92.99(5)/92.13(5), Pt1-S2-Pt2
91.58(5)/92.32(6), S1-Pt1-S2 87.48(5)/87.54(6), S1-Pt2-S2 87.02(5)/87.46(6), C3-
Pt1-N1 170.6(2)/170.1(2), C6-Pt2-N3 170.1(2)/171.1(3), N1-Pt1-S2 66.3(1)/
66.7(2), N3-Pt2-S1 66.9(1)/66.6(2).

Both in 3 and 4 the chelating coordination of the heterocycles
leads to the formation of strained Pt-N-C-S four membered rings
(S-Pt-N 66.0(2)-66.9(1)°) giving rise to greater deviations from
the ideal octahedral coordination of the platinum atoms (angles
between cis arranged ligands: 66.0(2)-105.2(2)°). The bridging
platinum-sulfur bonds are between 2.465(2) and 2.551(3)A,
whereas some of them belong to the longest ones described for
Pt(IV)-(ui-S) bonds so far (median 2.490 A, lower/higher quartile
2.477/2.513 A, n=41; n - number of observations) [18]. This is in
accord with the high trans influence of the methyl ligands [19].
As expected, deprotonation and S coordination of the heterocycles
in complexes 3 and 4 give rise to quite long C-5 bonds (1.758(8)/
1.777(8) A, 3; 1.745(7)-1.763(6) A, 4) as revealed by the compari-
son with the C-5 bond length in uncoordinated pyridine-2-thione
(1.700 A) [20].

Yellow-green single crystals of [(PtMes)4( p3-tpt)s] (6) were ob-
tained from acetone solutions. The complex crystallizes in isolated
molecules without unusual interactions (shortest intermolecular
distances between non-hydrogen atoms: C9.--S8' 3.34A) in the
space group P24/n. The X-ray diffraction analysis confirms the tet-
ranuclear [Pt,S4] heterocubane structure of 6 which was already
derived from negative ESI measurements [16]. The molecular
structure of [(PtMes;)s(pa-tpt)s] (6) is shown in Fig. 3. Selected
bond lengths and angles are given in the figure caption. Each plat-
inum atom [PtC;Ss] is coordinated octahedrally by three methyl
ligands in facial configuration and three p3-bridging sulfur atoms.
The C-Pt-C angles (85.5(4)-90.2(3)°) are close to the rectangular
angle. However, the S-Pt-S angles (78.40(6)-79.90(6)°) are se-
verely deviated from 90° resulting in the formation of a distorted
cubane skeleton. The Pt-S (2.466(2)-2.540{2) A) and Pt-C bonds
(2.045(8)-2.077(9) A) are as long as those in the structurally anal-
ogous thiolato complexes [{PtMe; )4 15-SR)4] (R = Me, Ph) [21-23].

2.2. Quantum chemical calculations
DFT calculations using the hybrid functional B3LYP and high-

quality 6-311G(d,p) basis sets for all main group atoms as well
as a pseudopotential considering relativistic effects and a double
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Fig. 3. Molecular structure of [(PtMes)4(t3-tpt)4] (6). Hydrogen atoms are omitted
for clarity. The displacement ellipsoids are drawn at the 30% probability level.
Selected bond lengths (in A) and angles (in °): Pt1-S1 2.476(2), Pt1-S2 2.537(2),
Pt1-S4 2.501(2), Pt2-S1 2.523(2), Pt2-S2 2.481(2), Pt2-S3 2.507(2), Pt3-S2
2.513(2), Pt3-S3 2.540(2), Pt3-S4 2.476(2), Pt4-S1 2.516(2), Pt4-S3 2.466(2),
Pr4-S4 2,533(2), Pr1-C1 2.059(8), Pt1-C2 2.061(8), Pt1-C3 2.071(8), Pr2-C4
2.064(8), Pt2-C5 2.058(8), Pt2-C6 2.052(8), Pt3-C7 2.057(9), Pt3-C8 2.077(9),
Pt3-C9 2.057(8), Pt4-C10 2.053(7), Pt4-C11 2.052(8), Pt4-C12 2.045(8), S1-C13
1.741(8), S2-C17 1.76(1), S3-C21 1.77(1), S4-C25 1.763(7), Pt1-S1-Pt2 99.63(6),
Pt1-S1-Pt4 100.51(7), Pt1-S4-Pt4 99.37(6), Pt1-S2-Pt2 99.14(7), Pt1-S2-Pt3
99.05(7), Pt1-S4-Pt3 101.06(7), Pt2-S1-Pt4 99.34(6), Pt2-S2-Pt3 100.49(7), Pt2-
S3-Pt3 99.05(7), Pt2-S3-Pt4 101.16(7), Pt3-S3-Pt4 99.93(6), Pt3-S4-Pt4 99.84(6),
S1-Pt1-S2 79.54(6), S1-Pt1-54 79.77(6), S1-Pt2-S2 79.72(6), S1-Pt2-S3 78.42(6),
S1-Pt4-S3 79.32(6), S1-Pt4-54 78.40(6), S2-Pt1-S4 78.60(6), S2-Pt2-S3 79.90(6),
S2-Pt3-54 79.53(6), S2-Pt3-S3 78.67(6), S3-Pt3-S4 78.87(6), S3-Pt4-S4 79.18(6).

Fig. 4. Calculated equilibrium structures of the dinuclear complexes |(PtMe; ), -
pyt)z] having face-to-face (cis) arranged (3a®, left) and trans arranged heterocyclic
rings (3b*, right).

¢ basis set for Pt (see Experimental) were performed to get insight
into the cis versus trans arrangement of the heterocyclic rings in
the dinuclear complexes and into the formation of dinuclear versus
tetranuclear complexes.

2.2.1. Dinuclear complexes

At first calculations of dinuclear complexes of the type
[(PtMes),(-S D)z bearing all the four N,S and §.S heterocyclic li-
gands under discussion in this manuscript both with a cis
(S D =pyt, 3a*; pymt, 4a*; tzt, 5a*; tpt, 6a*)* and a trans arrange-
ment (S--D = pyt, 3b*; pymt, 4b*; tzt, 5b*; tpt, 6b*) of the heterocy-
clic rings were performed. Selected structures and structural
parameters are shown in Figs. 4-6 and in Table 1. The relative ener-
gies are given in Table 2. As the comparison of the structural param-
eters of 3a* and 4a* with those in crystals of 3 and 4 reveals there is

2 Here and in the following the stars point to calculated structures.
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Fig. 5. Calculated equilibrium structures of the dinuclear complexes [(PtMes),(1-tpt),] having cis (6a*, left) and trans arranged thiophene rings (6b*/6¢*, middle/right). In 6¢*

the Pt---S distance of 3.22 A is shown by a dashed line.

\S(ﬁ?i\ | S N
3

¢ u

Fig. 6. Calculated equilibrium structures of dinuclear complexes [{ PtMes J{p-tzt)z|
having S,N coordinated ligands with cis and trans arranged heterocyclic rings (5a*/
5b*, upper row), one S,S and one p1-S coordinated ligand (5¢*, below left) as well as
two p-S coordinated ligands (5d*, below right).

a good agreement of the calculated structures (representing the
structures in the gas phase) and the experimentally found structures
in crystals.

The deprotonated 5,N heterocyclic species (pyt, pymt, tzt) were
found to yield dinuclear complexes of the type [(PtMe;)a(p-S - D)s)
having p-5 N-1kN,1:2x*S coordinated ligands (Figs. 4 and 6).
Those with cis arranged heterocyclic rings (3a*, 4a*, 5a*) proved
to be slightly more stable (1.7-2.9 kcal/mol) than those with trans
arranged ones (3b*, 4b*, 5b*). This is in accord with the cis arrange-
ment of the ring systems in crystals of 3 and 4. Apart from complex
5a* the complexes with cis and trans arranged heterocyclic rings
are of C; and C; symmetry, respectively, in very good approxima-
tion.? In the case of complex 5a* the C; symmetry is destroyed by
the (distorted) envelope conformation of the non-saturated hetero-
cyclic rings. But the C; symmetric structure was found to be only
0.4 kcal/mol less stable.

¥ The optimizations were performed without any symmetry restrictions, In the case
of complexes 4a° and 4b*, additionally, complexes having the precise C; and C;
symmetry, respectively, were calculated resulting in the same energies.

In principle, the thiophene-2-thiolate anion (tpt~) could act as a
SS chelate forming analogous complexes having p-S S'-
1k5',1:2k%S coordinated ligands. But all calculations failed to local-
ize corresponding local minima on energy hypersurface. Instead of
this, complexes 6a* and 6b* were obtained in which the thiophene
S atoms are not coordinated to platinum (Fig. 5). Thus, complexes
were obtained in which the Pt atoms exhibit the coordination num-
ber five. As for the other complexes, the complex with cis arranged
heterocyclic rings is slightly more stable (1.6 kcal/mol) than that
with a trans arrangement. In these two complexes the two thio-
phene rings lie in a plane (6a*) and nearly in a plane (6b*, interpla-
nar angle between the thiophene planes: 16.8%), respectively.
Furthermore, another equilibrium structure (6¢*) could be localized
in which one of the tpt ligands is rotated (interplanar angle: 85.6°)
and bent towards one of the five-coordinated Pt atom (Pt-5-C
92.9°) such that a Pt- - -Siyiophene distance of 3.22 A results (Fig. 5).
This gives rise to a very strong folding of the central [Pty pu-5). ] core
along the S.-..5' vector (Pt-S...5'-Pt' —131.2°) which is already
highly hinged in complexes 6a*/6b* (150.4/154.6°). But the energy
of 6¢* is 4.3 kcal/mol higher than that of 6a°*.

Now we come back to complexes [(PtMe;)a(p-tzt):] (5a*/5b*).
Trying to localize a complex having 5,5 chelating ligands, we suc-
ceeded only for one ligand. In complex 5¢* (Fig. 6) one ligand
exhibits the coordination mode p-tzt-1x§,1:2k%S and the other
one is only coordinated via the exocyclic S atom (p-tzt-1:2k2S).
Thus, one Pt atom is 6- and the other one 5-coordinated. As for
complex 6¢* the [Pty(1-S),] core in 5¢* is strongly hinged (Pt-
S-..§'-Pt'" —137.1°). Furthermore, an equilibrium structure 5d*
was obtained in which none of the thiazoline S atoms is coordi-
nated to Pt (coordination mode of both ligands: p-tzt-1:2K2S).
5d* exhibiting approximately C; symmetry. As expected from the
coordinative unsaturation of the Pt centers, both 5¢* and 5d* are
much higher in energy (22.9/26.8 kcal/mol) than the most stable
complex having SN chelating ligands (5a*).

2.2.2, Tetranuclear complexes

At first the tetranuclear complex [(PtMes)a(ps-tpt)y] (6d*) was
calculated, see its structure in Fig. 7. The structural parameters of
6d* (Table 3) were found in good agreement with those of complex
6. Greater deviations were found in the relative positions of the
thiophene rings. The interplanar angles between them range from
62 to 84° in 6d* and from 55 to 89° in crystals of 6. Because it can
be assumed that a rotation around the S-C bond does not cost
much energy, this difference might be caused by packing effects
in crystals of 6. For comparison, also the tetranuclear complex
[(PtMes)a(pa-pymt)y] (4c*) was calculated. As shown in Fig. 7
and Table 3 its structure is very close to that of 6d*(6. Even the
relative positions of the planes of the pyrimidine rings (interplanar
angles: 59-83°) were found to be very close to those of 6d*.

62



Anhang

C. Vetter et al /Pobyhedron 28 (2009) 3659-3706 3703

Table1

Structural parameters (distances in A, angles in *} of calculated structures in dinuclear complexes [(PtMes)z(u-5—D}:). For comparison the corresponding values (without

standard deviations} of complexes 3 and 4 are included.

Complex sym®* Din® Pt-p-§ Pt-DJPC-Ir P-5-Pr-p-§'{p-8'-P'-p-§ pu-5-Pr-DJp-8§'-Fr' -0 P-p-5-C/Pr-p-8-C' Pt-5-- 8-Pt
3a* Gy N/N 2.610/2.653 2.256/2.256 B5.3/85.3 63.8/63.8 79.0/79.0 168.8

3 2.488-2.051 2.159/2.174 84.9/85.5 GG.0/G6.3 T8.7/78.7 173.8

3h* [ N/N 26392658 22412241 84.2/84.2 63.9/63.9 T8278.2 180.0

4a* Ca N{N 2623{2648 2.250/2.250 85.1/85.1 B3.8/63.8 79.3/79.3 168.2

4 2456-2.515 2.146-2.164 87.0-87.5 66.3-66.9 791-79.8 —169.9/172.2
4h* G N{N 264412 648 2.248/2.24%9 64.1/64.1 b63.9/63.9 79.0/79.0 150.0

5a% NN 2621-2731 2.256/2.257 B4.8/84.7 62.6/62.6 75.4/75.5 165.6

5b* G N/N 2.650/2.719 2.260/2.261 83.5/83.5 6L.8/62.8 75.1/75.1 179.9

5¢* 5/~ 2.372-2.605 2.674/>3.5 79.2/80.9 G40/~ 838/121.4 =137.1

5d* G { 2.575[2.580 =33 82.1/82.1 106.0-111.4 1748.8

Ga* Cay == 2558 *35 80.9/80.9 105%.5 1504

6h* —i- 2533-2.586 »35 BO.E/81.0 107.0-115.7 1546

6c” (S)- 2517-2.611 (3.22)/»3.5 B0.4/81.6 61.9/— 92.9/108.5-116.8 ~131.2

* Symmelry (approximately).
5 D and IV refers to the donor atems bound to Pr and P, respectively.

Table 2

Coordination modes of ligands, coordination numbers of PL{(CV[PL)) relative energies
[Eree in kealimol) and approximate symmetries of calculated dinuclear and tetranu-
clear complexes with M5 and 55 heterocyclic ligands,

Complex  Ligand® Coordination mode  CN{PL)  Eg Symmetry
3a* pyl (cis) 2w pS—N 6B/6 0 Cy
3b* PYL (trans) 2 % I-S—N 6/6 20 [}
4a* pyme (cis) 2 % -5—N 6/6 0 Cy
4h* pyme (frans) 2 = p-S—N 66 1.7 G
4c” pymt 4% pa-S 4x6 138

5a" tat (cis) 2 % p5—N 6/6 0

5b* Lzt (trans) 2w pS—N 6B/6 29 [#]
5¢" rzt PS—5+ 1S 6/3 229

5d* tzt TR 5/5 268 G
Ba* tpt (cis) 2% S 5/5 ] Cay
6h* tpt (frans) 2% -5 515 1.6

6c” Lpt (trons) 2% p-s 5/5 43

6d" tpt 4% 155 4x6 =309

* In parentheses the relative orientation of the heterocyclic rings is given.

&

Fig. 7. Calculated equilibrium structures of tetranuclear complexes [([PtMes; )y
tprl] (6d*, left) and [(PrMe; q(ps-pymi),| (4e*, right).

Table 3

The energies of the reactions
2 [{PtMes}, (pi-5-D);| — [(PtMes}y (p15-5--D),

emphasize whether the dinuclar or the tetranuclear complexes are
thermodynamically more stable. In the case of the pyrimidine-2-
thiolato complexes the energy of +13.8 kcaljmol {2 4a* - 4c¢*)
clearly indicates that the dinuclear complex 4a* is thermodynami-
cally more stable than the tetranuclear complex 4c¢®. In the case ol
the thiophene-2-thiolato complexes the energy of —30.9 keal/mol
(2 6a” —6d7) gives proof that the tetranuclear complex 6d~ is the
thermedynamically most stable one. Both these results are in full
accord with the experimental findings. Summarizing, the formation
of tetranuclear complex 6 can be attributed to the weal coordina-
tion tendency of the thiophene sulfur atoms in the thiophene-2-
thiolate ligands to the trimethylplatinum{IV) unit.

2.3. In vitro cytotoxic studies

The in vitro anticancer activities ol the complexes [(PtMey),
(p-5—N)s] (5—N=pyt, 3; pymt, 4; tzt, 5) as well as those of the
requisite neutral uncoordinated N5 heterocycles pytH, pymtH
and tztH and the platinum{1V} complex [PtMesl{ bpy]] (7). for com-
parison, was investigated. The starting complex [{ PtMe;l)4] {2) and
[(PtMes] 4 pa-tpt)y] (6) could not be included in the tests due to
insufficient solubilities in DMS0 requested for SRB assay. The com-
pounds were tested for cytotoxic activities in the human tumeor cell
lines anaplastic thyroid cancer 8505C, head and neck tumor A253,
lung carcinoma A549, ovarian cancer A2780 and colon carcinoma
DLD-1, respectively. The ICsy data along with those of cisplatin
are collected in Table 4.

The activities of the uncoordinated N,S heterocycles exceed the
measurement range, while [PtMesl{bpy)] (7) exhibits moderate
activity towards all five cell lines. The corresponding platinum{IV)
complexes 3-5 show significant activities. The best results could
be observed for complex 5. The ICso values are in a range of 0.5-
1.3 pM and even lower than those of cisplatin towards all investi-

Structural parameters (distances in A angles in °) of calculated structures in tetranuclear complexes [[PtMeslo(jla-5—D)g). For comparison the values (without standard

deviations) of complex 6 are included.

Complex Ligand Pr-5 S-Pr-% Pr-5-Pr Pr-5-C ]

6d"" tpt 2600-2672 77.9-79.1 8989.5-101.5 1152-1154 bil-84
B tpt 2.460-2.537 J8.4-78.5 88.1-101.2 113.8-121.6 55-88
4c* pymt 2.621-2.604 Ti1-78.6 8989.89-101.7 113.6-1206 39-83

! Zip = Interplanar angles between the heterocyclic rings,
® All values given refer o ps-5 atoms,
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Table 4

Results of the cytotoxicity assay on the five tumor cell lines 8505C (anaplastic thyroid carcinoma), A253 (head and neck tumor), A549 {lung carcinoma), A2780 (ovarian

carcinoma), DLD-1 (colon carcinoma) represented by the 1Cse [uM]*".

1Cs0 [uM]
compound 8505C A253 A549 A2780 DLD-1
pytH >125 *125 >125 >125 »125
pymtH *125 >125 *125 *125 >125
rztH >125 >125 »125 >125 >125
[PtMesl{bpy)] (7) 11.56 + 1.62 7.38 +0.71 B.22+145 943 +0.97 18.36 + 2.26
3 842+1.19 TAT+1.21 7.54+247 2122032 248+035
4 7.98 1034 748 £0.13 7552034 1.10 £ 0.03 12,55 £ 095
5 1.31£0.08 1.32£0.20 1.16£0.19 0.53£001 1.18£0.04
cisplatin 5.02+023 0.81 +0.02 1.51+0.02 0.55+0.03 514+012
[PtMesl(pzH )| 35.03 £ 0.86 20,95 £0.94 36.22£0.75 4822031 37.04 £0.56
[K(18CB)][(PtMes )l p-1) p-pz )2 | 1.96£0.15 1.13£0.03 230003 149007 251014

* Mean values £ 5D (standard deviation) from three experiments.

" The 1C4 values of dinuclear complexes are related to the entire complex containing two Pt atoms.

© Data taken from Ref. [24].

gated cell lines except A253 (5: 1.3 uM; cisplatin: 0.8 uM). For the
cisplatin resistent cell lines anaplastic thyroid cancer 8505C and
the colon carcinoma DLD-1 the activity of 5 is ca. four times higher
than that of cisplatin (Table 4). [(PtMes)(p-pyt):] (3) and
[(PtMes)a( p-pymit); | (4) possess similar anticancer activities, except
towards DLD-1. Whereas 3 shows a significant in vitro anticancer
activity, which is even higher than that of cisplatin (3: 2.5 pM; cis-
platin: 5.1 uM), 4 is only moderate active (12.6 uM). Furthermore
both complexes possess good activities towards A2780, however
the IC5o values are lower than that of cisplatin (4: 1.1 uM; 3:
2.1 uM versus cisplatin: 0.6 uM). Since the other ICso values are sig-
nificant higher (7.5-12.6 uM) it could be stated that complexes 3
and 4 show selective activity on DLD-1 (3) and A2780 (3, 4). Com-
pared to 7 the cytotoxicity of the dinuclear complexes is higher in
all cases, except for 3 and 4 towards the cell line A 253 (3: 7.9 uM;
4:7.5 pM versus 7: 7.4 pM). Complex 5 shows the highest increase
of the in vitro anticancer activity and is about eighteen times more
potent than [PtMe;I(bpy)] (7) on A2780 (5: 0.5 uM; 7: 9.4 uM).

3. Conclusions

From the experimental findings and the DFT calculations it can
be drawn the conclusion that in reactions of [(PtMesl)s] (2) with
sodium salts Na(S -D) (5 D =N or S) having an NS donor set dinu-
clear complexes of the type [(PtMes )o{ -5 N-1kN,1:2k25),] (S N =
pyt, 3; pymt, 4; tzt, 5) are formed as clearly exhibited by the X-ray
structural analyses of complexes 3 and 4 and by the calculations
of the tzt complexes where those having N,S-coordinated ligands
were found at least 20 kcal/mol more stable than those with purely
S-coordinated ligands. In full agreement with the solid-state struc-
tures of complexes 3 and 4, the DFT calculations showed, that the
face-to-face arrangement of the heterocyclic rings (“cis”-configura-
tion)is energetically slightly favored over the trans arrangement. On
the other hand, [(PtMesl)4] (2) reacted with Na(tpt) yielding the
tetranuclear complex [(PtMes)4( 15-tpt)s] (6) having monodentately
S-bound ligands as exhibited by the X-ray structural analysis and by
DFT calculations. Thus, the interplay between the dinuclear (3-5)
and tetranuclear (6) complexes can be understood in terms of the
only weak coordination tendency of the thiophene sulfur atoms in
the tpt ligands to the trimethylplatinum(IV) unit.

Cytotoxic studies of the dinuclear complexes 3-5 revealed mod-
erate to high activities towards the tested cell lines, whereas
[(PtMes)a( p-tzt); ] (5) showed the highest antiproliferative activity,
which was found to be comparable or in the case of cisplatin resis-
tant cell lines (DLD-1, 8505C) even higher than that of cisplatin, In
contrast to it, the non-coordinated heterocycles S DH(D=N orS)
did not show any antitumoral activities in concentrations <125 pM

against the cell lines tested. Interestingly, all dinuclear trimethyl-
platinum(IV) complexes investigated so far, namely the complexes
3-5 and the ionic complex [K{18CG)][(PtMe;).(u-1)(p-pz).] [24]
(pzH = pyrazole) proved to have a moderate to high activity that
was not found for mononuclear complexes [PtMesl(bpy)] (7) and
[PtMe;l(pzH),| [24] (Table 4). Complex 5 seems to be a very prom-
ising candidate for further in vivo investigations on other cisplatin
resistant cell lines and depending on the results, possibly, also for

JC T tocic

further in vitro tests.
4. Experimental
4.1. General considerations

Syntheses were performed at room temperature on air. All sol-
vents were distilled prior to use. 'H and '>C NMR spectra were ob-
tained on Varian Unity 500 and VXR 400 spectrometers using
residual protons and solvent signals, respectively, as internal refer-
ence. Thiophene-2-thiol was distilled prior to use and stored under
argon. [(PtMesl)4] (2) was prepared according to literature [25,26].
All other chemicals were purchased commercially.

4.2. Synthesis of Na(S-D) (S D = pymt, pyt, tzt, tpt)

A freshly prepared solution of NaOMe (10 mmol) in methanol
(20 ml) was added to a stirred solution of the respective heterocy-
cle (10 mmol) in methanol (20 ml). After stirring for 30 min the
solvent was evaporated in vacuo and the solid dried in vacuo.

Na(tzt): Yield 1.39 g (99%). '"H NMR (400 MHz, CD;0D) § 3.98
(m, 2H, NCH,), 3.28 (m, 2H, SCH,). '*C NMR (400 MHz, CD50D) &
182.8 (s, C2), 62.3 (s, C4), 35.9 (s, C5).

Na(pymt): Yield 1.27 g (95%). "H NMR (400 MHz, CDs0D) 5 8.13
(d, 2H, H4, H6), 6.71 (t, 1H, H5). >*C NMR (400 MHz, CD50D) §
1724 (s, C2), 147.0, (s, C4, C6), 1294 (s, C5).

Na(pyt): Yield 1.30 g (98%). "H NMR (400 MHz, CD50D) § 8.50
(d, 1H, H6), 7.75 (m, 1H, H4), 7.37 (d, 1H, H3), 6.67 (m, 1H, H5).
13C NMR (400 MHz, CD30D) & 147.2 (s, C6), 134.5 (s, C4), 129.5
(s, C3), 1154 (s, C5).

Na(tpt): Yield 1.35 g (98%). 'H NMR (400 MHz, CD;0D) § 7.39
(m, 1H, H5), 7.15 (m, 1H, H3), 6.93(m, 1H, H4). '*C NMR
(400 MHz, CD50D) 6 132.6 (s, C5), 129.8 (s, C4), 127.4 (s, C3).

4.3. Syntheses of [{PtMes)o{ 11-S D)z (p-S-D = pymt, 3; pyt, 4; tzt, 5)
and [(PtMes)q( 15-tpt)s] (6)

To a solution of [(PtMesl)y] (50 mg, 0.034 mmol) in methylene
chloride (5 ml) a solution of the sodium salt (0.136 mmol) of the
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respective heterocycle in methanol (3 ml) was added. After stirring
for 30 min the solvent was evaporated in vacuo. The residue was
extracted with acetone (3 = 3 ml) and the solvent removed in va-
cuo. Afterwards the residue was dried in vacuo. The "H NMR spec-
tra proved to be identical with those reported in reference [16].

[(PtMes )o(p-pyt)z] (3) Yield: 18 mg (49%); [(PtMes)z(p-pymt);]
(4) Yield: 25 mg (52%);

[(PtMes)y(p-tzt)] (5) Yield: 40 mg (16%); [(PtMes)q(ps-tpt)s]
(6) Yield: 20 mg (21%).

4.4. X-ray crystallography

Single crystals of [(PtMes)x(p-pyt)}2] (3), [(PtMes)x(p-pymt),]
(4) and [(PtMes)4(15-tpt)}4] (6) for X-ray diffraction measurements
were obtained from acetone solutions by slow evaporation of the
solvent at room temperature. Intensity data were collected on a
Oxford Diffraction CCD Xcalibur S diffractometer with Mo Ko radi-
ation (/= 0.71073 A, graphite monochromator) at 130(2) K. A sum-
mary of the crystallographic data, the data collection parameters
and the refinement parameters is given in Table 5. Empirical
absorbtion corrections using spherical harmonics implemented in
SCALE3 ABSPACK scaling algorithm were applied (3: Tmin/Tmax
0.65/1.00; 4: Tyyin/ Tonax 0.74/1.00; 6: Tyin/Trnax 0.61/1.00). The struc-
tures were solved by direct methods with shewxs-97 [27] and re-
fined using full matrix least square routines against F* with
sHELL-97 [27]). Non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were positioned geo-
metrically and refined with isotropic displacement parameters
according to the “riding model”. The large residual electron density
in complex 6 is close to C18 due to a non-resolved disorder of the
requisite thiophene ring.

4.5. Computational details

DFT calculations of compounds were carried out by the causs.
w03 program package 28] using the hybrid functional B3LYP
[29]. The 6-311G(d,p) basis sets as implemented in caussian0D3 were
employed for C, H, N, O and S atoms. The valence shell of platinum
has been approximated by split valence basis set too; for its core

orbitals an effective core potential in combination with consider-
ation of relativistic effects has been used [30]. The appropriateness
of the functional in combination with the basis sets and effective
core potential used for reliable interpretation of structural and
energetic aspects of related platinum complexes has been demon-
strated [16,31]. All systems were fully optimized without any sym-
metry restrictions if not stated otherwise explicitly. The resulting
geometries were characterized as equilibrium structures by the
analysis of the force constants of normal vibrations. For that, the
tetranuclear complexes 4¢* and 6d* proved to be to large. Thus,
the geometry optimizations and the analyses of the force constants
of normal vibrations were performed as described above but using
smaller basis sets (6-31G(d)) for the main group atoms. Then,
the optimized structures were reoptimized using the better
6-311G(d,p) basis sets. To prove that this procedure is reliable, also
the dinuclear complexes 4a* and 6a* were optimized (including
the analysis of the force constants) using the smaller 6-31G(d) ba-
sis sets for the main group atoms. The energy differences between
the dinuclear and tetranuclear complexes obtained in this way
(given in the Supporting Information) and using the better
6-311G(d,p) basis sets proved to be very similar.

4.6, In vitro cytotoxic studies

Stock solutions of investigated platinum complexes and refer-
ence compound cisplatin were made in dimethyl sulfoxide (DMSQO)
at concentration of 20 mM and diiuted by nutrient medium to var-
ious working concentrations. Nutrient medium was RPMI-1640
(PAA Laboratories) supplemented with 10% fetal bovine serum

(Biochrom AG) and penicillin/streptomycin (PAA Laboratories).

4.6.1. Cell cultures

The human tumor cell lines anaplastic thyroid cancer 8505C,
head and neck tumor A253, lung carcinoma A549, ovarian cancer
A2780, colon carcinoma DLD-1 were cultivated in the Biozentrum,
Martin-Luther University Halle-Wittenberg. All cells were main-
tained as monolayers in nutrient medium in a humidified atmo-
sphere with 5% CO-.

Table 5
Crystal data, data collection and refinement parameters of [[PtMes):(p-pytlz] (30, [(PtMes){p-pymit)z] (4) and [[PtMes(ps-tptla] (6).
3 4 6
Formula Cy5H25M2Pt252 Cy4Hz4M4PLsS2 CaaHagPtySs
Formula weight 700.69 70267 14215
Crystai system monociinic monaociinic monociinic
Space group F2yfc P2, P2, [n
a(A) 14.340(4) 9.0308(3) 14.554(2)
bA) 10.428(2) 16.8799(7) 14.4810(4)
c(A) 14.287(3) 12.9696(4) 18.207(2)
B 111.27(3) 104.785(3) 106.58(1)
V(A" 1990.9(8) 1911.6(1) 3677.5(6)
Z 4 4 4
Deae (gem™) 2338 2.442 2.567
T(K) 130(2) 130(2) 130(2)
p(mm™") 14.246 14.839 15.642
() 2.61-30.51 2.63-28.28 2.54-30.51
ROO00) 1296 1296 2624
Index ranges ~12<h<12 ~20<h<20
22 <k=22 20< k<20
16=1<17 26122
Reflections collected 28238 42 831 107 372
Reflections observed [I> 2a(1)] 3607 7936 7822
Reflections independent G073 (Rine = 0.082) 9478 (R = 0.061) 11 207 (Rin = 0.069)
Data/restraints/parameters GO73/0/181 9478/1/409 11 207/0/325
Goodness-of-fit (GOF) (F) 0.866 0.839 0.972
Ry, why (1> 26) 0.0426/0.0792 0.0277/0.0363 0.0379/0.0904
Ry, wR; (all data) 0.0902/0.0863 0.0366/0.0371 0.064/0.0941
Largest differences in peak and hole (e A™%) 2.458 and —-1.53 0.965 and —-0.838 7.768 and —2.688
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4.6.2. Cytotoxicity assay

The cytotoxic activity of the platinum compounds was mea-
sured by the sulforhodamine-B (SRB) assay [32]. In brief, exponen-
tially growing cells were seeded into 96-well plates and 24 h later,
after the cell adherence, nine different concentrations of investi-
gated compounds were added to the wells. The final concentra-
tions were in the range from 0.1 to 125 uM. All experiments
were done in triplicate. Nutrient medium with corresponding con-
centrations of compounds, but void of cells was used as blank. Five
days after seeding the cells were fixed with 10% trichloroacetic acid
and processed according to the published SRB assay protocol.
Absorbance was measured at 570 nm using a 96-well plate reader
(SpectraFluor Plus Tecan, Germany) and the percentages of surviv-
ing cells relative to untreated controls were determined. Concen-
tration ICsp was determined as the concentration of a drug that
inhibited cell survival by 50%, compared with vehicle-treated
control.
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Appendix A. Supplementary data

CCDC 730637, 730638 and 730639 contain the supplementary
crystallographic data for 3, 4 and 6, respectively. These data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/contsf
retrieving.html, or from the Cambridge Crystallographic Data Cen-
tre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk. Supplementary data asso-
ciated with this article can be found, in the online version, at
doi:10.1016/j.poly.2009.08.004.
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The reaction of [PtMe;(MeOH)(bpy)][BF4] (1) with the thionucleobases 2-thiocytosine (SCy, 2) and 1-
methyl-2-thiocytosine (1-MeSCy, 3) resulted in the formation of the complexes [PtMe;(bpy)(SCy-
«S)][BF4] (4) and [PtMes(bpy)(1-MeSCy-«S)] [BF4] (5), respectively. The complexes were characterized
by 'H and *C NMR spectroscopy as well as by single-crystal X-ray analyses of 4- MeOH and 5. In
4.MeOH two strong hydrogen bonds (N4-H.--N3': N4...N3' 2.976(7)A) between the thiocytosine
ligands give rise to base pairing thus forming dinuclear cations [{PtMe3(bpy)(SCy-«S)},]**. In both com-
plexes the platinum atom is octahedrally coordinated [PtC5N,S] by three methyl ligands, the 2,2’-bipyr-
idine ligand and the xS coordinated nucleobase (configuration index: OC-6-33). The structural
investigations gave evidence that the sulfur atoms of the nucleobase ligands in 4 - MeOH and 5 have to
be regarded as sp> and sp? hybridized, respectively. Thus, the ligand in 4 - MeOH has to be considered
as the deprotonated thiol-amino form of thiocytosine being reprotonated at N1. In complex 5 the
1-MeSCy is coordinated in its thione-amino form. DFT-calculations of the base-paired dinuclear cation
in 4 as well as of 4 itself gave proof of the strength of the hydrogen bond (8.5 kcal/mol) and exhibited
that cation-anion interactions influence the conformation of the complex. In vitro cytotoxicity studies

Keywords:

Platinum complexes

Thionucleobases

Single-crystal X-ray diffraction analysis
In vitro cytotoxic studies

DFT calculations

of 4 and 5 using nine different human tumor cell lines revealed moderate cytotoxic activity.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Since Carbon discovered in 1965 the presence of 2-thiouracil in
tRNA of Escherichia coli [1] the role of thiopyrimidine nucleobases
and their biological activity was investigated intensified, although
they have not been studied as frequently as their oxygen ana-
logues. It was found that also 4-thiouracil [2] and 2-thiocytosine
[3-5] are present in tRNA of several sources. These thionucleobases
and their derivatives show biological activity. Whereas the thionu-
cleobases possess antiviral properties [6,7], derivatives of their
nucleosides are potential antitumor agents [7,8]. Platinum com-
plexes and their applications as cancerostatica were established
with the discovery of cisplatin in 1965 by Rosenberg et al. [9]. Since
then numerous platinum complexes have been synthesized, espe-
cially with platinum in the oxidation state II, among them also
complexes with pyrimidine-2-thione ligands, which showed cyto-
toxic activities sometimes higher than cisplatin and even against
cisplatin resistant cell lines [10-12]. Also platinum(IV) complexes
proved to be highly promising as anticancer agents. They may have
some advantages over platinum(Il) complexes due to their greater
kinetic inertness that may result in a reduced toxicity and allow

* Corresponding author. Tel.: +49 345 5525620; fax: +49 345 5527028.
E-mail address: dirk.steinborn@chemie.uni-halle.de (D. Steinborn).

0020-1693/% - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.ica.2008.03.085

oral application [13-15]. We are interested in the syntheses of
platinum(1V) complexes with bioactive nitrogen and sulfur con-
taining ligands, like thio derivatives of pyrimidine nucleobases be-
cause of several reasons. The combination of two potentially
cancerostatic building blocks in one compound could lead to com-
pounds with increased antitumor activities. From the coordination
chemistry point of view these nucleobases exhibit manifold donor
sites (N, §) and they can coordinate in a mono or bidentate fashion
and also act as bridging ligands. To get control of their binding
modes to metal centers is a challenge. In platinum(1l) complexes
N-bound 2-thiocytosine ligands were found [16]. In continuation
of our work on the coordination of sulfur-substituted heterocycles
to platinum(IV) [17], we report here the synthesis and character-
ization of trimethylplatinum(IV) complexes with 2-thiocytosine
and 1-methyl-2-thiocytosine ligands.

2. Results and discussion

2.1. Synthesis and characterization of [PtMes(bpy )(L)][BF4] (L = SCy 4;
1-MeSCy, 5)

The reaction of [PtMesl(bpy)] with silver tetrafluoroborate in
methanol resulted in the formation of [PtMes(bpy)(MeOH)][BF,]
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Scheme 1.

(1) (Scheme 1). This complex was prepared in situ and the subse-
quent reaction with an equimolar amount of the corresponding
nucieobase (Z-thiocytosine, 5Cy, Z; 1-methyl-Z-thiocytosine, 1-
MeSCy, 3) yielded the ionic complexes [PtMes(bpy)(L)][BF,]
(L =SCy-xS, 4; 1-MeSCy-xS, 5)

The air-stable yellow complexes were isolated in 62% (4) and
41% yield (5) and identified by 'H and '*C NMR spectroscopy as
well as by X-ray diffraction measurements. Selected 'H and "*C
MNMR data are given in Table 1. In accordance with the formula gi-
ven in Scheme 1, two chemically inequivalent methyl H and C
atoms were found, namely one of the methyl ligands in trans posi-
tion to the 2,2'-bipyridine ligand and one for the methyl ligand
trans to the coordinated thionucleobase. In complexes 4 and 5
the coupling constants (2]p.,H, pec) trans to the thionucleobase
are very similar, showing that 2-thiocytosine (2) and its methyl-
ated derivative 3 exert virtually the same trans influence. In
DMSO-ds the NH protons give rise to three (12.4, NH; 8.0/
7.4 ppm, NH,) and two (7.9/7.3 ppm, NH;) broad signals for com-
plex 4 and 5, respectively. Due to fast H/D exchange, no NH-reso-
nances were found in methanol-d,.

2.2. Structures of [PtMes(bpy)(L)}J[BE4] (L = 5Cy, 4; 1-MeSCy, 5)

Suitable crystals of 4 and 5 for X-ray diffraction analyses were
obtained from methanol{diethyl ether/n-pentane solutions at
4°C, Complex 4 - MeOH crystallizes in the centrosymmetric space
group P2,fn. The crystal consists of base-paired dinuclear
[{PtMe;(bpy)(SCy-x5))2]** cations, tetrafluoroborate anions and a
solvent molecule. The structure of the cation is shown in Fig. 1. Se-
lected bond lengths and angles are given in Table 2.

Two hydrogen bonds (N4-H---N3': N4...N3' 2.976(7)A) be-
tween the thiocytosine ligands give rise to base pairing thus form-
ing dinuclear cations that exhibit crystallographically imposed
inversion symmetry. In contrast, 2-thiocytosine (2) crystallizes in
dimers being held together by one N1-H---N3' (N1---N3' 3.022 A)
and one N4'-H'. .S (N4'-..S 3.345 A) hydrogen bond [18]. The plat-
inum atom is octahedrally coordinated by three methyl ligands in
facial configuration, the 2,2'-bipyridine and the 5 bound 2-thiocy-
tosine ligand. The pyrimidine ring of the thiocytosine ligand is
nearly planar, while the nitrogen atom of the amino group and
the sulfur atom are deviated by 0.044 A and 0.136 A from this
plane, respectively. Coordination of 2-thiocytosine (2) in complex
4 - MeOH gives rise to a remarkably lengthening of the C2-5 bond
(1.745(7) A versus 1.702 A [18]). The Pt-5 bond (2.524(2) A) is even
longer than those in thioether platinum(IV) complexes (median:
2.405 A, lower/upper quartile: 2.336/2.452 A; n=67; n - number

Table 1

Selected "H and "C NMR spectroscopical data (6 in ppm, J in Hz) for
[PtMes(bpy)(L]J[BF4] (L =5Cy, 4; 1-MeSCy, 5) in CD40D

4 (L=5Cy) 5 (L =1-MeSCy)
ul*fpn) ) du (fpen) dc (Urec)
Me (trans to S)  0.45 (69.72) 2.6 (642.06) 047 (69.31) 2.7 (649.50)
Me (trans to N) 122 (69.30) 4.9 (669.91) 1.25(69.10) 4.7 (669.26)
H5[C5" 597 99.6 6.00 100.3
H6/C6 728 143.4 7.58 148.6
N1-Me 3.46 44.3
* Mumbering scheme:
*NH,
H 5| 4 NE
2
H7° r;l,’gs
R
(I,R=H, Me)

of observations) [19]. This long C2-S bond together with the C2-
5-Pt angle (103.0(2)°) and an angle of 78.2° between the Pt-5 vec-
tor and the thiocytosine plane (distance of Pt from the mean ligand
plane: 2.52 A; see Fig. 1b) indicates that the sulfur atom of the thio-
cytosine ligand has to be described as sp* hybridized. In rough
approximation the planes between the thiocytosine and the bipyr-
idine ligand are parallel (interplanar angle: 12.0(2)°). Considering
the distance between these two planes of about 3.2 A, a stabiliza-
tion by n-n stacking has to be taken into consideration.

The cations |{PtMe;{bpy](SCy-h'S]}z]z' form hydrogen bonds to
the tetrafluoroborate anions (N1-H---F4: N1...F4 2,748(9) A) and
to the solvate MeOH molecules (N4-H---0: N4...0 2.935[8]A).
Furthermore, as shown in Fig. 2, the cations are packed like a
“staircase” in infinite columns. Neighbored molecules are related
by an inversion symmetry. The interplanar distance between the
two bpy ligands of 3.5 A and the displacement’ of the N10, C11-
C15 rings of 26° indicate that there is a stabilization through n-n
and g-n (C-H. . .n) interactions as thoroughly discussed in Ref. [20].

[PtMe(bpy )(1-MeSCy-xS)|[BF4] (5) crystallizes in the space
group C2/c. The crystal consists of [PtMes(bpy)(1-MeSCy-«S)]* cat-
ions and disordered tetrafluoroborate anions. The structure of the
cation of 5 is shown in Fig. 3. Selected bond lengths and angles

! The displacement, measured by the angle between the ring normal and the
centroid-centroid vector, is a measure for the ring-ring overlap [20].
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Fig. 1. Structure of the base-paired dinuclear cation [ {PtMe;(bpy}SCy-x5)}2]*" in erystals of 4 - MeOH (a) and sketch of the conformation viewed along the plane of the (SCy);

ligand (b). The dispiacement eliipsoids are drawn at the 30% probability level.

Table 2
Selected bond lengths (in A) and angles (in ©) of 4- MeOH and §

4. MeOH 5 SCy (2)° 1-MesCy (3)
Pt-C9 2,074(6) 2.047(5)
Pt-C8 2.043(7) 2.052(5)
Pt-C7 2.067(7) 2.055(5)
Pt-5 2.524(2) 2.441(1)
Pt-N21 2.146(5) 2.138(4)
Pt-N10 2.143(5) 2.150(4)
C2-5 1.745(7) 1.702(6) 1.702 1.697
C2-N1 1.36(1) 1.378(7) 1.368 1.386
C2-N3 1.310(8) 1.332(7) 1.343 1.344
C4-N3 1.365(8) 1.343(7) 1.345 1.339
C4-N4 1.306(8) 1.324(7) 1.333 1.333
N21-Pt-N10 77.1(2) 77.5(2)
C8-Pr-N21 174.0(2) 174.6(2)
C9-Pt-S§ 176.3(2) 173.5(2)
C2-5-Pt 103.0(2) 113.8(2)

For comparison the corresponding values in crystals of 2-thiocyrosine (2) [18] and
1-methyl-2-thiocytosine (3) [21] are given.

? In crystals of 2 and 3 two symmetry independent molecules were found. The
structures are very similar, here the mean values are given.

are given in Table 2. Analogous to complex 4 - MeOH, the platinum
atom is coordinated octahedrally by three methyl ligands, the 2,2'-
bipyridine ligand and the S bound 1-methyl-2-thiocytosine ligand.
The 1-MeSCy ligand is almost planar (greatest deviation from the
mean plane: 0.029 A for C1). The interplanar angle between the
1-MeSCy ligand and the bpy ligand is 71.1(2)°, thus excluding
any r interactions. The C2-S bond (1.702(6) A) is as long as that
in the uncoordinated 1-MeSCy (3)(1.697 A, Table 2) [21] indicating
that there is no coordination induced lengthening as observed in
4 . MeOH. The C2-5-Pt angle (113.8(2)°) and the position of Pt
nearly in the 1-MeSCy plane (distance: 0.78 A; angle between the
Pt-5 vector and the mean ligand plane: 19.3°; see Fig. 3b) show
that the sulfur atom has to be regarded as sp® hybridized. In accor-
dance with that, the Pt-5 bond is considerably shorter compared to
4. MeOH (2.441(1) versus 2.524(2) A).

In crystals of 5 cation-anion interactions were found through
N4-H..-F2{N4-H..-F3A interactions (N4-..F2/N4...F3A 2.93(2)/
2.86(2) A). The hydrogen bonding as well as the packing of com-
plex 5 in crystals are shown in Fig. 4. The cations are packed in infi-
nite strands; neighbored molecules are related by an inversion

Fig. 2. Solid state structure of [{PtMes(bpy)(SCy-x5))2][BF4lz (4 - MeOH) showing
the packing of the cations by n-= stacking (---) and the hydrogen bonds (---) bet-
ween cations and anions and MeOH, respectively. C bound H atoms are omitted for
clarity.

symmetry, Accordingly, the bpy ligands of neighboring molecules
are arranged parallel to each other as are neighboring 1-MeSCy li-
gands. Although the distances of heterocyclic rings of 3.5 and 3.3 A,
respectively, might indicate a stabilization by n-n interactions, due
to a rather small ring-ring overlap (angle between the ring normal
and the centroid-centroid vector: 37° and 43¢, respectively) this
contribution should be rather small but stabilizing C-H- - -n interac-
tions have to be taken into consideration [20].

2-Thiocytosine (2) exists in several tautomers, the three most
important tautomers (2a-c) are shown in Scheme 2. It crystallizes
in the 1H-thione-amino form (2b) that was also identified by IR
spectroscopy of polycrystalline films [22]. On the other hand, IR
spectroscopic investigations of matrix isolated species showed
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b

Fig. 3. Structure of the cation [PtMe;(bpy)(1-MeSCy-«S)]" in crystals of 5 (a) and
sketch of the conformation viewed along the plane of the MeSCy ligand (b). The
displacement ellipsoids are drawn at the 30% probability level.

the presence of the thiol-amino form (2a) [22]. Although lacking
explicit consideration of nucleobase-water hydrogen bonding ef-
fects, quantum chemical calculations using continuum model
(COSMO) indicate that in water the order of stability is
2b = 2c > 2a [23]. Considering the sp® hybridized S atom in com-
plex 4 - MeOH the ligand is best described as the deprotonated
thiol-amino form that is reprotonated at N1 (2d). Interestingly,
the formation of an symmetrical dimer held together by two iden-

tical N-H...N' hydrogen bonds can be observed in crystals of 1-
MeSCy (3) [21], whereas crystals of 2-thiocytosine (2) consist of
unsymmetrical dimers, linked through N-H..-N' and N'-H"-..S

Three tautomers of 1-methyl-2-thiocytosine (3) have to be ta-
ken into account (3a-c, Scheme 2). Quantum chemical calculations
gave evidence that both in the gas phase and in aqueous solution
the thione-amino form (3a) is the most stable one [23]. Exactly
that tautomer was found in the solid state structure of 3 as well
as in complex 5.

2.3. Quantum chemical calculations

To get insight into the unusual coordination of the 2-thiocyto-
sine ligand in complex 4 . MeOH, DFT calculations of the base-
paired dinuclear cation [{PtMes(bpy)(SCy-xS)}2]** (6cac) and the
complex 4 itself at the B3LYP/6-31G(d) level using effective core
potential with consideration of relativistic effects for platinum
have been performed. The calculated structures are shown in
Fig. 5, selected structural parameters are given in Table 3. Using
the conformation of the cation in 4 - MeOH as the starting point,
the calculation ended up with the equilibrium structure 6.,.. Thus,
a severe change in conformation was observed: The planes of the
SCy and bpy ligands in 4. MeOH and in 6., were found to be
nearly coplanar and perpendicular (interplanar angles: 12,0(2)°
versus 89.1°), respectively. This could be reasoned due to the
tetrafluoroborate anions in 4 - MeOH that are hydrogen-bonded
(N1-H---F4) to the cations thus preventing a perpendicular

Fig. 4. Solid state structure of [PtMe;(bpy)(1-MeSCy-«S)]|BF4] (5) showing the packing of the cations by n-= stacking (- --) and the hydrogen bonds (- --) between cations and
anions. C bound H atoms are omitted for clarity. Only the major occupied positions of the disordered fluorine atoms are shown.

NH, NH, NH, NH, NH,
N XN 2 NH NN Z N
Fo— L — G |
P> @ &
N sH NS \N/&S NGRS N)\Se

H H H

2a 2b 2d

NH, NH NH

SN —_— [ NH

LA | fL

l?l S 171 SH N"s

Me Me I\I/le

3a 3b 3c

Scheme 2.
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b 4

Fig. 5. Calculated structures of [{PtMes(bpy)(SCy-x 5)h]*" (6caic) and [{PtMes-
(bpy)(SCy-«S)}2] [BF4l2 (4carc.)- C bound H atoms are omitted for clarity.

Table 3
Selected structural parameters (distances in A, angles in °) of the calculated structures
of [{PtMes{bpy Y SCy-r5))z[*" (6ea) and [{PtMes(bpy)(SCy-x5))a] [BFalz (4eac)

[ L 4-MeOH® (SCy),"
Pt-5 2615 2594 2.524(2)
Pt-C (trans to §) 2.084 2078 2.074(6)
Pt-C (trans to N) 2.072/2.073 2.067/2.069 2.043(7)/2.067(7)
S5-Pt-C (transto 5) 1769 173.0 176.3(2)
C2-5 1.719 1.733 1.745(7) 1.686
C2-N3 1.337 1.336 1.310(8) 1.348
C2-M1 1.377 1.370 1.36( I] 1.399
N4---N3 3.009 2.984 2.976(7) 2,948
N4-H[N3---H 1.029/1.980 1.029/1.955 0.86/2.12 1.033/1.917
MN4-H---N3 179.1 177.3 173 176.1
N1...F 2.692° 2.748(9)
MN1-H/H: - -F 1.036/1.690 0.86/1.96
MN1-H...F 161.5 152

For comparison the requisite values of the dimeric ligand (calculated on the same
level of theory) and the experimentally determined values in crystals of 4 . MeOH
are given.

@ Experimental values.

b Calculated structure of dimeric 2-thiocytosine having the same hydrogen bond
pattern as in 6¢,c. and 4;jc.

€ C6---F 2.920, C6-H 1.085, H. - -F 2.003, C6-H- - -F 140.0.

arrangement of the SCy and bpy planes as found in 6., Thus,
starting once more with the experimentally determined structure
in 4 - MeOH, the tetrafluoroborate anions were included into the

(SCy)2

[{PtMe3(bpy)(SCy-kS)l[BF 4l2
(4calc)

AH=206.2

AH=23.8 (21.1)

AH=19.8 (16.9)

calculations. The equilibrium structure (4., ) was found to have
an interplanar SCy/bpy angle of 49.0° being in between of that in
4. MeOH and 6., Thus, at least in part, the bulkiness of the
[BF4] anions in close vicinity to the SCy ligand seems to be deci-
sive for the conformation of the complex. It might be that the
“intermolecular” n-n stacking between the bpy ligands and the
MeOH coordination in 4 - MeOH (see Fig. 2) gives rise to the nearly
coplanar arrangement of the SCy and bpy ligands.

The calculated energies of the base-paired dinuclear com-
plexes 4., and 6., together with those of the requisite mono-
nuclear complexes 4m,. and 6m.,. (see Supplementary
material) gave the basis to estimate the strength of the hydrogen
bonds and the cation-anion interactions in 4. (Scheme 3). The
cleavage of the dimeric 2-thiocytosine having the same hydrogen
bond pattern as in 4., into monomeric units costs 21.1 kcalfmol
(corrected for the basis set superposition error, BSSE) exhibiting a
hydrogen bond energy of 10.6 kcal/mol. Thus, the hydrogen bonds
in (SCy)z are of moderate strength [24]. The analogous hydrogen
bonds in complex 4., proved to be slightly weaker (8.5 kcal/maol,
BSSE corrected). As expected, the energy for cation-anion separa-
tion in complex 4., was found to be much larger (206.2 kcal/
mol). The reaction 6., — 2 6myg,. is exothermic by —10.6 kcal/
mol (BSSE corrected). Most likely, the main contribution to the
exothermicity is due to charge separation. Thus, this value must
not be interpreted in terms of strength or weakness of hydrogen
bonds in 6.

2.4, In vitro cytotoxicity studies of [PtMes(bpy J(L)J[BF4] (L = SCy-xS,
4; 1-MeSCy-«S, 5)

The uncoordinated thionucleobases 5Cy (2) and 1-MeSCy (3)
as well as the platinum(IV) complexes [PtMes(bpy)(L)][BF,]
(L =SCy-xS, 4; 1-MeSCy-xS, 5) were tested for cytotoxic activity
in the human tumor cell lines anaplastic thyroid cancer 8505C,
head and neck tumor A253 and FaDu, cervical cancer A431, lung
carcinoma A549, ovarian cancer A2780 and colon carcinoma DLD-
1, HCT-8 and HT-29, respectively. The free thionucleobases 2 and
3 show no activity in the investigated range of concentrations
(0.1-125 pM). Complexes 4 and 5 express the dose-dependent
antiproliferative action toward investigated target cell lines. The
IC50 values for 4 and 5 are shown in Table 4. The similarity of
these values indicates that the methyl group in 1-MeSCy in 5
has obviously no significant influence on the efficacy in all inves-
tigated cell lines except for DLD-1. The highest cytotoxic activity
could be observed towards the ovarian cancer cell line A2780
(ICs0 6.80 uM (4) and 6.10 uM (5), respectively). For the cell lines
8505C, A253, A431, A549 and HCT-8 the ICs5q values are in the
range of 8.01-14.05 uM (4), revealing a moderate cytotoxic activ-
ity. The lowest efficacy was found towards FaDu, DLD-1 and HT-
29. Compared to cisplatin the platinum(IV) complexes 4 and 5 are
less active.

2Cy

2 [PtMe3(bpy)(SCy-xS)][BF4]

(4mcaic)

AH=173.1

[{PtMes(bpy)(SCy-« )12 + 2 [BF g 2H==133C106) 5 oy, (bpy)(SCy-xS))* + 2 [BF 4

(6caic)

(6mcaic)

Scheme 3. Hydrogen bond and cation-anion interaction energies (in kcal/mol; calculated in the gas phase at 0 K) in type 4 and 6 complexes. For comparison the requisite
value for 2-thiocytosine having the same hydrogen bond pattern as in the complexes is given (BSSE corrected values in parentheses).
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Table 4 bpy), 7.40 (s, br, NH, of SCy), 7.36 (d, 1H, 3Jy;; = 7.06 Hz, H6 of
1Csq (in pM]" values for complexes 4, 5, and cisplatin SCy), 5.91 (d, 1H, 3}!1.!1 =7.06 Hz, H5 of SCy), 1.15 (s+d, 6H,
4 5 Cisplatin® e =6936Hz, PtCH; trans to Npy) 035 (s+d. 3H,
e ST SETanCE = o = 68.92 Hz, PtCH; trans to S). '*C NMR (100 MHz, CD50D): 4
A253 8504034 8.01£0.44 0.80 174.7 (s, C2 of SCy), 164.2 (s, (4 of SCy), 156.0 (s, C2/C2" of bpy),
FaDu 21,99 +2.01 22.49+2.00 1.20 148.4 (s, *lp.c = 14.6 Hz, C6/CG' of bpy), 143.4 (s, C6 of SCy), 140.6
:45‘3‘; ';-ggfg-?: ';—g;ig-?: ‘1’-23 (s, C4/C4 of bpy), 127.8 (s, *Jpc = 14.2 Hz, C5/C5' of bpy), 124.9
56 %0, . \ d , T
e TG e e (s, C3/C3" of bpy), 99.6 (s, C5 1clt' SCy), 2.6 (s+d, "Jpic = 642.06 Hz,
DLD-1 31.39+2.81 23.02 + 1.66 5.00 PtCH; trans to S), —4.9 (s + d, Jpic = 6689.91 Hz, PtCHs trans to N).
HCT-8 12,53 £0.34 11.72£0.29 1.50 Complex 5. Yield: 35 mg (41%). Anal. Calc. for C,gH24BFsNsSPt
HT-29 2692+2.21 26.95£1.71 0.60 (624.14): C, 34.61; H, 3.88. Found: C, 35.21; H, 4.46% 'H NMR

4 Mean values + 5D (standard deviation) from three experiments.
" Values without SD.

2.5. Symmary

The present investigations gave proof that platinum(IV) can
form highly stable complexes with the thionucleobases 2-thiocyto-
sine (SCy, 2) and 1-methyl-2-thiocytosine (1-MeSCy, 3). In both
complexes, [PtMes(bpy)(L)][BF4] (L =SCy-xS, 4; 1-MeSCy-«S, 5),
the nucleobase ligand was found to be monodentately coordinated
through the sulfur atom. Both NMR and structural studies gave
proof that the complexes exhibit the configuration index OC-6-
33. X-ray diffraction analyses revealed severe structural differ-
ences in the coordination of the nucleobase ligands such that the
sulfur atoms in 4- MeOH and 5 have to be regarded as sp> and
sp? hybridized, respectively.

3. Experimental
3.1. General considerations

Syntheses were performed under argon using standard Schlenk
techniques. Solvents were dried (methanol over NaBH,/iron(Il)-
phthalocyanine, diethyl ether and hexane over Na-benzophenone)
and distilled prior to use. 'H and '*C NMR spectra were obtained
with Varian UNITY 500 and Gemini 2000 spectrometers using sol-
vent signals as internal reference. Microanalyses were performed
by the University of Halle microanalytical laboratory using
CHNS-932 (LECO) and Vario EL (Elementaranalysensysteme) ele-
mental analysers. 2-thiocytosine was commercially available from
Aldrich. [PtMesl{bpy)] [25] and 1-methyl-2-thiocytosine [26] were
prepared according to literature.

3.2. Synthesis of [PtMes(bpy)(L)][BF4] (L = SCy, 4; MeSCy, 5)

A suspension of [PtMesl(bpy)] (70.0 mg, 0.13 mmol) in metha-
nol (10ml) and AgBF, (26.0 mg, 0.13 mmol) was stirred for
30 min in the absence of light. After filtration of Agl, 2-thiocytosine
(15.0mg, 0.13mmol) and 1-methyl-2-thiocytosine (19.7 mg,
0.13 mmol), respectively, was added with stirring to the clear fil-
trate, After 2 h the solution was concentrated up to ca 1 ml and
ether (3 ml) was added. The yellow precipitate formed was filtered,
washed with pentane (3 ml) and dried in vacuum.

Complex 4. Yield: 28 mg (62%). Anal. Calc. for C;7H;,BF4N5SPt
(610.13): C, 33.44; H, 3.63. Found: C, 32.82; H, 4.02%. 'H NMR
(400 MHz, CD;0D): 4 8.96 (m, 2H, H6/H6' of bpy), 8.55 (d, 2H,
H3/H3' of bpy), 8.20 (m, 2H, H4/H4' of bpy), 7.75 (m, 2H, H5/H5'
of bpy), 7.28 (d, 1H, Jyn=7.06 Hz, H6 of SCy), 5.97 (d, 1H,
3Jun = 7.06 Hz, H5 of SCy), 1.22 (s +d, 6H, ?Jp.;; = 69.30 Hz, PtCHs
trans to Nppy), 0.45 (s +d, 3H, szm =69.72 Hz, PtCH3 trans to S).
"H NMR (400 MHz, DMSO-dg): 5 12.37 (s, br, 1H, NH of SCy), 8.95
(m, 2H, H6/H6' of bpy), 8.67 (d, 2H, H3/H3' of bpy), 8.24 (m, 2H,
H4{H4' of bpy), 7.98 (s, br, NH; of 5Cy), 7.77 (m, 2H, H5/H5 of

(400 MHz, CD,0D}): 4 9.05 (m,2H, HG/H&' of bpy). 8.57 (d, 2H, H3/
H3' of bpy), 8.21 (m, 2H, H4/H4' of bpy), 7.76 (m, 2H, H5/H5' of
bpy), 7.58 (d, 1H, 3Jiy;1=7.26 Hz, H6 of 1-MeSCy), 6.00 (d, 1H,
3un=7.26 Hz, H5 of 1-MeSCy), 3.46 (s, 3H, NCH5), 1.25 (s+d,
6H, ijt,H =69.10Hz, PtCH; trans to N), 047 (s+d, 3H,
2Jpen = 69.31 Hz, PtCH3 trans to S). 'H NMR (400 MHz, DMSO-de):
§ 9.04 (m, 2H, H6/H6' of bpy), 8.67 (d, 2H, H3/H3' of bpy), 8.25
(m, 2H, H4/H4' of bpy), 7.92 (s, br, NH, of 1-MeSCy), 7.78 (m, 2H,
H5/H5' of bpy), 7.71 (d, 1H, 3Jiu = 7.06 Hz, H6 of 1-MeSCy), 7.31
(s, br, NH, of 1-MeSCy), 6.00 (d, 1H, *Jy; 11 = 7.06 Hz, H5 of 1-MeSCy),
3.34 (s, 3H, NCH; of 1-MeSCy), 1.18 (s+d, 6H, }p .y = 68.89 Hz,
PtCH; trans to Nypy), 0.37 (s +d, 3H, %Jp,, 11 = 68.89 Hz, PtCH; trans
to S). 3C NMR (50 MHz, CD;0D): 6 176.7 (s, C2 of 1-MeSCy),
162.7 (s, C4 of 1-MeSCy), 148.9 (s, C6/C6’ of bpy), 148.6 (s, C6 of
1-MeSCy), 140.8 (s, C4/C4’ of bpy), 127.9 (s, *Jpic = 12.71 Hz C5/
C5' of bpy), 125.0 (s, C3/C3’ of bpy), 100.3 (s, C5 of 1-MeSCy),
443 (s, NCHs), 2.7 (s +d, 'Jp.c = 649.50 Hz, PtCH5 trans to S), —4.7
(s+d, pic = 669.26 Hz, PtCH; trans to N).

3.3. X-ray crystallography

Single crystals of 4 - MeOH and 5 suitable for X-ray diffraction
measurements were obtained by crystallization from methanol/
diethyl ether/n-pentane (1/1/1) at 4°C and were taken directly
out of the respective solution. Intensity data were collected on a
STOE IPDS diffractometer with Mo Ka radiation (4=0.71073 A,
graphite monochromator) at 220(2) K. An empirical absorption
correction using y-scans was applied (4 - MeOH: Tyin/Tmax 0.15/
0.43; 5: Tiin/Timax 0.07/0.38). Both structures were solved by direct
methods with sHewxs-97 [27] and refined using full-matrix least-
square routines against F* with suewxi-97 [27]. Non-hydrogen
atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were included in calculated positions and refined
with isotropic displacement parameters according to the “riding
model”. Three fluorine atoms of the tetrafluoroborate anions in
complex 5 are disordered over two positions and each group (F2,
F3, F4 and F2A, F3A, F4A) was refined with a concerted occupation
factor of 55.9% and 44.1%, respectively. Details of crystal data, data
collection and refinement parameters are given in Table 5.

3.4. Quantum chemical calculations

All DFT calculations were carried out by the caussian 98 [caussian
03 program package (28] using the hybrid functional B3LYP [29].
For the main group atoms the basis set 6-31G(d) was employed
as implemented in the caussian program. The valence shell of plat-
inum has been approximated by split valence basis sets too; for
their core orbitals effective core potentials in combination with
consideration of relativistic effects have been used [30]. Mono-
and dinuclear species have been fully optimized without any sym-
metry restrictions and in G; symmetry, respectively. The resulting
geometries were characterized as equilibrium structures by the
analysis of the force constants of the normal vibrations. Basis set
superposition errors (BSSE) were estimated with counterpoise type
calculations [31].
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Table 5
Crystal data, data collection and refinement parameters of 4. MeOH and 5
4 - MeOH 5
Empirical formula CygHz6BEaNsOPtS  CygHz4BFsNsPLS

642.40
monoclinic/P2,/n
4

624.38
monoclinic/C2 e
8

Formula weight
Crystal system/space group
F4

a(A) 14.007(3) 23.478(2)
b (A} 9.233(1) 9.4462(8)
c(A) 17.791(4) 20.141(2)
a(%) 99.83(3) 100.26(1)
ViAY 2281.6(8) 4395.5(7)
plgem™) 1.870 1.887
#(Mo Ka) (mm™") 6.293 6.528
F000) 1248 2416
Scan range (*) 22<0<259 24<0<259
Reciprocal lattice segments h, k, | =17 = 17 ~28 - 28
1 -11 711,

-21 - 20 -23-+21
Reflections collected 17111 11172
Reflections independent (Rin:) 4435 (0.1981) 4064 (0.0951)
Datafrestraints/parameters 4435/0/285 40647304

Goodness-of-fit on F* 0.859 1.120

Ry, whs [1> 2a(1)] 0.0478, 0.1284 0.0339, 0.0883
Ry, wR; (all data) 0.0640, 0.1425 0.0379, 0.0946
Largest difference peak and hole (e A=)  1.086 and -3.115  1.493 and -2.016

3.5. In vitro studies

Stock solutions of investigated platinum complexes and refer-
ence compound cisplatin were made in dimethyl sulfoxide (DMSO)
at concentration of 20 mM and diluted by nutrient medium to var-
ious working concentrations. Nutrient medium was RPMI-1640
(PAA Laboratories) supplemented with 10% fetal bovine serum
(Biochrom AG) and penicillin/streptomycin (PAA Laboratories).

3.5.1. Cell cultures

The human tumor cell lines anaplastic thyroid cancer 8505C,
head and neck tumor A253 and FaDu, cervical cancer A431, lung car-
cinoma A549, ovarian cancer A2780, colon carcinoma DLD-1, HCT-8
and HT-29 were cultivated in the Biozentrum, Martin-Luther-Uni-
versity Halle-Wittenberg. All cells were maintained as monolayers
in nutrient medium in a humidified atmosphere with 5% CO-.

3.5.2. Cytotoxicity assay

The cytotoxic activity of the platinum compounds was measured
by the sulforhodamine-B (SRB) assay [32]. In brief, exponentially
growing cells were seeded into 96-well plates and 24 h later, after
the cell adherence, nine different concentrations of investigated
compounds were added to the wells. The final concentrations were
in the range from 0.1 to 125 uM. All experiments were done in trip-
licate. Nutrient medium with corresponding concentrations of
compounds, but void of cells was used as blank. Five days after
seeding the cells were fixed with 10% trichloroacetic acid and pro-
cessed according to the published SRB assay protocol. Absorbance
was measured at 570 nm using a 96-well plate reader (SpectraFluor
Plus Tecan, Germany) and the percentages of surviving cells relative
to untreated controls were determined. Concentration ICsg, was
determined as the concentration of a drug that inhibited cell sur-
vival by 50%, compared with vehicle-treated control.
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Appendix A. Supplementary material

CCDC 671762 and 671763 contain the supplementary crystal-
lographic data for 4 - MeOH and 5. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccde.cam.ac.uk/data_requestfcif. Tables of Cartesian
coordinates of atom positions calculated for the equilibrium
structures of the base-paired dinuclear complex 4, the cation
[{PtMes(bpy)(SCy-xS)}2]*" (Bcyc). the dimeric 2-thiocytosine
(SCy); and the requisite monomolecular species. Supplementary
data associated with this article can be found, in the online ver-
sion, at doi:10.1016/j.ica.2008.03.085.
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Reactions of [PtMez(bpy)(Me,CO)][BE,] (2) with the thionucleobases 2-thiouracil (s*Ura), 4-thiouracil
{siUra) and 2,4-dithiouracil {s?5*Ura) resulted in the formation of complexes of the type [PtMes
{bpy¥L-kS)|[BF4] (L = s2Ura, 3; s*Ura, 4; s°s*Ura, 5). The complexes were characterized by NMR spectros-
copy (*H, 3C, 95Pr), IR spectroscopy as well as microanalyses. The coordination through the C4=S groups
{4, 5) was additionally confirmed by DFT calculations, where it was shown that these complexes
[PtMes(bpy)L-xSY]* (L = s%Ura, s%5Ura) are about 5.8 (4b) and 3.3 kcal/mol (5b), respectively, more
stable than the respective complexes, having thisuracil ligands bound through the C2=X groups (X =0,
4a; S, 5a). For [PtMe,(bpy)Xs*Ura-xS$*)][BE,] (3) no preferred coordination mode could be assigned solely
based on DFT calculations. Analysis of NMR spectra showed the x5° coordination. In vitro cytotoxic stud-
ies of complexes 3 5 on nine different cell lines (8505C, A253, FaDu, A431, A549, A2780, DLD-1, HCT-8,
HT-29) revealed in most cases moderate activities. However, 3 and 5 showed significant activity towards
A549 and AZ780, respectively, possessing 1C5, values comparable to those of cisplatin. Cell cycle pertur-
bations and trypan blue exclusion test on cancer cell line A431 using |[PtMes{bpy ¥ 575 Ura- 5] |BF,] (5)
showed induction of apoptotic cell death. Furthermore, the reaction of |PtMes{ 0Ac-x70,00 Y Me2COY] (6)
with 4-thiouracil yielded the dinuclear complex |[{PtMes)s{p-5"Ura_g k] (7), which has been characterized
by microanalysis, NMR ("H, C, Pt} and IR spectroscopy as well as ESI mass spectrometry. X-ray
diffraction analysis of crystals yielded in an isolated case exhibited the presence of a hexanuclear thiou-
racilate platinum{1V) complex, possessing each three different kinds of methyl platinum(IV) moieties and
4-rhiouracilate ligands. This exhibited the ability of 4-thiouracil platinum(IV) complexes to form mulri

nuclear complexes.

Keywords:

Platinum(I¥) complexes
Thionucleobases
Thionucleobase complexes
in vitro cylotoxic studies
DFT calculations

@ 2010 Elsevier B.V. All rights reserved.

1. Introduction

since the first isolation of 2-thiouracil by Carbon in 1965 and
the findings that thiouracils are minor compounds of tRNA in Esch-
erichia coli bacteria and mammalian tissues [1], there has been a
growing interest in the study of thionucleobases, their biological
activities and their coordination modes in metal complexes.
Because of their similarity to the oxygen analoges, the biological
activity of thionucleobases is mainly based on inhibitoric proper-
ties. Thus, they act as antimetabolites and interfere with metabolic
processes in multiple ways, including incorporation into DNA and
RNA and suppression of protein and glycoprotein syntheses [2].
There is a wide field of potential applications for thiouracils and

* Corresponding author, Tel: 449 345 5525620, fax: +49 345 55227028,
E-mail gddress: dirk steinborn@chemie.uni-halle.de (D, Steinborn).

0020-1683[% - see front matter & 2010 Elsevier BV, All rights reserved.
dai: 10.1016/j.ica 2010.03.078

their derivatives ranging from therapeutics [3] and cancerostatica
[4] up to the use as radiotracers [5]. Metal complexes are also of
great interest in bioinorganic chemistry. Gold{l) complexes with
thioguanine and 2-thicuracil ligands showed antiarthritic and anti-
tumor activities, comparable to the established drugs Auranofin
and cisplatin, respectively [6].

Especially platinum complexes are in the focus of research since
the discovery of the cancerostatic properties of cisplatin by Rosen-
berg [7]. Up to now thousands of platinum complexes have been
tested, but only few entered clinical trials [8]. Platinum(IV)
complexes have attracted significant attention due to their kinetic
inertness and the resulting possibility of oral administration. Today
it its believed that platinum{lV) cancerostatica are just the
prodrugs, being reduced to platinum{ll) species in the organism
[9], although it has been shown that Pt{IV) complexes can interact
with DNA without reduction leading to cancerostatic effects
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[10,11]. From a coordination chemistry perspective, thionucleobas-
es are interesting ligands because of their multiple donor sites and
their various tautomeric forms. Thus, getting control over the coor-
dination mode is still a challenge which can be achieved by a proper
selection of the metal complex fragment andjor by blocking donor
sites at the ligand by means of derivatization. Here we report the
synthesis and characterization of platinum{lV) complexes with
thiouracil ligands and the examination of their cytotoxic properties.

2. Results and discussion

2.1. Syntheses and NMR spectroscopical characterization of
mononuclear thiouracil platinum{IV) complexes

The reaction of [PtMesl{ bpy)] (1) with silver tetrafluorcborate in
acetone led to the formation of [PthMes{bpy)Me,CO)][BF4] (2).
Complex 2 was found to react with stoichiometric amounts of 2-
thiouracil {s*Ura), 4-thiouracil {s'Ura) and 24-dithiouracil
{s?sUra) vielding the ionic complexes [PtMes{bpy)(L-k5)|[BF4]
{L. = 5*Ura, 3; s'Ura, 4; s°sUra, 5) {Scheme 1). The compounds were
isolated as yellow moderately airstable and hygroscopic
substances in yields of 54-68%. Their identities were confirmed
by microanalyses, "H, "*C and '"*Pt NMR spectroscopy as well as
by IR spectroscopy. NMR spectroscopic measurements {see Table 1
for selected data) gave proofl of the 1:1 (PtMey: L) constitution of
the complexes 3-5. The 'H NMR spectra of 3—5 showed broad
resonances in a range of 11.0-12.2 ppm for the N—H protons. Thus,
the thiouracil ligands are present in their oxothione {3, 4) and
dithione {5) tautomeric form, respectively.

The comparison of the coordination induced shifts {C1%'s) of the
thiouracil ligands {see Table 1) showed oppositional trends for
complex 3 compared to the complexes 4 and 5, in particular for
the signals of (5/H5 and C6{HG. While a downfield shift' for C5/
H5 of ~5.1/-0.19 ppm is observed in [PtMes(bpy)(s*Ura-x5*)][BFa)

! Downfield/highfield shifts upon coordination are referred as negative/positive
values,

(3), the appropriate signals in [PtMe;{bpy}{s*Ura-x5*)][BF4] (4) and
[PtMes{ bpy)(s?sUra-kS1)|[BF,] (5) showed a highfield shift in the
same order of magnitude (+4.9.. +5.6/+0.07.. +0.10 ppm). Further-
more, for the resonances of CG/f6 in complex 3 no remarkable
coordination induced shifts {-0.1/+0.06 ppm) were [ound, whereas
significant C15's to lower field {-64...-7.2/-0.26.. -0.35 ppm)
could be observed for complexes 4 and 5. This indicated a different
coordination made of s*Ura in complex 3 {k5%) than for s*lra and
s%sUra in complexes 4 and 5 {k$%).

The coupling constants Ij[lllc of the methyl ligands trans to the
thiouracil ligands can be regarded to be a measure for their trans
influence [12]. The markedly higher fp, - coupling constant in com-
plex 3 {673.7 Hz) compared with these in complexes 4 {651.5 Hz)
and 5 {649.5 Hz) showed unambiguously the frans influence order
s?Ura-kS§? < sUra-k5* = s?s%Ura-k5% Obviously, this is due to the
two electronegative N atoms attached to the C2=5 group in the
s’Ura-ks” ligand. Furthermore, the very close values in complexes
4 and 5 {651.5/649.5 Hz) indicated, that the non-coordinated
C2=0/C2=S group does not affect the trans influence significantly.

Table 1
Selected 'H and “C NMR spectroscopic data (6 in ppm, j in Hz) of complexes
[PtMes bpy KL wS)|[BF,4] (3-5) in acetone Di.

L s*Ura (3) s%Ura (4) s's'Ura (5)
S (*foen)

CHj trans to L 069 (73.7) 067 (71.0) 067 (71.1)
CHs trans to N 1.23 (68.1) 1.29 (68.5) 1.29 (68.5)
8 (Yo

CHs trans to L 3.2 (673.7) 3.8 (651.5) 4.2 (649.5)
CH, trans to N 5.0 (667.0) ~5.3 (666.4) —5.5 (664.5)
Ady JAS"

c2® 124 +1.0 1.3

[ +1.0 +32 +4.7

C5/H5 -5.1/-0.19 +4.9/+0.10 +5.6/40.07
C6/HG 0.1/+0.06 7.2/-035 6.4/-0.26

* Coordination induced shifts (C15's), Downfield/highfield shifts upen coordina-

ton are referred as negative/positive values,
b See numbering scheme in Scheme 1.
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4a (6.0)

4a’ (5.8)

Fig. 1. Calculated equilibrium structures of the cationic complexes [PiMes(bpy)(s*Ura-k5Y)]" (4h, 4b") and [PiMes(bpy)(s*Ura-k0%)]" (da, 4a’). AG values are given in

parentheses regarding to 4b as the moest stable complex.

Comparison to analogous [PtMes{ bpy){L-x5)][BF4] complexes hav-
ing S bound thiocytosine [13] and thiourea derivative ligands [14]
(‘jpllc: 642.1-658.0 Hz) exhibits a similar donor strength like s'Ura
and s%s*Ura.

2.2, Quantum chemical calculations

DFT calculations using the hybrid functional B3LYP and
high-quality 6-311G{d,p) basis sets for all main group atoms as
well as a pseudopotential considering relativistic effects and a dou-
ble [ basis set for Pt {see Section 4) were performed to get insight
into the C2=X versus C4=Y (X, Y = 5, Q) coordination in complexes
[PtMe;(bpy)(L)]' {L = s*Ura, 3a/b, s*Ura, 4a/b; s’s'Ura, 5a/b). In the
following the platinum complexes with thiouracil ligands coordi-
nated through C2=X and C4=Y groups are assigned as 3a-5a
and 3b—5b, respectively. For each complex and coordination mode
two equilibrium structures were found where the non-coordinated
exocyclic heteroatom groups {C=0/C=S8) are either pointing
towards the equatorial PtCoN, complex plane or away from it
The latter ones are marked with a dash, see Fig. 1 for an example.
In all complexes the respective thiouracil ligand is {almost)
perpendicularly arranged to the [PtC;N;] complex plane {interpla-
nar angles: 86.6-90.0°) and approximately bisecting the C-Pt-C
angle of this plane.

The relative energies and free enthalpies of all calculated
equilibrium structures are given in Table 2. Both of them go closely
parallel and in the following only the free enthalpies are discussed.
In type 4 and 5 complexes those having k§' coordinated ligands
where the non-coordinated C2=X groups point towards the

[PtCaM;] plane {4b, 5b) are the most stable complexes. The
conformers where the non-coordinated C2=X groups point away
from the [PLC;Na| plane (4b, 5b') are slightly less stable by 1.7
and 2.1 kcaljmol, respectively. The coordination via the C2=0
{d4aja’) and C2=5 (5a/a’) group, respectively, results in complexes
with higher AG values (5.8, 4a'; 3.3 kcal/mol, 5a). Contrary to that,
the 2-thiouracil complexes {3aja’, 3b/b’) showed no significant dif-
ferences of the free enthalpies (AG < 0.5 kcaljmol). Obviously, the
donor strength of the C2=S group of s>Ura is lowered by the two
vicinal electron withdrawing nitrogen atoms to such an extent that
it is comparable with the C4=0 group.

Table 2
Coordination modes of the ligands, relative energies E and free enthalpies AG (in
kcalfmol) of calculated complexes [FtMe bpy ) L)]™ with thiouracil ligands.

Complex Doener group Eem Al
L=sUra

3a £2=5 (k5% ] 0
3a’ £2=5 (k5% 0.5 05
3h C4=0 (k0% 0.5 0.4
3b’ C4=0 (k0% 0.6 05
L=5'lira

4ab C4=5 (rsY) 0 0
aw C4=5 (k5% 17 17
4a £2=0 (k0% 5.8 6.0
aa C2=0 (k0% 55 58
L=t

5b C4=5 (kSY) o 0
5h' Cd=5 (ksY) 14 2.1
Sa C2=5 (15t 26 33
5a’ £2=5 (k5% 2.8 3.4
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Scheme 2. Synthesis of the dinuclear complex [(PtMe3),(p-s*Ura_)2] (7).

2.3. Syntheses and spectroscopical characterization of di- and
hexanuclear 4-thiouracilato complexes

Reaction of [PtMe;(OAc-x20,0')(Me,CO)] (6) and 4-thiouracil
(s*Ura) led to the formation of the dinuclear complex
[(PtMes)a( pu-s*Ura y)a] (7) (Scheme 2). The complex was isolated
as yellow, airstable powder in a yield of 70%. The identity of the
complex was confirmed by microanalysis, IR spectroscopy, 'H,
13C and "°Pt NMR spectroscopy and ESI mass spectrometry.
Selected NMR spectroscopic data and the chemical induced shifts
of [(PtMe3),(p-s*Ura_y)z] (7) are arranged in Table 3. The relative
intensities of the signals in the 'H NMR spectrum gave proof of
an 1:1 complex (PtMe;:s*Ura_y). Furthermore, only one N—H
proton could be found, showing the presence of monodeprotonat-
ed thiouracilato ligands. One signal set each for C5/H5 and C6/H6
indicated an identical binding of the two s*Ura_ ligands. The most

Table 3
H and '3C NMR spectroscopic data (é in ppm, J in Hz) of [(PtMes )2(p-s*Ura_u),] (7) in
acetone-D6.

de (el it Gl Adc/Ad"
C5/H5 112.0 G.04 +0.9/+0.20
CG[HB 145.1 7.71 ~7.1/-0.39
NH 10.82
2 150.8 -1.7
4 1911 +0.8
PtMes 3.1 (663.0) 1.46 (75.5)

1.1 (684.2) 1.06 (75.9)

~11.1 (678.9) 0.98 (74.3)

* Correlated signals in '"H-"*C COSY NMR spectra are given in the same line,
® Coordination induced shifts (CIS's). Downfield/highfield shifts upon coordina-
tion are referred as negative/positive values.

1l

i

£ T

g Hl{[PtMe,),(s"Ura .} -H]
€

9720867

733.0578

1 1100.0871
20 |

'.'“l A

[{[PtMe,),(s'Ura ), }-2H]

[{[PtMe,),(s"Ura ),}-H]

remarkable CIS's were observed for H5 (+0.20 ppm) and H6
(—0.39 ppm), as well as for C6 (—7.1 ppm).

The methyl protons and carbon atoms of the PtMe; moiety
showed three singlets flanked by platinum satellites. Interestingly,
the two signals positioned closely together both in the 'H (0.98/
1.06 ppm) and '*C NMR spectra (1.1/3.1 ppm) are not correlating
with each other (Table 3). Thus, they must not be assigned to the
two methyl groups in trans position to the p-5 atoms. As for other
complexes of the type [(PtMe;)a(p-5—MN)z] (5—N = NS heterocy-
clic ligand) [15], a definite assignment can not be made, even when
the magnitudes of the 'Jo.c coupling constants are taken into
account.

High resolution ESI-MS experiments were performed using
methanol solutions (Fig. 2). The full scan mass spectra of the neg-
ative ESI mass spectrum showed several peaks among them the
peak for the deprotonated dinuclear complex [{(PtMes),
(u-s*Ura_y),}—H]~ at 733.0578 m/z (calcd.: 733.0558 m/z) show-
ing an isotopic envelope in good agreement with the calculated
one. Furthermore, other peaks could be identified as monodeprot-
onated fragments of tri-, tetra- and pentanuclear species
[{(PtMe3),(p-s*Ura_y),}-H] (n =3-5), whereas the peak of the tet-
ranuclear complex is the most intensive one. ESI-MS experiments
showed a skimmer voltage dependent ratio of the di- and tetranu-
clear species (1:1, 0.4:1, 0.2:1 at —4, -6, and -8 V, respectively).
Furthermore, a peak at 9720867 mfz was identified to be
[{(PtMe;)3(p-s*Ura_y,);}-2H] whose intensity proved also to be
dependent on this skimmer wvoltage. All these findings
indicated that the higher aggregated species, in particular the tet-
ranuclear one, were yielded from the dinuclear complex
[{(PtMe3)s(p-s*Ura_y)2}-H] ~ during the ionization process andfor
by thermal decomposition during the ESI experiment. Further
proof of the dinuclear nature of complex 7 was given by positive

[{(PtMe,)ls'Ura ) }-H']
145671194

[{(PtMe,),(s'Ura_),}-2H]
1706.1467

[{(PtMe,)(s"Ura ).} -H]
1834, : 512

T
700 S00 1100

U
1300

1500

1700 1900 miz

Fig. 2. Negative ESI mass spectrum of [(PtMes),(p-s*Ura_y),] (7) and isotopic pattern of the anion [{(PtMes),(pn-s*Ura_y),}-H]~ at 733.0578 m/z showing the expected

intensity due to the isotopic composition (calculated intensities by horizontal bars).
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ESI-MS experiments, which showed no peaks of higher aggregated
fragments than the sodium and potassium aggregates of the
dinuclear species [{{PtMeq)a{u-s*Ura_y)s}+Na]® (foundjcalcd.:
757.0510/757.0534 mjz) and [{{PtMes)s{ p-s'Ura_y)2}+K]" {found/
caled.: 773.0253{773.0273 mjz).

In an isolated case yellow crystals of a decomposition product
{7a-2 Me,(C0O) were obtained in acetone-D6 solutions, which were
suitable for X-ray diffraction analysis. The compound crystallized
in the monoclinic space group P1. The molecular structure of 7a
is shown in Fig. 3, selected bond lengths and angles are given in
Table 4. The hexanuclear complex exhibits a crystallographic
imposed inversion center, thus containing three different plati-
num({IV) moieties. Two of them (Pt1, Pt2) build up a Pta{ p-S), unit
having [PtC35:M] {Pt1) and [PtC,5;N] {Pt2) donor sets. Hence, one
methyl ligand of Pt2 has been cleaved off. The third platinum cen-
ter {Pt2) exhibits a [PtC3N>0] donor set which contains an aqua li-
gand as a result of hydrolysis. Furthermore, three different
thiouracilato ligands are found, namely a twofold deprotonated
s'Ura_sy ligand (A) exhibiting a p-1kM,3'kN'%, 1:2K7Sa coordina-
tion mode, and two monodeprotonated s'Ura_y ligands (B, C) in
a p-2kN31:2x%5% and p-2x57,3xkN' binding fashion.

In accordance with the high trans influence of methyl ligands
the Pt—S bonds in the dinuclear Pty{p-8), fragment trans to the
Me are remarkably longer (2.527{4)-2.603{4) A) than the Pr2—Sa
bond {2.360{4) A} in trans position to the 5c atom. Deprotonation
and coordination of the 4-thiouracilato ligands led to a significant
elongation of the C-S bonds compared to that in 1-methyl-4-thio-

Pt3’
c 9
b’
B:"
c C2c A P
Nl
Q
Pt3
Cé Cs

C7

Fig. 3. Molecular structure of the hexamer 7a in crystals of 7a 2 Me,CO. The gray
shadowed rectangular shows the preserved part of the starting complex 7.

Table 4

selected bond lengths (in A) and angles (in °) of 7a 2 Me,CO.
Ptl-Sa 2603(4) Pr2-5c 2321(4) C2c-0¢ 1.23(2)
Prl1-5h 2527(4) PL2-N3b 218(1)  Cdo-Sa 1.75(2)
Pt1-N3a 221(1)  P3-N1g 218(1)  (4b-Sh 1.75(1)
Pr2-Sa 2360(4) C2a-Oa 1.26(2)  Cde-S¢ 1.75(2)
Pt2-Sh 2558(4) (C2b-0b 1.22(2)
Pt1-Sa-Pt2  93.8(1) Sa-Prl-N3a 650(3) NIlc-P3-C7  177.7(7)
Pr1-5h-Pr2  96.8(1)  Sh-Pr2-N3b  64.7(3)  MNlc-PO-N1G  S2.4(5)
M3a-Pt1-C1  170.8(6) M3b-Pt2-C4 168.6(6)

uracil {1.75 versus 1.669 A) [16]. The Pty{p-5); ring is slightly
hinged {torsional angle Pt1—Sa---5b—Pt2: 174.87). The 5N3 chelat-
ing binding mode of the thiouracilato ligands A and B gives rise
to severe deviations from the ideal octahedral geometry for the
platinum atoms Ptl and Pt2 {Sa-Pt1-N2a 65.0{3)°, Sb-Pt2-N2b
64.7(2)°). Within the hexanuclear arrangement a strong twofold
N—H-: -0 hydrogen bond {N1b.--0b" 2.77{2) A) is found. It is worth
mentioning that the twofold M3-H--% hydrogen bond of the
Watson-Crick type in 1-methyl-4-thiouracil is much weaker
(N3..§ 3328 A) [16]. Furthermore, the thiouracilato ligands A
and B are arranged in a face-to-face (cis) conformation. The cen-
troid-centroid distance of 3.5 A and the displacement angle® of
20.0° indicated stabilization through m—m stacking [17]. All these
values are very similar to the structures of dinuclear complexes
[(PtMe3)a(p-S—N)a] (S—N=N.5 heterocyclic ligand) having also
central Pta(p-S)s cores [15].

2.4. Cytotoxic investigations

‘The in vitro antitumeoral activities of the unceordinated thioura-
cils and the complexes [PtMes{ bpy)(L-k5)][ BF4] (L = s?Ura, 3; s*Ura,
4; s’s'Ura, 5) were tested on nine different cancer cell lines:
human anaplastic thyroid cancer {8505C), head and neck tumor
{A253 and FaDu), cervical cancer {A431), lung carcinoma {A549),
ovarian cancer {A2780) and colon carcinema {DLD-1, HCT-8 and
HT-29). The free thionucleobases s*Ura, s'Ura and s%"Ura exhih-
ited no activity in the investigated range of concentrations
(0.1-125 pM). Complexes 3-5 showed a dose-dependent antipro-
liferative effect towards all cell lines (Table 5). The highest activi-
ties, which are comparable to cisplatin, were observed for the
complexes [PtMes{bpy )(5°Ura-k57)][BF4] (ICso: 1.7 UM, 3; 1.5 pl,
cisplatin) and [PtMes{bpy)(s?s*Ura-kS%)|[BF4] (ICsq: 1.8 uM, 5;
0.6 pM, cisplatin) towards the lung carcinoma A549 and ovarian
cancer cell line A2780, respectively. In all other cases the
complexes exhibited only moderate cytotoxicities {1Csq:
8.1-42.1 uM) being two to thirty times less active than cisplatin.
Within the complexes [PtMes(bpy)L-k5)][BF4), complex 5
(L=s%%ra; IC55: 1.8—18.2 uM) proved to be more active than
complexes 3 (L = s°Ura; ICsp: 1.7—36.5 M) and 4 (L = s'Ura; ICsy:
10.2—42.1 pM). Comparison of the cytotoxicities of complex 5 with
those of analogous complexes having thionucleobase ligands,
[PtMes{bpy J{L-x5)][BF4] (L = 2-thiocytosine, SCy; 1-methyl-2-thio-
cytosine 1-MeSCy) [13], and of the starting complex [PtMesl{ bpy]]
(1) [15] (Table 4) exhibited similar activities in most cases.
Towards the cell lines A2780, DLD-1 and HT-29 complex 5 was
up to four times more active than the respective thiocytosine plat-
inum{IV) complexes and beyond that also more active than
[PtMeslibpy]] (1) towards the ovarian carcinoma cell line A2780.

To test whether the cell death induced by the most active com-
plex [PtMes(bpy)(s®s'Ura-x5%)][BF,] (5), was mediated by apopto-
sis, cell cycle perturbations were analyzed on cervical cancer A431
cell line. The cells were treated with ICsy concentration of 5 for
24 h {Fig. 4). When compared to control, the compound 5 caused
no changes in G2/M and $ phases but a decrease by about 35% in
the number of cells in G1-phase with a concomitant increase in
the number of apoptotic cells {SubG1-peak) was observed. Those
results indicated that apoptosis caused by 5 on cervical cancer
A431 cell line may be due to disturbances caused in G1-phase in
the cell cycle. Furthermore, programmed cell death was confirmed
by trypan blue exclusion test, in which floating cells ol A431
showed the ability to exclude the blue dye indicating that 5 caused
cell death by the induction of apoptosis (Fig. 5).

* The displacement, measured by the angle hetween the ring normal and the
centroid-centroid vector, is a measure for the ring-ring overlap [17].
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Results of the cylotoxicily assay on the nine tumor cell lines 8505C (anaplastic thyroid carcinoma), A253 and FaDu (head and neck tumor), A431 (cervical cancer), A549 (lung
carcinomaj, AZ780 (ovarian carcinoma), DLD-1, HCT-8 and HT-29 (colon carcinoma)) represented by the 1Cs, (puM)L*

Cell line 3 4q 5 [PtMes(bpy i (L)][BF4]® L= SCy/1-MeSCy [PtMes K bpy i]° Cisplatin
B505C 154+ 17 150+ 1.1 103+01 945+ 044/5.50+ 0.34 116+ 1.6 502+023
AZ53 104+ 0.1 103+02 813012 8.50 £ 0.34/5.01 £ 0.44 738071 081+ 002
Fabu 283+05 382+12 183+ 1.7 220+20/225+20 121+014
Ad3l 165 + 0.9 205+ 0.8 136+02 14.1 +0.6113.7 0.5 0G5 + 0.04
A549 174+ 017 mnz2+10 11.2+05 956 +0.16/.25+0.14 822+ 145 1.51 + 002
AZTR0 108 +0.2 107 +0.2 183+ 031 680+ 0.26/6.10 + 0.35 9.43 + 097 0.55 + 0.03
DLD-1 365+14 421+21 167 + 0.6 314+28230+17 184+23 514+0.12
HCT-8 13805 148+ 06 867038 125+03/11.7 203 150023
HT-28 116+03 124+ 06 105+ 05 2609+22[27.0+1.7 .60 + 008
* Mean values + 5D (standard deviation) from three experiments.
" Data taken from literature [13].
* Data taken from literature [15].
g control § 5
3 G2/M: 11.6 G2/M: 13.5
21s: 40.7 24s: 39.8
e G1: 37.5 8 G1: 24.2
W A p
£ =7 subG1: 10.9 g— SubG1: 23.2
O 81 o8
200 400 600 00 1000 1000
FL2A FL2A

Fig. 4. Cell cycle analysis (DNA content (FL2-A)versus cell number (Counts )) of A431 cells untreated (control) and treated with the 1Cs concentration of [PtMes(bpy){s’s*Ura
KSY|[BE4] (5) for 24 h. A decrease by aboul 35% in number of cells in G1-phase and the concomitant increase in SubG1-phase indicates induction of apoptotic cell death.

Fig. 5. Trypan blue exclusion test in the cell line A431 induced by [PtMes{bpy)-
(5% Ura-w5Y)][BE,] (5). Floated cells showed the ability to exclude the blue dye,
indicating induction of apoptotic cell death.

3. Conclusion

Reactions of [PthMes{bpy){ MesCO)][BF4] {2) with thiouracils led
to the formation of mononuclear complexes of the type [PtMes
{bpy){L-k5)][BE4] (L= s’Ura, 3; s*Ura, 4; 5”s"Ura, 5). The thiouracil
ligands were found to be in their oxothione {s*Ura, s'Ura) and
dithione {s”s"Ura) tautomeric forms. This is in accordance with
quantum chemical calculations and IR spectroscopic studies at

low temperature inert matrices which have also shown that these
are the most stable tautomers [18,19]. The coordination of the
sUra and s%%ra ligands in complexes 4 and 5 through the
(C4=5 groups, established experimentally and by DFT calculations,
can be understood in terms of the donor strength. These C4=S
aroups are stronger donors than the C2=X (X = 0, §) groups which
possess two adjacent electronegative N atoms. This is in accord
with quantum chemical calculations of s*s*Ura where the HOMO
was found to be a non-bonding (lone-pair) p-type molecular
orbital located mainly at 54 [20]. Although in the case of complex
3 DFT calculations did not show a preferential coordination site of
the s®Ura ligand, an isomerically pure complex 3 was isolated
exhibiting a C2=S bound 2-thiouracil ligand.

The precursor complex [PtMes{bpy ) Me,CO)||BF,] {2) discussed
so far has at its disposal only one substitution-labile ligand
{acetone) thus allowing only monodentate coordination of the thi-
ouracil ligands. In contrast to that, [PtMes{0Ac-x0,0')(Me,CO)|
(6) has up to three substitution-labile ligands, namely one when
the acetone ligand is cleaved off and the acetato ligand is still coor-
dinated in a chelating binding fashion, two when the acetone li-
gand is cleaved off and the acetato ligand remains to be x'0
coordinated or three in the case of complete cleavage of the acetato
ligand [21]. The latter case was found to occur in the reaction with
4-thiouracil, forming under its deprotonation the dinuclear neutral
complex [{PtMes)a( p-s*Ura_y)2] (7). Thus, this reaction proceeds
fully analog to the formation of complexes [{PtMes)sf u-5—MN):]
having N.5 heterocyclic ligands [15]. The decomposition of the
dinuclear complex 7 in acetone by traces of water into the hexanu-
clear complex 7a.2 MexCO gives proof for the versatile coordina-
tion modes of 4-thiouracil as well as for the formation of
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oligonuclear complexes as it was also found in uracil platinum(Il)
complexes [22]. The way of formation of complex 7a-2 Me,CO is
unknown. Basically, the starting complex 7 remains to be intact
in the dinuclear building block Pt1-{p-5},-Pt2 having bound the
two thiouracilato ligands A and B in 7a.2 Me;CO (see the gray
shadowed rectangular in Fig. 3). Thus, a deprotonation of the
M1a-H group of complex 7 followed by a platination and a cleav-
age of the methyl ligand frans to Sa can be assumed to be interme-
diate steps. The cleavage of a methyl ligand from a PtMe; unit is
quite common in reductive elimination reactions yielding a plati-
num(Il) complex under formation of ethane [23]. However, Pt—CHj;
cleavage reactions without reduction of platinum(IV) are rarely
known. Thus, a protolytic cleavage of a Pt—CH; bond activated by
another methyl ligand in frans position is described [24]. Further-
more, apart from consecutive reductive elimination/oxidative
addition reactions (with cleavage and reformation of Pt{IV)-CH;
bonds) [25], the cleavage of Pt—CHs bonds in [{PtMesl)4] by halo-
gens [26] and methyl ligand transfer reactions [27] are reported.
It is worth to be mentioned that in complex 7a2 Me.CO the
kN' ks? coordination mode of the 4-thiouracilato ligand (Fig. 3,
type C) is observed for the first time, which underlines on a further
example the versatile binding patterns of thionucleobase ligands.

4. Experimental
4.1. General considerations

Syntheses were performed at room temperature under argen
using standard Schlenk techniques. Acetone was dried over
phosphorus pentoxide and diethyl ether over Na benzophenone.
All solvents were distilled prior to use. NMR spectra were obtained
with Varian UNITY 500 and Gemini 2000 spectrometers using sol-
vent signals {'H and "*C NMR spectroscopy) as internal references
and Na,[PtClg] {5('®Pt) = 0 ppm) as external reference. IR spectra
were recorded on a Galaxy Mattson FT IR spectrometer, using
KBr pellets. |[PtMesl{bpy)] [28] and [(PtMesl)s] [29] were prepared
according to literature. All other chemicals were purchased from
commercial sources. The positive and negative ion high resolution
ESI mass spectra were obtained from a Bruker Apex Il Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer
(Bruker Daltonics, Billerica, USA) equipped with an Infinity™ cell,
a 7.0 Tesla superconducting magnet {Bruker, Karlsruhe, Germany),
an RF-only hexapole ion guide and an external electrospray ion
source (Agilent, off axis spray, voltages {positive ions): endplate,

3.700V; capillary, —4.200V; capillary exit, +100 V; skimmer 1,
+15.0V; skimmer 2, +10.0V; voltages (negative ions): endplate,
3.700V; capillary, 4.200V; capillary exit, —100V; skimmer 1,
—15.0V; skimmer 2, —6.0 V). Nitrogen was used as drying gas at
150°C. The sample solutions were introduced continuously via a
syringe pump with a flow rate of 120 ulh™". The data were
acquired with 512 k data points and zero filled to 2048 k by
averaging 32 scans.

4.1.1. "H and "*C NMR data of thiouracils

s’Ura: '"H NMR {400 MHz, (CD3),C0) § 11.1 (s, br, 2H, N1H,
N3H), 7.47 (d, 1H, 3Jyy=7.6 Hz, H6). 5.85 (d, 1H, Jyu=7.5Hz,
H5). 'H NMR (400 MHz, (CD3),50) & 12.3 (s, br, 2H, N1H, N3H),
7.38 (d, 1H, *Jyu = 7.5 Hz, H6), 5.80 (d, 1H, *Jun = 7.5 Hz, H5). 13C
NMR (100 MHz, (CD3),C0O) & 142.1 (C6), 1059 (C5). 3C NMR
(100 MHz, {CD3).50) & 175.8 (C2), 160.8 (C4), 141.8 (C6), 105.2
(C5).5*Ura: "H NMR (400 MHz, {CD3),C0) § 11.2 {s, br, NH), 10.5
(s, br,NH), 7.33 (d, 1H, *Jyn = 7.1 Hz, H6), 6.24 (d, 1H, 331 = 7.1 He,
H5). 'H NMR (400 MHz, {CD3)250) 6 12.4 (s, br, 1H, NH), 11.5 (s, br,
1H, NH), 7.32 {d, 1H, ¥un = 7.1 Hz, H6), 6.16 (d, 2H, }ux=7.1 Hz,
H5). ¥C NMR (100 MHz, {CD;},C0O) 4§ 138.0 (C6), 112.9 (C3). '3C

NMR {100 MHz, (CD3),S0) & 191.9 {C4), 149.1 ((2), 1389 ((6),
112.2 (C5).s*s%Ura: '"H NMR (400 MHz, {CD4),C0) 4 7.33 (d, 1H,
Yun=7.2Hz, HE), 656 (d, 1H, 3jy=72Hz, H5). 'H NMR
{400 MHz, {CD3),50) 4 12.2 {s, br, 2H, N1H, N3H), 7.26 {d, 1H,
Yun=7.1Hz, HB), 649 (d, 2H, *yu=7.1Hz, H5). "*C NMR
(100 MHz, (CD3)2CO) 4 189.1 {C4), 174.3 {(C2), 126.7 (C6), 117.7
(C5). 1C NMR (100 MHz, (CD3)S0) & 187.4 (C4), 172.6 {C2),
136.5 {C6), 116.9 {C5).

4.1.2. Syntheses of [PtMes{bpy }(L-xS)][BF,] (3-5)

A suspension of [PtMesl{bpy)] {70.0 mg; 0.14 mmol) in acetone
(10 ml) and Ag[BF,] {26.5 mg; 0.14 mimeol) was stirred for 30 min in
the absence of light. After removing silver iodide by filtration the
respective thiouracil {0.14 mmol) was added to the stirred clear
solution. After 2 h the volume of the solution was concentrated
in vacuo te 1 ml and ether (3 ml) was added. The yellow solid
was filtered and dried in vacuo.

[PtMes{ bpy ) s*Ura-15%)|[ BF4] {3). Yield: 56 mg {68%). Anal. Calc.
for CisHz BEsMN4SOPE {611.11): C, 33.38; H, 3.46; M, 9.17. Found: C,
34.11; H, 3.91; N, 9.04%. '"H NMR (400 MHz, {CD3),C0) 6 11.34 (s,
br, 2H, N1H, N3H), 8.96 (m, 2H, ¥,y = 18.8 Hz, H6[HE'), 8.74 {d,
2H, H3, HY), 8.37 (m, 2H, H4jH4"), 7.95 (m, 2H, H5/HS'), 7.41 {d,
1H, i =7.9 Hz, H65.10), 6.04 (d, 1H, ¥,y = 7.9 Hz, H5,.0), 1.23
(s+d, 6H, “Jpry1=68.1Hz, Nyane~PtCHy), 0.69 (s+d, 3H,
Ypp = 73.7 HZ, Sgone-PiCH3). ™C NMR (125 MHz, (CD3),C0) &
173.4 (o). 1995 (Cdpqy), 1552 (C2/(2), 148.0 (s+d,
e = 15.4 Hz, C6/CE'), 142.2 {C6a.1y), 141.4 {C4]C4"), 129.0 {s+d,
o= 13.4 Hz, C5/C5'), 111.0 {C52.1u), 3.2 (s+d, "Ypc=673.7 Hz,
Strens-PtCH1), —5.0 (5+d, Yorc = 667.0 HZ, Nprons-PtCHs). "°Pt NMR
{107 MHz, {CD4),C0) & ~2687.7. FT-IR (KBr, cm~') 2897 m, 1690
5, 1600 w, 1542 5, 1443 m, 1218 m, 1159 w, 1060 s, 1021 5, 766 s.

[PtMes{ bpy )(5"Ura-k5")|[BF4] (4). Yield: 45 mg (54%). Anal, Calc.
for Cy5Hax BE,N4OSPL(611.11): C, 33.38; H, 2.46; N, 9.17. Found: C,
34.36; H, 2.97; N, 8.71%. 'H NMR (400 MHz, {CD4),C0) 4 11.48 (s,
br, 1H, NH), 11.04 (s, br, 1H, NH), 9.07 {m, 2H, ¥fp.y = 18.5 Hz,
HE6/HE™), 8.82 (d. 2H, H3/H3'). 8.42 {m, 2H, H4{H4"), 7.99 {m, 2H,
H5H5"), 768 (d, TH, 3Jyu=-7.1Hz, H641), 614 (d, 1H,
yu= 7.1 Hz, H5,0y) 1.29 {s+d, 6H, 3oy = 68.5 Hz, Nypu-PICH;),
0.67 (s+d, 3H, Yo =71.0 Hz, Syuns-PtCHs). C NMR (500 MHz,
(CD4),C0O) 6 188.1 (Cdasru). 1556 (C2jC2), 148.1 (s+d,
*foec = 14.8 Hz, C6{C6'), 1476 ((2411), 145.2 {C64y), 141.5 (C4f
C47), 128.9 (s+d, e = 13.7 Hz, C5/C5'), 125.9 {s+d, *Jp.c = 8.0 Hz,
C3jC3), 107.9 {CSaxu) 3.8 (s+d, “prc= 651.5Hz, Spans-PLCH;),
—5.3 (s+d, “fpre=666.4 Hz, Npgne-PtCH;). '*Pt NMR {107 MHz,
(CD4)2C0O) 6 —2719.3. FT-IR (KBr, cm~') 3116 w, 2952 w, 2898 m,
1735 5, 1601 5, 1471 w, 1444 m, 1229 w, 1124 5, 1058 s, 766 m.

[PtMes{bpy){s’s'Ura-kS")][BE,] {5). Yield: 46 mg (55%). Anal.
Calc. for C,7H»BF4N,S-Pt (627.08): C, 32.53; H, 3.38; N, 8.93.
Found: C, 32.44; H, 3.33; N, 8.45%. "H NMR (400 MHz, {{CD3),CO)
4 12.22 (s, br, 2H, NH), 9.05 {m, 2H, "j.,:l.. =18.3 Hz, HG6{HE'), 8.80
(d, 2H, H3{H3"), 841 (m, 2H, H4/H4"), 7.98 {m, 2H, H5/H5"), 7.59
(d, TH, Yy = 7.1 Hz, H624.70), 6.49 (d, TH, ¥y = 7.1 Hz, H53.4.70),
129 s+d, 6H, %fpru=68.5Hz, NygmsPtCHiy), 0.67 (s+d, 3H,
o= 71.1 Hz, Syune-PtCH3). 3C NMR {500 MHz, {CD;)CO) &
184.4 (C4z4.p10) 173.0 (C234.p1u) 155.5 (C2/C2’), 148.2 (C6/C6),
143.1 (C6ya.p1u) 141.6 (C4/C4), 129.2 {s+d, p.c=13.4 Hz, C5/
C5'), 126.1 {C3/C¥), 112.8 (C54.0r0) 4.2 (s+d, Yp.c = 649.5 Hz,
DTU pr-PtCH3), —5.5 (s+d, Ypoc=664.5 Hz, Nygn-PtCH3). 7Pt
NMR (107 MHz, (CD5),C0) 6 —2726.4. FT-IR (KBr, cm™') 3217 w,
3106 w, 2957 w, 2897 m, 1603 s, 1548 s, 1490 w, 1473 w, 1445
m, 1227 m, 1116 s, 1077 s, 1028 s, 766 s.

4.1.3. Synthesis of [(PtMes)s(pi-s*Ura_y)s] (7)

A suspension of [{PtMesl)4] {(50.0 mg, 0.04 mmol) and AgOAc
(23.0mg, 0.14 mmol) in acetone {10 ml) was stirred for 15h in
the absence of light. Silver iodide was removed by filtration and
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the clear, colorless solution was added to 4-thiouracil (17.4 mg,
0.14 mmol). After stirring for 2h the solution was filtered to
remove undissolved material. The clear, yellow solution was con-
centrated in vacuo to 1 ml and ether {3 ml) was added. The precip-
itated product was isolated by filtration, washed with pentane
{2 = 2 ml) and dried in vacuo. Yield: 36 mg {70%).

Anal Calc. for Cy4Hz4N45:0:Pt (734.06): C, 22.83, H, 3.29, N,
7.63. Found: C, 23.04; H, 3.54; N, 7.26%. 'H NMR {400 MHz,
{CD3),C0) 4 10.82 (s, br, TH, N3H, N¥'H), 7.71 (d, 2H, *;y;; = 6.64 Hz,
HG/HE'), 6.04 (d, 2H, *Jyy=6.64Hz, H5/H5), 146 (s+d, 6H,
Youn = 75.5 He, PLCH3), 1.06 (s+d, 6H, Yo 4 = 75.9 He, PLCH3), 0.98
{s*d, 6H, *Jp 1y = 74.3 Hz, PLCH,). "*C NMR (500 MHz, (CD4),C0O) 4
191.1 (C4{C4'), 150.8 (C2/C2"), 145.1 (CB/CH'), 112.0 (C5/C5), 3.1
{s+d, 'fpoc= 663.0 Hz, PtCH3), 1.1 {s+d, 'fp.c = 684.2 Hz, Pt(H3),

11.1 (s+d, Ypc=6789Hz, PtCH;). '"°Pt NMR {107 MHz,
{CD3):C0) 4 —2445.3. FT-IR (KBr, cm™") 3080 w, 2926 w, 2897 m,
2811 w, 1671 s, 1596 5, 1517 m, 1437 m, 1395 m, 1220 m, 1128
m, 1015 m, 783 m. ESI-MS {m/z, relative intensity] 1834.1512
{14) [{{PtMes)s{sUra_y)s }-H]~, 1706.1467 (37) [{{PtMes)s(sUra_
wlal-2H]", 1467.1194 {100) [{{PtMe;)y{s"Ura_y )4 }-H] ", 1100.0871
{20) [{{PtMes)s{s"Ura_y)s}-H|", 972.0867 (53) [{{PtMe;)s{s'Ura_
w2]-2H|™, 732.0578 (42) [{{PtMes)s{s Ura-)2)-H]| .

4.2, X-ray crystallography

Single crystals of 7a.2 Me;CO for X-ray diffraction measure-
ments were obtained from an acetone-D6 solution. Intensity data
were collected on a STOE IPDS diffractometer with Mo Ke radiation
{4=0.71073 A, graphite monochromator) at 220{2) K. A summary
of the crystallographic data, the data collection parameters and
the refinement parameters is given in Table 6. A numerical absorp-
tion correction was applied {Tmin/Tmax 0.14{0.34). The structure
was solved by direct methods with skexs-97 [20] and refined using
full matrix least square routines against F* with suena-97 [30].
Mon-hydrogen atoms were refined with anisotropic displacement
parameters. Hydrogen atoms were positioned geometrically and
refined with isotropic displacement parameters according to the
“riding model”. The solvent molecule acetone is disordered over

Table 6
Crystal data, data collection and refinement parameters of 7a 2 MeyCO.

Formula CagHpeMy2000PLeSs

W 1160.04

Crystal system triclinic

Space group P

a(A) 10.590(1)

B(A) 12.428(1)

c(A) 13.614(1)

@ (%) 75.40(1)

1G] 7491(1)

¥ () 74.80(1)

V(A% 1636.6(3)

¥4 2

Deaie (gem ) 2.354

T(K) 22002)

ailmm ) 13,022

0 (%) 2.10-25.95

FO00) 1080

Index ranges =12<h<12
15=k=15
16<i<16

Reflections collected 12166

Reflections observed [I> 2o(f)] 4269

Reflns independent 5940 (R = 0.0709)

Datajrestraints/parameters 5940/68/3594

GOF(FY) 0.978

R1, wiy [i>24] (L05HS/0.1404

R1, wi; (all data) 0.0806/0.1489

Largest difference in peak and hole (e A %)

4,757 and ~4.033 (near PL)

two positions and was freely refined with occupation factors of
52 and 48%, respectively.

4.3, Computational details

DFT calculations of compounds were carried out by the
caussiand3  program package [31] using the hybrid functional
B3LYP[32]. The 6-311G{d,p) basis sets as implemented in cavssian03
were employed for main group elements. The valence shell of
platinum has also been approximated by a split valence basis
ser; for its core orbitals an effective core potential in combination
with consideration of relativistic effects has been used [33]. The
appropriateness of the functional in combination with the basis
sets and effective core potential used for reliable interpretation
of structural and energetic aspects of related platinum complexes
has been demonstrated [13,15,34].

4.4. In vitro cytotoxic studies

Stock solutions of investigated platinum complexes and refer-
ence compound cisplatin were made in dimethyl sulfoxide { DMS0)
at concentration of 20 mM and diluted by nutrient medium to
various working concentrations. Nutrient medium was RPMI-
1640 (PAA Laboratories) supplemented with 10% fetal bovine ser-
um {Biochrom AG) and penicillin/streptomycin { PAA Laboratories).

4.4.1. Cell cultures

The human tumor cell lines: human anaplastic thyroid cancer
{8505C), head and neck tumor (A253 and FaDu), cervical cancer
{A431), lung carcinoma {AS549), ovarian cancer {A2780) and colon
carcinoma {DLD-1, HCT-8 and HT-29) were cultivated in the
Biozentrum, Martin-Luther University Halle-Wittenberg. All cells
were maintained as monolayers in nutrient medium in a humidi-
fied atmosphere with 5% CO..

4.4.2. Cytotoxicity assay

The cytotoxic activity of the platinum compounds was mea-
sured by the sulforhodamine-B (SRB) assay [35]. In brief, exponen-
tially growing cells were seeded into 96-well plates and 24 h later,
after the cell adherence, nine different concentrations of investi-
gated compounds were added to the wells. The final concentra-
tions were in the range from 0.1 to 125 pM. All experiments
were done in triplicate. Mutrient medium with corresponding con-
centrations of compounds, but void of cells was used as blank. Five
days after seeding the cells were fixed with 10% trichloreacetic acid
and processed according to the published SRB assay protocol
Absorbance was measured at 570 nm using a 96-well plate reader
{SpectraFluor Plus Tecan, Germany ) and the percentages of surviv-
ing cells relative to untreated controls were determined. Concen-
tration 1Csp was determined as the concentration of a drug that
inhibited cell survival by 50%, compared with vehicle-treated
control.

4.4.3. Tryptan blue exclusion test

Apoptotic cell death was analyzed by trypan blue dye {Sigma-
Aldrich, Germany) on A431 cell line. The cell culture flasks with
70-80% confluence were treated with ICyy dose of [FiMes{bpy)
{s’sUra-kS")|[BE,] (5) for 24 h. The supernatant medium with
floating cells was collected after treatment and centrifuged to col-
lect the dead and apoptotic cells. The cell pellet was resuspended
in serum free media. Equal amounts of cell suspension and trypan
blue were mixed and this was analyzed under a microscope. The
cells which were viable excluded the dye and were colorless and
the ones whose cell membrane was destroyed were turning into
blue. If the proportion of colorless cells were more compared to
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the ones that were colored then the death can be characterized as
apoptotic,

4.4.4. Cell cycle analysis

Cell cycle was assessed by flow cytometry using a fluores-
cence-activated cell sorter {FACS) [36]. For this assay, 1 x 10°
A431 cells, were seeded in 25 cm” cell culture flasks, with 10 ml
of medium. After 24 h of incubation, [PtMes{ bpy){s”s"Ura-xS")|[ BF,)
(5) was added at 1Csy value. Following 24 h of incubation, cells
were harvested by mild trypsinization, collected by centrifugation,
washed with PBS and both adherent and floating cells were resus-
pended in 100 pl of PBS and fixed with 2 ml of 70% ethanol at 4 “C
for at least 1 h. The fixed samples are then centrifuged, the cell pel-
let is washed with 2 ml of staining buffer {PBS + 2% FC5+ 0.01%
MNaM3) and again centrifuged. The cell pellet is resuspended in
100 pl of RNase A{1 mg/ml) and incubated for 30 min at 37 “C. At
the end of incubation the samples are treated with propidium io-
dide {20 pg/1 ml of staining buffer) and allowed to stand in dark
at least for 30 min before analysis. The fluorescence intensity
was determined by a Facscalibur {Becton Dickinson, Heidelberg,
Germany). Each analysis was done using about 1 x 10% events.
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Abstract

The reaction of diacetylbis(benzylamine)platinum(II) (1) with thioglycosides of the type ch-
SPT (PT = 4-(pyridine-2-yl)-thiazole-2-yl) yielded platinum(II) complexes of the composition
[Pt(COMe),(ch-SPT)] (ch-SPT = OAc-SPT, 7; OBz-SPT, 8; OBn-SPT, 9) in an equilibrium
reaction. The formation of the complexes was unambiguously proofed by IR and NMR

¢, '°Pt) and high resolution ESI mass spectrometry. 'H and *C NMR

spectroscopy ('H,
spectra of 7-9 proved the chelating coordination mode due to the SPT-moiety. Isolation of the
thioglycoside platinum(Il) complexes by adding of diethyl ether failed and led to a shift of the
equilibrium in favor of the educts. The analogous reaction of 1E with ch-Sbpy ligands (bpy =
2,2’ -bipyridine-6-yl) with formation of the complexes [Pt(COMe),(ch-Sbpy)] (ch-Sbpy =
OAc-Sbpy, 10; OBz-Sbpy, 11) could be followed by an immediate change of color the
reaction mixtures and also proved by high resolution ESI mass spectrometry. Unexpectedly,
the respective NMR spectra for 10, 11 showed just the educts, indicating that the equilibrium
lies almost completely on the educt side. Crystals of [Pt(COMe),(BnNH,),] (1) and the
uncoordinated OAc-SPT (2) could be yielded. The crystal structure of 1 proved the

experimental found weak coordination of the benzylamine ligands by the uncommonly long

Pt-N bond length of 2.164(2) A.

Keywords: Platinum(I) carbohydrate complexes, Thioglycosides, Single-crystal X-ray

diffraction analysis.
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1. Introduction

Thiofunctionalized carbohydrates received particular attention, since it was discovered that
carbohydrates, containing a ring sulfur atom instead of oxygen, leads to temporary
hyperglycemia [1] and sterility in rats [2]. Moreover it has been shown that this compounds
possess cancerostatic [3] and enzyme inhibitory activities [4]. Also Thioglycosides (ch-SR),
where the carbohydrate is linked via the glycosidic bond with a thioalcohol (HSR), as well as
carbohydrates containing mercapto groups instead of hydroxyl groups have been proven to
exhibit cytotoxic and antiinflammatory properties [5]. In bioinorganic chemistry metal
complexes possessing bioactivity are of special interest. Platinum complexes and their
application as cancerostatica were established with the discovery of cisplatin in 1965 by
Rosenberg [6]. The antitumor effect of cisplatin is based on the intrastrand linkage of the
Pt(NH3), unit mainly to two guanine nucleobases, which causes the inhibition of DNA and
RNA replication and finally leads to apoptosis of the cell. To date thousands of platinum
complexes, especially those containing platinum in the oxidation state +II, have been tested
on their antiproliferative activity, however only few have entered clinical trails [7]. Thus,
research for new platinum complexes with comparable or even increased activity and less
toxic side effects than cisplatin is still going on. We are interested in the synthesis of platinum
complexes with bioactive ligands [8]. Here we report about the reactions of platinum(II)
complexes with thioglycosides of the types ch-SPT and ch-Sbpy (PT = 4-(pyridine-2-yl)-
thiazole-2-yl; bpy = 2,2’-bipyridine-6-yl) starting from the diacetylbis(benzylamine)
platinum(II) complex [Pt(COMe),(BnNH>);], which contains exceedingly weakly coordinated

benzylamine ligands [9].

2. Results and discussion
Syntheses and characterization of [Pt(COMe),(ch-SPT)] (ch-SPT = OAc-SPT, 7, OBz-SPT,
8, OBn-SPT, 9) and [Pt(COMe),(ch-Sbpy)] (ch-Sbpy = OAc-Sbpy, 10, OBz-Sbpy, 11)

The reaction of [Pt(COMe),(BnNH,),] (1) with thioglycosides of the type ch-SPT (ch-SPT =
OAc-SPT, 2; OBz-SPT, 3; OBn-SPT, 4) in methylene chloride led to the formation of the
complexes [Pt(COMe),(ch-SPT)] (ch-SPT = OAc-SPT, 7; OBz-SPT, 8; OBn-SPT, 9) within
seconds, according to Scheme 1. After adding of [Pt(COMe),(BnNH>);] (1) to the solution of
the thioglycosides in methylene chloride an immediately change of color occurred, from pale
yellow/beige to intensive yellow (7-9). The complexes 7-9 are present in an equilibrium with

the educts and are formed with a conversion grade up to 80%. Their formation could be
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unambiguously verified by IR and 'H, C and ""°Pt NMR spectroscopy as well as by high
resolution ESI-mass spectrometry. However, the complexes could not be isolated by addition
of diethyl ether. Instead a shift of the equilibrium in favor of the educts could be observed.
The 'H and ">C NMR spectroscopy clearly indicated the coordination due to the SPT moiety,
by CIS (coordination induced shifts) of the protons and carbon atoms of the anomeric moiety
up to 0.32 ppm ('H) and 2.8 ppm ("°C). The pyranoside protons were shifted to a less extent
(<0.1 ppm) and/or not at all, while the respective carbon atoms showed no coordination
induced shifts. Due to the C, symmetry of the complexes two non-resolved broadened signals

for the acetyl ligands were observed in the 'H as well as in the ?C NMR spectra.

' £ 5.
‘4“)!\ Pt
HzN/ SNH, Ror;&fs\(b_@ CHCl,

S =

o W\
PO R N
- ROJ.‘.--.\..-S% T =
-2 BnNH2 5 e
R=Ac, 2;Bz 3;Bn, 4

R=Ac,7;Bz 8, Bn, 9
1

0O O
SN P
/P‘\ —0 N N —O / \
HzN NH, + RO+—=-S C o —— RO=AS— N NS
? Z R=Ac 5:Bz,6 L _= = -2 BnNH; U@

R =Ac, 10; Bz, 11
1

Scheme 1.

High resolution ESI mass spectrometry measurements for complexes 7—-9 in the reaction
mixtures were performed in methanol solutions which showed in all cases the existence of the
molecular cation [Pt(COMe)(ch-SPT):u]" (ch-SPT = OAc-SPT, 7; OBz-SPT, 8; OBn-SPT 9)
exhibiting an isotopic envelope characteristic for monocations containing one platinum atom
[natural isotopic composition: """t (0.01%), '**Pt (0.79%), **Pt (32.9%), '*°Pt (33.8%), '*°Pt
(25.3%) and "**Pt (7.2%)]. In Figure 1, the spectrum of [Pt(COMe),(OAc-SPT)] (7) is shown
as an example. The peak of the [Pt(COMe):(OAc-SPT):n.]  cation is found as the most
intensive at 828.0863 m/z. Furthermore the peak of the protonated species [Pt(COMe),(OAc-
SPT).;]" could be detected at 806.1028 m/z. The observed isotopic pattern of this molecular
cation is in a very good agreement with the calculated values (Figure 1). Furthermore, other
peaks could be assigned to the complex fragments [Pt(COMe),(BnNH,)(OAc-SPT) 4]  at
913.1780 m/z and [{Pt(COMe),}>(OAc-SPT).x]" at 1087.1041 m/z. At least the peak at

1087.1041 m/z was formed due to the presence of free benzylamine.
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Figure 1. ESI-mass spectrum of [Pt(COMe),(OAc-SPT)] (7) and isotopic pattern of the cation
[Pt(COMe),(2)+H]" at 806.1028 m/z showing the expected intensity due to the isotopic

composition (calculated intensities by horizontal bars).

The analogous reactions of [Pt(COMe),(BnNH>),] (1) with ch-Sbpy ligands (ch-Sbpy = OAc-
Sbpy, 5; OBz-Sbpy, 6) proceeds, apparently, analogous to those reported for ch-SPT ligands
(Scheme 1). An immediate change of color from beige to orange is observed after adding 1 to

the solution of the ch-Sbpy ligands in methylene chloride. High resolution ESI mass
spectrometry showed the formation of the complexes [Pt(COMe),(ch-Sbpy)] (ch-Sbpy =
OAc-Sbpy, 10; OBz-Sbpy, 11). The spectrum of [Pt(COMe),(OAc-Sbpy)] (10) is shown in
Figure 2 as an example. The most intensive peak is observed for [Pt(COMe)(OAc-SPT).4]" at
800.1428 m/z. The observed isotopic pattern of this molecular cation is in a very good
agreement with the calculated values (Figure 2). Further peaks could be assigned to the
species [OAc-Sbpy:y]™ at 519.1440 m/z, [Pt(COMe),(BnNH,)(OAc-Sbpy):u] at 907.2213
m/z and [{Pt(COMe),}»(OAc-Sbpy).u]” at 1081.1447 m/z. In similarity to the spectrum of
[Pt(COMe),(OAc-SPT)] (7) at least the peak at 907.2213 m/z was formed due to the presence
of free benzylamine. However, NMR spectra of the reaction mixture gave no evidence of
complex formation, but showed just the presence of the educts. This is a clear difference to
the ESI measurements and may be interpreted as an equilibrium reaction, which lies almost

completely on the educt side.
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Figure 2. ESI-mass spectrum of [Pt(COMe),(OAc-Sbpy)] (10) and isotopic pattern of the
cation [Pt(COMe),(5)+H]" at 800.1428 m/z showing the expected intensity due to the isotopic

composition (calculated intensities by horizontal bars).

X-ray diffraction analysis of [Pt(COMe),(BnNH,),] (1)

Crystals of [Pt(COMe),(BnNH;),] (1) were obtained from the reaction mixture of OBz-SPT
(3) and 1 in methylene chloride/ether (1:2) solution. The complex crystallized in the
monoclinic space group /2/a. The molecular structure is shown in Figure 3. Selected bond
lengths and angles are given in Table 1. Complex 1 exhibits crystallographic imposed C,
symmetry. The platinum center is square-planar coordinated by two nitrogen and two carbon
atoms. The ligands of the same type (benzylamine and acetyl ligands) are on the opposite side
of the coordination plane (“fransoid” conformation). While the mean plane of the
benzylamine ligands are planar to the coordination plane in rough approximation (angle:
8.3°), the angle between the mean plane of the acetyl ligands and the coordination plane is
53.9°. The Pt—C bonds (1.979(2) A) belong to the shortest ones described so far in literature
(median: 2.003 A; lowest/highest quartile: 1.981/2.016 A, n = 32; n — number of obser-
vations) [10]. In contrast, the Pt—-N bonds (2.164(2) A) are remarkably longer compared to
literature values (median: 2.041 A; lowest/highest quartile: 2.027/ 2.058 A, n = 867) [10].
Thus, it can be stated that the benzylamine ligands are extremely weakly coordinated. This is
in accord with the high substitution lability of the benzylamine ligands in
[Pt(COMe)(BnNH>),] (1) [9].

The molecules in 1 are packed like a “staircase” in infinite columns (Figure 3). The

interplanar distance between two benzylamine ligands of 3.7 A and the corresponding
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displacement angle of 10.7°" indicate a weak stabilization through n—n stacking [11]. The
strands are linked through N-H--O (N--O 2.926(3) A) and C-H--O (C--O 3.328(3) A)
hydrogen bonds, where the oxygen atoms act as bifurcated hydrogen acceptor. Furthermore, a

weak intramolecular N-H---O hydrogen bond is found. The geometrical parameters are in the

expected range [12,13] and given in Table 2.

Figure 3. a) Molecular Structure of [Pt(COMe),(BnNH>),] (1). The displacement ellipsoids
are drawn at the 30% probability level. b) Solid state structure of [Pt(COMe),(BnNH>),] (1)

showing the packing of the cations by n—r stacking. H atoms are omitted for clarity.

Table 1. Selected bond lengths (in A) and angles (in deg) of 1.

Pt—Cl 1.979(2) C1-0 1.210(3)
Pt-N 2.164(2) N-C3 1.459(4)
C1-Pt-C1’ 91.8(1) N-Pt-N’ 92.7(1)
C1-Pt-N 87.8(1) Cl'—Pt-N 179.36(9)

" The displacement, measured by the angle between the ring normal and the centroid—centroid vector, is a
measure for the ring—ring overlap [11].
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Table 2. Characteristic parameters of the N-H---O and C—H---O hydrogen bonds (distances in
A, angles in deg) in 1.

DH A DA DA
N-H5-0 0.92 2.08 2.926(33) 153
C3-H7-0 0.99 2.38 3.328(3) 161
N-H4--0  0.92 2.55 3.0953) 118

X-ray diffraction analysis of OAc-SPT (2)

In the reaction mixture of 1 and OAc-SPT (2) colorless crystals of 2 were obtained, which
were suitable for X-ray diffraction analysis. The compound crystallizes in the space group
P2,2,2,. The molecular structure of the carbohydrate is shown in Figure 4. Selected bond
length and angles are given in Table 3. The glucopyranoside ring is present in a distorted chair
conformation in its *C; form [14]. The oxygen atom O9 is disordered over two position with
an occupation factor of 62 and 38%, respectively. The two pyridiyl rings of the bipyridine
group are remarkably twisted (torsion angle N1-C13—-C14-N2: —158.6°). As expected the
nitrogen atoms are on opposite sites (“transoid” conformation) of the C13—C14 axis to yield
the maximum spatial distance for the free electron pair of each nitrogen atom. The molecule

exhibits an intramolecular C—H---O hydrogen bond (C15--02 3.340(2) A).

Figure 4. Molecular structure of OAc-SPT (2), showing the intramolecular C—H O hydrogen
bond (---). The displacement ellipsoids are drawn at the 30% probability level. Only the major

occupied position of the disordered oxygen atom O9 is shown.
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Table 3. Selected bond lengths (in A) and angles (in deg) of 2.

C1-S 1.799(2) C1-C2 1.528(2)
C9-S 1.778(2) C7-03 1.206(2)
C1-01 1.422(2)
C1-S- C9 100.41(7) 01-C1-S 108.8(1)
C1-01-C5 111.5(1) 02-C7-03 123.8(1)
01-C1-C2 107.6(1)

The packing of OAc-SPT (2) is shown in Figure 5. The molecules are arranged in infinite zig-
zag chains, which are stabilized through n—n interactions. The intermolecular distance of 3.6
A and the displacement angle of 10.4° are in the expected range [11]. Additionally, two
C-H--O hydrogen bonds can be found within the chain (C3--03" 3.327(2) A; C5--03’
3.424(2) A) as well as one between the chains (C17-+-05"" 3.359(2) A) as attractive non-
bonding interactions. The hydrogen bonds C17-H:--O5"" and C12—H---O2 are most likely the
reason for the twisting of the pyridyl ring N2, C14—C18. Geometrical parameters of all
hydrogen bonds are arranged in Table 4.

« J

Figure 5. Solid state structure of OAc-SPT (2) showing the hydrogen bonding (---) and
packing by n—m stacking (---). H atoms not involved in hydrogen bonding are omitted for

clarity.
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Table 4. Characteristic parameters of the C—H--O hydrogen bonds (distances in A, angles in
deg) in 2.

DH A DA D_H-A
C3-H3--03  1.00 2.45 3327(2) 145
C5-H5--03"  1.00 2.55 3.4242) 146
Cl5-H15-02  0.95 2.53 3.3402) 144
C17-H17-05"" 0.95 2.44 33592) 163

3. Conclusion

The synthesis of the complexes [Pt(COMe),(ch-SPT)] (ch-SPT = OAc-SPT, 7; OBz-SPT, 8;
OBn-SPT, 9) showed that [Pt(COMe),(BnNH,)] (1) is a suitable starting complex for ligand
substitution reactions. This could be further proved by X-ray diffraction analysis of
[Pt(COMe),(BnNH;)] (1), which showed an unusual long Pt—N bond which is in accord with
the lability and easy cleavage of the benzylamine ligands. Surprisingly, the reactions are an
equilibrium, which is shifted on the educt side by the addition of diethyl ether. For the
reactions of 1 with ch-Sbpy (ch-Sbpy = OAc-Sbpy, 5; OBz-Sbpy, 6) contrary observations
were made. While the ESI mass spectra proved the formation of the complexes
[Pt(COMe),(ch-Sbpy)] (ch-Sbpy = OAc-Sbpy, 10; OBz-Sbpy, 11), the NMR spectra gave no
indication of these complexes and showed just the presence of the educts, which indicated that
the equilibrium lies almost completely on the side of the educts. This is a clear difference to
analogous reactions with N,N’-donor ligands reported in literature, where the requisite
complexes could be isolated in pure substance using this method [9]. Furthermore, the
palladium complex [PdBr,(ch-SPT)] showed a much greater stability, than the here reported
complexes [15]. Further investigations for the syntheses and isolation of these complexes, by
changing the solvent etc., have to be done, in particular of [Pt(COMe),(ch-Sbpy)] complexes

10 and 11, to isolate the complexes in substance.
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4. Experimental

4.1. General considerations

Syntheses were performed under Argon using standard Schlenk techniques. Methylene
chloride and diethyl ether were dried over calcium chloride and Na benzophenone,
respectively. All solvents were distilled prior to use. NMR spectra were obtained with Varian
UNITY 500 and Gemini 2000 spectrometers using solvent signals (‘H and *C NMR
spectroscopy) as internal references and Na,[PtClg] S(*°Pt) =0 ppm) as external reference.
IR spectra were recorded on a Galaxy Mattson FT IR spectrometer, using KBr pellets. The
positive ion high resolution ESI mass spectra were obtained from a Bruker Apex III Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer (Bruker Daltonics, Billerica,
USA) equipped with an Infinity cell, a 7.0 Tesla superconducting magnet (Bruker), an RF-
only hexapole ion guide and an external electron spray ion source (Agilent, off axis spray,
voltages: endplate, —3.700V; capillary, —4.200V; capillary exit, 100V; skimmer 1, 15.0 V;
skimmer 2, 6.0 V). Nitrogen was used as drying gas at 150°C. The sample solutions were
introduced continuously via a syringe pump with a flow rate of 120 ul h™'. The data were
acquired with 512k data points and zero filled to 2048k by averaging 64 scans.
Diacetylbis(benzylamine)platinum(Il) (1) and the thioglycosides 2—6 were synthesized

according to literature [9,15]

4.2. Syntheses of [Pt(COMe),(ch)] (ch = OAc-SPT, 7, OBz-SPT, 8, OBn-SPT, 9; OAc- Sbpy,
10, OBz-Sbpy, 11)

To a stirred solution of the 4-(pyridin-2-yl)thiazol-2-yl-thioglycoside and 2,2"-bipyridine-6-
yl-thioglycoside (0.04 mmol), respectively, in methylene chloride (3 ml) solid
diacetylbis(benzylamine)platinum(II) (20.0 mg, 0.04 mol) was added. An immediate change

of color to orange/yellow, respectively, could be observed.

[Pt(COMe),(OAc-SPT)] (7). Conversion grade: 80%. '"H NMR (400 MHz, CD,Cl,): & 8.44
(d, 1H, *Jpen = 5.2 Hz, H6spr), 8.14 (s, 1H, H5 spr), 7.99 (tr, 1H, H4spr), 7.92 (tr, 1H, H3spr),
7.36 (tr, 1H, H5spr), 5.31 (tr, 1H, H3a), 5.15 (m, 2H, H24/H4 ), 4.98 (d, 1H, *Jyn = 10.1
Hz, Hla), 4.26 (m, 2H, H6a, H6b), 3.93 (m, 1H, H5), 2.33 (s+d, br, 3H, C(O)CH3), 2.20
(std, br, 3H, C(O)CHs3), 2.19 (s, 3H, C(O)CHsen), 2.10 (s, 3H, C(O)CHjen), 2.03 (s, 3H,
C(O)CH; &), 2.03 (s, 3H, C(O)CHaa), 2.00 (s, 3H, C(O)CHse). °C NMR (125 MHz,
CD,Clp): 6 170.6 (C(O)CH3), 170.1 (C(O)CHs), 169.9 (C(O)CHj3), 169.7 (C(O)CH3), 151.0
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(C6spr), 139.0 (Chspr), 125.8 (C5sp1), 122.1 (C3sp1), 121.8 (C57spr). 84.3 (Clap), 76.8 (C5en),
734 (C3en), 69.4 (C2ep), 68.3 (Chen), 62.1 (Cbep), 45.6 (C(O)CHs), 42.2 (C(O)CH3), 21.0
(C(O)CHsa), 20.9 (C(O)CHaep), 20.7 (2 x C(O)CHser). 'Pt-NMR (107 MHz, CDCL): &
—1274.7. 1R (KBr) 1755 s, 1622 m, 1592 m, 1466 w, 1368 m, 1329 w, 1232's, 1061 m, 911 w,
802 w cm™'. HR-ESI-MS [Pt(COMe)y(2):n]" m/z (obsd./calc. %) 805.10088 (74/75),
806.10278 (100/100), 807.10434 (94/93), 808.10674 (30/33), 809.10618 (27/29), 810.10772
(7/8).

[Pt(COMe),(OBz-SPT)] (8). Conversion grade 65%. 'H NMR (500 MHz, CD,Cl,): 6 8.33 (d,
1H, *Jun = 5.5 Hz, H6spr), 7.96 (m, 3H, H3spr, Hdspr, H5 spr), 7.44-7.22 (m, 21H,
CH,CsHs), 4.94-4.49 (m, 9H, H1, CH>CHs), 3.87-3.69 (m, 5H, H3en, H5eh, H6acn, H6b.,),
3.66 (ir, 1H, H2), 3.57 (m, 1H, H54), 2.38 (s+d, br, 3H, C(O)CHs), 2.24 (s+d, br, 3H,
C(O)CH3). PC NMR (50 MHz, CD,ClL): 166.1 (C(O)C¢Hs), 170.1 (C(O)CeHs), 169.9
(C(0)CgHs), 169.7 (C(O)CgHs), 151.0 (Cébspr), 139.0 (Cdspr), 133.9-133.5 (C(O)CeHs),
130.4-128.5 (C(O)CeHs, C5spr), (C3spr), 123.3 (CArtay), 121.7 (C5'spr), 119.7 (C3 spr). 85.3
(Cla), 77.2 (C5ch), 74.4 (C3en), 70.9 (C2eh), 69.6 (Cap), 63.3 (Cben), 46.5 (C(O)CH3), 44.1
(C(O)CH3). Pt NMR (107 MHz, CD,CL): & —1276.3. IR (KBr) 1730 s, 1621 m, 1602 m,
1468 w, 1452 m, 1316 m, 1262 s, 1178 m, 1112 s, 1092 s, 1069 m, 1025 m, 803 w, 771 w,
709 s cm™'. HR-ESI [Pt(COMe)x(3).1]" m/z (obsd./calc. %) 1053.16251 (64/64), 1054.16310
(100/99), 1055.16269 (99/100), 1056. 16436(45/48), 1057.16354(30/33), 1058.16611 (12/13),
1059.16889 (5/5).

[Pt(COMe),(OBn-SPT)] (9). Conversion grade: 75%. 'H NMR (400 MHz, CDCl;): & 8.49 (d,
1H, H6spr), 7.89 (m, 1H, Haspr), 7.74 (d, 1H, H3spr), 7.68 (s, 1H, H5 spr), 4.90-4.41 (m, 9H,
Hle, CH2CHp), 3.75-3.61 (m, 5H, H2cn, H3ch, H5en, H6ach, H6bep), 3.53 (dd, 1H, Hay,), 2.43
(s, br, 3H, C(O)CH3), 2.29 (s, br, 3H, C(O)CH;). °C NMR (125 MHz, CD,CL): §. 151.1
(C6spr), 138.9 (CH,CeHs), 138.7 (CH,CeHs), 138.6 (CH,CgHs), 138.5 (CH,CsHs), 137.8
(Céspr), 128.9-128.9 (CH,C¢Hs), 125.5 (C5spr), 121.7 (C3spr), 121.1 (C5'spr), 86.5 (C3cp),
85.8 (Clen), 80.7 (C2en), 79.7 (C5eh), 77.7 (Ca), 76.0 (CH2CsHs), 75.4 (CH,CeHs), 73.7
(CH,CHs), 69.0 (C6.p), 45.9 (C(O)CH3), 42.8 (C(O)CH3). '’Pt NMR (107 MHz, CD,Cl,): &
—1244.1. IR (KBr) 1730 s, 1621 m, 1602 m, 1468 w, 1452 m, 1316 m, 1262 s, 1178 m, 1112
s, 1092 s, 1069 m, 1025 m, 803 w, 771 w, 709 s cm . HR-ESI [Pt(COMe),(4):u]" m/z
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(obsd./calc. %) 997.24662 (64/65), 998.24799 (100/100), 999.24867 (100/100), 1000.25179
(47/47), 1001.25367 (32/32), 1002.25754 (12/13), 1003.25900 (4/5).

[P{(COMe)2(OAc-Sbpy)] (10). HR-ESI-MS [Pt(COMe)>(5)iu]" m/z (obsd./calc. %)
799.14209 (75/74), 800.14280 (100/100), 801.14258 (92/90), 802.14664 (30/30), 803.14833
(26/25), 804.15137 (7/7).

[Pt(COMe),(OBz-Sbpy)] (11). HR-ESI-MS [Pt(COMe)y(6).y]" m/z (osvd./calc. %)

1047.20710 (62/64), 1048.20987 (100/100), 1049.21123 (99/98), 1050.21476 (44/44),
1051.21563 (29/29), 1052.21844 (11/12), 1053.21993 (4/4).
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4.3. X-ray diffraction analysis

Single crystals of 1 and 2 suitable for X-ray diffraction measurements, were from methylene
chloride/diethyl ether (1:2). Intensity data were collected on a STOE IPDS diffractometer (1)
and on a Bruker Apex II Kappa diffractometer (2) with Mo-Ka radiation (A = 0.71073 A,
graphite monochromator) at 100(2) K. A summary of the crystallographic data, the data
collection parameters and the refinement parameter is given in Table 5. Multiscan absorption
corrections were applied (Timin/Tnax 0.49/1.00, 1; Tiin/ Tnax 0.90/0.98, 2). The structures were
solved by direct methods with SHELXS-97 [16] and refined using full-matrix least-square
routines against 7~ with SHELXL-97 [16]. Non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were positioned geometrically and refined with
isotropic displacement parameters according to the “riding model”. The oxygen atom O9 was
found to be disordered and was refined freely with an occupation factor of 68 and 32%,

respectively.

5. Acknowledgement
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Table 5. Crystal Data, data collection and refinement parameters of [Pt(COMe),(NH,Bn),](1)

and OAc-SPT (2).

1 2
Empirical formula Ci5sH4N,O, Pt CosHrN-OoS
Formula weight 495.48 518.53
Crystal system/space group monoclinic/I2/a orthorhombic/P2,2,2,
Z 4 4
a/A 9.3628(2) 6.9807(7)
b/A 20.0751(2) 16.605(2)
c/A 9.6263(1) 21.739(2)
pB/° 96.049(1)
VIA® 1799.28(5) 2519.8(5)
plgrem™ 1.829 1.367
u(Mo-Ko)/mm™ 7.809 0.183
F(000) 960 1088
Scan range/° 3.53<0<28.28 3.06 <0 <27.57
Reciprocal lattice segments -11-12,-26—26, -9—-9,-21-21,
h,k, 1 -12—12 —28—28
Reflections collected 22854 83292
Reflections independent 2236(Rin=0.0277) 5803(Rinc= 0.0544)
Data/restraints/parameters 2236/0/106 5803/0/339
Goodness-of-fit on F~ 1.065 1.032

Rl’WRz [[> 20([)]
Ry, WR; (all data)

Largest diff. peak and hole/e-A ™

0.0153, 0.0380
0.0174, 0.0383
1.213 and —0.679

0.0321, 0.0753
0.0368, 0.0776
0.235 and —0.238
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Reactions of fac-[PtMe;(4,4-Rybpy)(Me,COJ)|BF,] (R = H, 1a; 'Bu, 1h} and fac-|PtMe;-
(OAC-1E0,0) Me, CO)) (2), respectively, with thioglycosides containing thioethyl (ch-SEt) and
thioimidate (ch-STaz, Taz = thiazoline-2-v]) anomeric groups led to the formation of the carbohydrate
platinum(1v) complexes fac-[PtMe; (4,4 -R,bpv)(ch*)][BF,] (ch* = ch-SEt, 8-14; ch-8Taz, 15-23) and
fae[PtMe;(OAc k0,0 (ch*)] (ch* = ch-SEt, 24-28; ch-STaz = 29-35), respectively. NMR ('H, “C,
19*Pt) spectroscopic investigations and a single-crystal X-ray diffraction analysis of 19 (c¢h-STaz =
2-thiazolinyl 2,3,4,6-tetra-O-benzoyl-1-thio-B-D-galactopyranose) revealed the S coordination of the
ch-SEt glycosides and the N coordination of the ch-STaz glycosides. Furthermore, X-ray structure
analyses of the two decomposition products fac-[PtMe; (bpy)(STazH-x5)][BF,] (21a) and
1,6-anhydro-2,3,4-tri-O-benzoyl-f-D-glucopyranose (23a), where a cleavage of the anomeric C—S bond
had occurred in both cases, gave rise to the assumption that this decomposition was mediated due to
coordination of the thioglycosides to the high electrophilic platinum(1v) atom, in non-strictly dried
solutions. Reactions of fac-[PtMe,(Me,CO);][BF,] (3) with ch-SEt as well as with ch-SPT and ch-Sbpy
thioglycosides (PT = 4-(pyridine-2-yl)-thiazole-2-yl; bpy = 2,2"-bipyridine-6-yl), having N, and NN
heteroaryl anomeric groups, respectively, led to the formation of platinum(1v) complexes of the type
Jae-[PtMe;(ch*)][BF.] (ch* = ch-SEt, 3640, ch-SPT 42-44, ch-Sbpy 45, 46). The thioglycosides were

found to be coordinated in a tridentate €S,k20,0, kS, kN, kO and kS,kK’N,N’ coordination mode,
respectively. Analogous reactions with ch-STaz ligands suceeeded for 2-thiazolinyl
2,3,4-tri-O-benzyl-6-0-(2,2"-bipyridine-6-y1)- 1 -thio-f-D-glucopyranoside (5h) resulting in
Sac-[PtMe;(ch-STaz)][BF,] (41, ch-8Taz = 5h), having a ¥’ N, N, N "coordinated thioglycoside ligand.

1. Introduction

Carbohydrates are one of the most important classes of
biomolecules. Attached to lipids, proteins and nucleobases they
exert versatile functions in living organisms, ranging from
immune defence and cell growth to inflammation and ma-
lignant transformations.* Carbohydrate-based pharmaceuticals
have been proven to be promising therapeutics for neurode-
generative diseases, because they can easily pass the blood
brain barrier.® Thiofunctionalized carbohydrates were proved
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1 Electronic supplementary information (ESI) available: Experimental
data for fac-[PiMe,1(4,4" - Bu,bpy)]. Spectroscopic data for complexes
1-46. Energies and Cartesian coordinates calculated for equilibrium
structures 2 and 2. CCDC reference numbers 758897-758899. For ESI
and crystallographic data in CIF or other electronic format see DOI:
10.1039/b927058b

to possess significant bioactivity. It was found that 5-thio-f-p-
glicopyranose, where the ring oxygen is replaced by sulfur, can
cause temporary diabetes and sterility in rats.* Moreover, this
carbohydrate class, having a ring sulfuratom, exhibit cancerostatic
properties® and act as enzyme inhibitors.® Up to now, it has
also been shown that thioglycosides and carbohydrates with
mercapto groups instead of hydroxyl groups are enzyme inhibitors
and thereby possess antiproliferative and anti-inflammatory
properties.” Metal-coordination of carbohydrates also plays a
significant role in biosyntheses, including metal transportation
and storage or the regulation of metalloenzymes.®® Furthermore,
metal-carbohydrate complexes have been investigated as potent
radiopharmaca™ and cancerostatica, where platinum compounds
are of considerable interest." From a coordination chemistry
perspective the syntheses of carbohydrate platinum(mv) complexes,
particularly with non-functionalized carbohydrate ligands, rep-
resent a notable challenge, due to their weak donor ability and
their propensity to act as reducing agents.'* On the other hand,
platinumiiv) complexes are kinetically mert due to the low-
spin d° electron configuration, so substitution reactions are not
favored. However, numerous platinum(mv) complexes with neutral
carbohydrate ligands have been synthesized using trimethylplat-
inumiTv} precursor complexes such as fac-[PtMe,(Me,CO),|[BF,].
Complexes of this type have proven especially usefulin this respect
because the high donor capability of the methyl ligands stabilizes
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the platinum(1v) oxidation state. Furthermore, the leaving ligands
(acetone) are only weakly coordinated and their substitution is
additionally facilitated by the high trans effect of the methyl
ligands."”® Herein we present the synthesis, characterization and
reactivity of various types of trimethylplatinum(1v) complexes with
thioglycoside ligands.

2. Results and discussion

2.1. Starting complexes and ligands

For the synthesis of trimethylplatinum(iv) complexes with thiogly-
coside ligands, starting complexes having up to three substitution-
labile ligands were used. Complexes with one substitution-
labile acetone ligand, fac-[PtMe;(Me,CO)(bpy)][BF.] (1a) and
fac-[PtMe;(Me,CO)(4,4’-'Bu,bpy)][BF,] (1b; Scheme 1), were pre-
pared by the reaction of fuc-[PtMe;I(bpy)] and fac-[PtMe;1(4,4’-
‘Bu,bpy)], respectively, with Ag[BF,]." The reaction of the
tetranuclear heterocubane complex fac-[(PtMe;]),] with AgOAc
resulted in the formation of fac-[PtMe;(OAc)(Me,CO),] (2). The
acetato ligand can be bidentately or monodentately coordinated
(OAc-x*0,0’, n = 1; OAc-kO, n = 2). DFT calculations showed
that the free energy at 298 K of the reaction

fac-[PtMe;(OAc-k0)(Me,CO),] =
fac-[PtMe;(OAc-K*0,0')(Me,CO)] + Me,CO

amounts to be —44 kJ mol™ in the gas phase and —61 kJ mol™'
in acetone. This gives proof that the acetato ligand is bidentately
bound. Nevertheless, both complexes have at their disposal up
to three substitution-labile coordination sites, namely one when
the acetone ligand is cleaved off and the acetato ligand is still
coordinated in a chelating binding fashion, two when the acetone

~
T Me™ Mo Me
R=H 1a 2 3
R="Bu1b
¢x <
- -0
RO _0\ _SEl R%)K““‘."fs“wN
oR OR é_)
e SV o -
ch ch STar®
a1 Sa-h

aR=R =Ac b R=R =Ac (B-D-Gall" ] WRER =R =AcbR=R =R =Bz 1
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Scheme 1 Platinum(1v) precursor complexes and B-D-thioglycosides used
as ligands. * B-D-Galactose: OR at C4 in axial position. ® Abbrevi-
ations: ch-STaz: Taz = thiazoline-2-yl; ch-SPT: PT = 4-(pyridine-2-yl)-
thiazole-2yl; ch-Sbpy: bpy = 2,2"-bipyridine-6-yl. © pic: 2-picoline-2-yl.
4 bpy_u: 2,2’-bipyridine-6-yl.

ligand is cleaved off and the acetato ligand remains to be k'O
coordinated or three in the case of complete cleavage of the acetato
ligand.

The analogous reaction of fac-[(PtMe;I),] with Ag[BF,] led to

fac-[PtMe;(Me,CO);][BF,] (3; Scheme 1), which possesses three

substitution-labile acetone ligands.” It should be noted that
all complexes described here were synthesized in situ and used
directly for reactions with thioglycosides which are summarized
in Scheme i. Four different ciasses of thiogiycosides have been
investigated, namely those with SEt anomeric groups ch-SEt
(4a—f) and those having N, S or N, N heterocyclic anomeric groups:
ch-STaz (5a-h; Taz = thiazoline-2-yl), ch-SPT (6a—c; PT =
4-(pyridine-2-yl)-thiazole-2-yl) and ch-Sbpy (7a,b; bpy = 2,2~
bipyridine-6-yl).

2.2. Cationic platinum(1v) complexes with monodentately
coordinated thioglycoside ligands

Syntheses and X-ray diffraction analysis. Complexes 1a and 1b
reacted in acetone with stoichiometric amounts of thioglycosides
of type 4 and 5 (Scheme 1) yielding ionic complexes of the type

fac-[PtMey(4,4-R,bpy)(ch-SEt-kS)][BF.] (R = H: 8-11; R = ‘Bu:

13, 14) and fac-[PtMe;(4,4’-R,bpy)(ch-STaz-kN)][BF,] (R = H:
17-23; R = '‘Bu: 15, 16), respectively (Scheme 2, Table 1). The
complexes were isolated as moderately air-stable yellow and white
powders, respectively, in yields of 45-94%. All complexes were
characterized by 'H, “C and Pt NMR spectroscopy as well as
by IR spectroscopy, high resolution ESI mass spectrometry and in
the case of 19 also by X-ray diffraction analysis.

R
X
Q b
N1 _Me

Pt BF.
\N/\\Meld

+ ch-SEt/ ch-STaz

(type 4/5)
Me,CO h. )
7 2 ‘L g ~7 [ 9—s

7 Ly ch
™ & R

R=H 1a R=H &1 R=H1T-23

F = Bu ib R="Bu 13,14 R="Bu 15,16

Scheme 2 Syntheses of carbohydrate platinum(iv) complexes

fac-[PiMe,(4.4"-R,bpy)(ch*)][BF,] (ch* = ch-SEt, R = H 8-11,

R ='Bu 13, 14; ch-5Taz, R = H 17-23, R = 'Bu 15, 16).

Small colorless needles of fac-[PtMe;(bpy)(ch-STaz)][BF.] (19;
ch-STaz = 5¢) were formed in an acetone solution layered with
tetrahydrofuran and diethyl ether. Complex 19 crystallized in the
chiral space group P4,2,2. The asymmetric unit consists of two
symmetry independent fac-[PtMe:(bpy)(ch-STaz)]* (ch-STaz =
5c) cations, and two [BF;]” anions, wherein one exhibits a disorder.
In Fig. 1, only one of the cations is illustrated, whereas the
other one exhibits a similar structure. Selected bond lengths and
angles are given in the figure caption. In complex 19 the platinum
atom [PtC;N,] is octahedrally coordinated by three methyl ligands
in facial arrangement, a bipyridine ligand and the thiazoline-2-
yl ring, which is coordinated via the nitrogen atom. The angle
between the thiazoline-2-yl ring and the equatorial [PtC,N,] plane
is nearly perpendicular (86.5/89.8°%). The Pt-N bond length
(2.16(1)/2.17(2) A) belongs to the longest bonds known for Pt(iv)-
N(CH,)=C complexes (median: 2.139 A, lower/upper quartile:

i The values of the two symmetry independent molecules are given
separated by a slash.
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Table 1

'H and “C NMR spectroscopic data (¢ in ppm, J in Hz) of the methyl ligands and Pt chemical shifts of the complexes jac-

[PtMe; (bpy)(ch*][BF,] (8-12; 17-23) and fac-[PtMe; (4,4~ Bu,bpy)(ch*}][BF.] (13-16)

8y Se Wpc "o
Complex ch* trans ch*® trans Ny, trans ch* trans Ny, trans ch* trans Ny, trans ch* trans Ny, bp,
ch-SEt
8 4a 0.66 1.09 58 -5.0/-5.1 662.0 657.0./658.3 72.0 67.8 -2772
9 4b 0.65 1.09/1.11 5.1 -5.1/-5.4 652.0 662.0/654.5 71.6 69.3/67.8 2529
10 4c 0.71 1.16 5.4 —4.5/-4.7 660.0 657.3/662.8 723 67.5 —2447
11 4d 0.64 1.14/1.16 5.1 -5.1/-52 649.5 663.2/662.0 71.0 66.9/66.9 2446
12 4e 0.68 1.18/1.19 52 —4.6/-4.7 648.4 662.2/661.5 71.1 67.4/674 2469
13 4a 0.66 1.03/1.10 58 -52/-53 647.1 659.4/664.6 72.6 66.4/67.1 2769
14 4c 0.59 1.04 58 -5.0/-5.2 658.3 655.8/662.0 72.2 68.2 —2435
ch-STaz

15 S¢ 0.53 1.13 -5.4 -33 678.2 675.7 71.4 68.1 -2716
16 Sg 0.32 0.83/1.02 -6.1 -3.2/-4.7 676.6 667.0/684.4 72.5 67.6/66.9 2452
17 S5a 0.45 1.13/1.17 -5.5 -3.2/-42 673.1 677.0/677.8 722 68.5/67.2 2730
18 5b 0.38 0.93/1.08 -517 -3.6 672.4 676.2 72.2 67.2/67.2  -2683
19 Se 0.39 0.93/1.08 =57 —3.6/-42 674.4 678.2/676.9 72.2 67.2/68.1 2710
20 5d 0.45 1.21/1.23 -5.7 -3.7/-4.0 674.3 679.4/679.3 72.2 67.2/68.1 2695
21 Se 0.42 1.18/1.19 =55 —4.0/-4.1 673.8 680.6/680.7 722 67.2/68.1  -2704
22 St 0.42 1.19 -5.6 -3.7/-4.1 677.5 679.4/679.8 722 68.1 —2444
23 Sg 0.37 0.93/1.06 -5.7 —3.6/-4.2 678.5 679.4/675.6 72.2 67.2/67.2 2445

2.049/2.163 A, n = 36, n — number of observations®), likely
due to the high trans influence of the methyl ligands.!®'® The
S8Taz ring exhibits a distorted half-chair conformation, while
the pyranose ring assumes a distorted chair conformation.” A
complex hydrogen bond network of moderate to weak inter- and
intramolecular hydrogen bonds of the types C-H---O, C-H---F
and C-H -- - 8, respectively, is found in crystals of 19.

NMR spectroscopic characterization of the complexes 8-23.
The 'H and *C NMR spectra of complexes 8-23 showed
unambiguously the coordination of the thioglycosides. Due to
the coordination of the chiral carbohydrates to the platinum atom
the complexes exhibited C, symmetry. Thus, a double signal set
for the two halves of the bipyridine ligand, as along with the
methyl ligands in #rans position to the bipyridine ligand could be
observed (Table 1). However, the chemical shifts of the methyl
ligands were still very similar, leading to coincidence of signals for
some compounds (Table 1). Coordination of the carbohydrates in
complexes 8-23 led to a partial broadening of the signals of the
carbohydrate protons and carbon atoms at room temperature,
which has been proven to be characteristic for carbohydrate
coordination also in other carbohydrate platinum(1v) complexes.'®
A general shift of the resonances of the carbohydrate protons to
higher field was observed for the complexes 8-23. Furthermore,
the shift differences of the signals for the two protons belonging
to the CH, groups of the SEt and STaz moieties were significantly
increased due to the coordination to the platinum atom. On the
other hand, only marginal coordination-induced shifts (CIS =
1.6 ppm) for the resonances of the pyrancse ring carbon atoms
could be found.

In the case of complexes 8-11, 13 and 14 the § coordination of
the SEt group gave rise to upfield shifts of the CH, proton signals
of the SEt group up to 0.32 ppm and of the H1 protons up to
(.11 ppm. Interestingly, the coordination-mduced shifts both of
the carhon atom resonances of the Et group and of the anomeric
C atom resonances were small (= 1.0 ppm) with the exception of

complex 11, where the carbon atom of the methylene group was
shifted upfield by 1.9 ppm. For complex 12, wherein thioglycoside
4e, having an additional N-donor site (picoline-2-yl), was used,
the coordination mode could not be unambiguously assigned. On
the onehand, the picoline-2-yl resonances in the 'H and *C NMR
spectra are shifted downfield up to 0.2 and 2.4 ppm, respectively,
which indicated an N coordination. Conversely, the broadening
and increase of the shift differences for the signals of the CH,
group of the SEt moiety in the '"H NMR spectrum, as well as the
Lpc coupling constant of the methyl ligand in ¢rans position to
the thioglycoside ligand of 648.4 Hz, indicated an S coordination.
In the case of complexes 15-23 the kN coordination of the
STaz moiety has been proven unambiguously by the X-ray
structure analysis of complex 19. Comparison of 'H and “C
NMR data of complex 19 with those of the other complexes
clearly demonstrated that the complexes 15-18 and 20-23 also
possess bound kN coordinated ligands. Without the structural
information on complex 19 it would be impossible to derive the
coordination mode solely based on the NMR data. The signals
for the NCH, and H1 protons showed the greatest CIS’s (up to
0.98 ppm and 0.57 ppm, respectively). On the other hand, the
carbon atom resonances of the SCH, groups were strongly shifted
upfield (up to 3.4 ppm), whereas the carbon atom resonances of
the NCH; groups were only marginally shiflted (up to 0.4 ppm).
The 'H and “C NMR signals of the methyl ligands trans to the
thioglycoside ligands of type 4 were found in the range of 0.59-0.71
and 5.1-5.8 ppm, respectively. The requisite signals in complexes
15-23 with carbohydrate ligands of type 5 were found upfield
shifted, with the shifts ranging from 0.32-0.53 ppm and -5.4 to
—6.1 ppm, respectively. It had been shown, that the 'J,, - coupling
constants m complexes of this type can be regarded to be ameasure
for the trans influence.' The comparizon of the 'Jy. - couplings
constants of the methyl ligands trans to the carbohydrate ligands
in complexes 814 (647.1-662.0 Hz) with those in complexes
15-23 (672.4-678.5 Hz) indicated a higher frans influence of the
thioglycosides with the SEt group than that of the respective
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Fig. 1 Molecular structure of one of the two crystallographically
independent cations of fac-[PtMe,{bpy)(ch-STaz-x N)J[BF.] (19, ch-8-
Taz = 5¢). Hydrogen atoms are omitted for clarity. The ellipsoids
are drawn at the 30% probability level. Selected bond lengths (in A)
and angles (in )" Pt-Cl 2.14(2)/2.03(1), Pt-C2 1.98(1)/2.07(2),
Pt-C3 2.02(2)/2.052), Pt-N3 2.16(1)/2.17(2), N3-C4 1.30(2)/1.33(2),
C4-82 1732 1.67(2), Cla,-82 LEN2/18ND), Cle—Cls L1.552)/
1.64(2), C2,,-C3,, L51(2)/1.56(2), C3,-C4,, 1.44(2)/1.54(2), C4,-C5,,
L1432y 170(2), C5,-01 1L4L2)/1.5102) Cl,-01 1.42(2)/1.42(2),
Cl-PU1-C2 83.8(6)/84.5(8), C2-PLI-N3 179.5(6)/174.0(8), C3-P11-N2
175.3(6)/177.2(6), C4-82-Cl,, 104.6(8)/101.8(9), Cl,,-01-C5, 111{1)/
117(1), O1-Cl,~C2y 1201112, Cl,-C2,-C3,  104(1)/107(1),
C2,,~C3,-C4y 113(2)/117(2), C4,~C5,~01 116(1}/104(1).* The values
of the two symmetry independent molecules are given separaied by a
slash.

STaz functionalized glycosides. Comparison with data given in
the literature revealed that SEt carbohydrates in 8-14 possess a
similar frans influence like in analogous platinum(Tv) complexes
having thionucleobase ligands fac-[PtMebpy)L][BF.] (L = SCy,
1-MeSCy, s*Ura, 's'Ura; ' Jp, o 642.1-651.5 Hz)." The respective
values m the complexes 15-23 were also found in accordance
with those observed for trimethyl platinum(1v) complexes having
N-bound ligands like 2-(methylthio)-2-thiazoline and pyrrazole in
trans position (Jpe: 675.4, 682.3 Hz)." Pt chemical shifts for
complexes 8-23 ( Table 1) were found to be in the same range as for
other trimethyl{bipyridine)platinum(1v) complexes.'™*® Between
complexes B-14 (2435 to -2772 ppm) and 15-23 (-2444 to
—2730 ppm) no distinet shift differences were found. Thus,
differences in the donor strength of the carbohydrate ligands seems
to be too small to be clearly reflected in the & values.

On the decomposition of the carbohydrate platinum{iv) com-
plexes. Under strictly dehydrated conditions solutions of the
complexes B-23 were stable over weeks. Within two to three
months only a slow decomposition with formation of platinum
black took place, as mdicated by NMR spectroscopy. In contrast,
solutions in acetone, which were not strictly dehydrated, were
found to be less stable. Thus, a solution of fac-[PtMe;(bpy){ch-
STaz-eN)[BF.] (21, ch-5Taz = 5e) was found to decompose

with the formation of well-shaped crystals, which were suitable
for X-ray diffraction analysis. The compound 21a crystallized in
the space group P2,/c. The asymmetric unit consists of a fac-
[PtMe.{bpy) 5TazH-x5)]" cation and a disordered tetrafiuorobo-
rate anion. The molecular structure of the cation of 21a is shown
in Fig. 2. Selected bond lengths and angles are given in the figure
caption. The prinary donor set [PtC;N,8] of the octahedrally
coordinated platinum atom is built up by three methyl ligands
in facial arrangement, the bipyridine ligand and the thiazolidine-
2-thione (STazH) ligand, which is coordinated via the exocyclic
sulfur atom to the platinum atom. The five membered heterocycle
possesses a distorted half chair conformation along the C12-C13
bond, based on the torsion angle concept.” Compared to the
C=8 bond in the free ligand (1.671-1.680 A} no significant
coordmation-mduced lengthening can be observed. Thus, the
C11-8 bond (1.683(4) A) in complex 21a exhibits double bond
character. In accordance with the high trans influence of the
methyl ligands, the Pt1-81 bond length (2.4815(9) A) belongs to
the longest ones known, as compared with thioketone platinum{Tv)
complexes (median: 2.372 A, lower/upper quartile: 2.312/2.474 A;
n = 9,"%). The interplanar angle between the STazH ligand and the
equatorial [PtC,N;] plane is 75.7°. As shown in Fig. 3, cation—
anion interactions in crystals of 21a are related to hydrogen
bond interactions of the type N3-H - F2 (N3 ---F2 2.854(4) A).
Furthermore, molecules of 21a are packed like a “staircase™ in
infinite columns (Fig. 3). The distances between the bpy ligands
(3.79/3.81 A) together with the displacement§ angle of 26.2° and
25.1°, respectively, indicated a weak stabilization through m—m
and/or g-n (C-H - - - ) interactions.®

Fig. 2 Molecular structure of the cation of fac-[PtMe;(bpy)-
(STazH-x5)|[BF,] (21a). The ellipsoids are drawn at the 30% probability
level. Selected bond lengths (in A) and angles (in °): P1-C13 2.050(3),
Pr-Cl6 2.043(3), P-Cl4 2.046(3), Pt-N1 2.155(2), M-N2 2.163(3),
Pt-81 2.4818(9), ClI-51 16834, NI-PL-N2 76.4(1), C15-P1-Clé6
85.5(2), Cl4-PL-N2 90.001), S1-Pt-C14 172.12(9), C15-Pt-N1 173.9(1),
CII-81-Pr 117.001).

Most likely, complex 21a is a product of the hydrolysis of 21,
which was induced by traces of water in the reaction mixture,
followed by an isomerization (Scheme 3(a)). The cleavage of
the glycosidic bond in 21 gave prootf for the platinum mediated
activation of the glycosidic bond due to coordination to the

§ The displacement, measured by the angle between the ring normal and
the centroid—centroid vector, is a measure for the ring—ring overlap.
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Fig. 3 Solid state structure of fac-[PtMe,(bpy){STazH-xS)][BF.] (21a)
showing the packing of the cations by - stacking (---) and the hydrogen
bonds ( - - ) between cations and anions. Hydrogen atoms are omitted for
clarity. Only one of the two disordered positions of the fluorine atoms are
shown,
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Scheme 3 Possible mechanisms for the decomposition of 21 to 21a (a)
and 23 to 23a (b).

electrophilic cationic Pt(1v) center. Another indication for this is
the product of hydrolysis, obtained in the reaction of complex 1a
with 2-thiazolinyl 2,3,4-tri-O-benzoyl-1-thio-B-D-glucopyranose
(5g). Crystals of a decomposition product (1,6-anhydro-2,3,4-
tri-O-benzoyl-B-D-glucopyranose, 23a) were obtained from the
acetone mother liquor. X-Ray diffraction analysis revealed that
23a crystallizes in the space group P1. The unit cell consists of two
symmetry independent, but structurally very similar, molecules.
The molecular structure of one molecule is depicted in Fig. 4.
Selected bond lengths and angles are given in the figure caption.
The pyranose ring possesses a distorted chair conformation on
Ol and C3, while the five membered ring exhibits an envelope
conformation on O1."” The anhydro moiety was most likely formed
due to an intramolecular nucleophilic attack of the oxygen atom
06 belonging to the unprotected hydroxyl group at C6, whereas
the glycosidic bond was activated by platinum coordination, as
discussed above (Scheme 3(b)).

Fig. 4 Molecular structure of one of the two symmetry independent
molecules of 1,6-anhydro-2,3 4-tri-O-benzoyl-f-p-glucopyranose (23a).
Hydrogen atoms are omitted for clarity. Ellipsoids are drawn at the 30%
probability level. Selected bond lengths (in A) and angles (in °)': O1-C5
1.425(5)/1.433(1), O1-C1 1.423(4)/1.417(5). O2-C1 1.417(4)/1.417(4),
02-C6 1.436(5)/1.439(4), C5-C6 1.533(5)/1.516(4), C1-C2 1.541(6)/
1.507(7),  C2-C3  L.513(6)/1.505(6). C3-C4  1.559(6)/1.554(6).
C4-C5 1.523(6)/1.507(5). O1-C5-Co 102.2(3)/101.7(2), O2-C6-C5
103.5(3)/104,003), C1-02-Co 107.1(3)/106.1(3), O1-CI1-02 106.1(3)/
106.2(3), C1-O01-C5 102.2(3)/101.2(2), C2-C3-C4 113.4(4)/112.7(4),
O1-C5-C4 108.7(3)/109.2(2), C5-C4-C3 111.7(3)/111.0(3). C3-C2-Cl
112.2(3)/113.2(3), C2-C1-01 109.3(3)/110.5(3). * The values of the two
symmetry independent molecules are given separated by a slash.

2.3. Neutral platinum(1v) complexes with monodentately
coordinated thioglycoside ligands

Synthesis and NMR spectroscopic characterization. The reac-
tion of fac[PtMe;(OAc-k*0,0')(Me,CO)] (2) with carbohydrate
ligands of type 4 and 5 (Scheme 1) led to the formation of the
complexes fac-[PtMe;(OAc-k>0,0’)(ch*)] (ch* = ch-SEt 24-28;
ch-STaz 29-35) (Scheme 4, Table 2). The yellow, white and beige
powders, respectively, are moderately air stable and were isolated
in yields of 35-89%. The identities of the complexes 24-35 were
confirmed by 'H, “C and '""Pt NMR spectroscopy as well as by
IR spectroscopy and high resolution ESI mass spectrometry.

o't +ch-SEt/ ch-STaz oM e 0t e 0. ve
Me<(o:P\‘:Me (ypedl5) Me“O/T\Me Me-qo’i.‘:me Me<(0’ P\l:Me
Me
° ~ Me,CO g ~S /\]i“j s N
o | o
Me)kMe - SJ
2 24-21 28 29-35
Scheme 4 Syntheses of carbohydrate platinum(iv) complexes

Jac-[PtMe;(OAc-x* 0,0")(ch*)] (ch* = ch-SEt, 24-28; ch-STaz, 29-35).
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Table 2 Selected NMR and IR spectroscopic data (8 in ppm, J in Hz, v in cm™) of the complexes fac-[PtMe:(OAc-x*0,0")ch™)] (24-35)

Complex ch* [ Oct 2T’ [ Vi (€0 Vasymn. 002) Aven,
ch-SEt

24 4a 1.08 -11.2 772 2175 1411 1535 124

25 4b 1.07 -11.7 78.0 -2174 1411 1560 149

26 4c 1.10 -11.4 712 -2173 1409 1550 141

27 4d 0.96 -11.3 75.1 —2149 1404 1571 167

28 4e 1.15* -10.3 76.4 —2444 1402 1568 166
ch-STaz

29 5a 1.00 -11.7 77.8 -1910 1534

30 5b 0.91° —11.1 77.2° —1921 1411

31 5S¢ 0.87 -11.3 73.0 -1918 1409 1535 126

32 5d 1.17 -11.3 74.4 -1%07 1418 1552 134

33 Se 1.07 -11.4 75.6 —-1904 1533

34 5t 1.08 -11.3 76.4 -1911 1411

35 5S¢ 091 -11.5 76.4 —1916 1531

* Chemical shifts and coupling constants refer to the methyl ligands. ® At —80 °C: 0.98/0.92 ppm. = At —50 °C: 0.72/0.78 ppm (74.4/70.4 Hz).

In the 'H NMR spectra, the signals of the PtMe, protons
exhibited broad mean signals at 0.87-1.17 ppm flanked by
platinum satellites (singlet plus doublet). The requisite signals in
the *C NMR spectra for 24-35 were found as broad mean singlets.
The chemical shifts (6u/8c) and coupling constants (2Jp ) are
assembled in Table 2. '"H NMR measurements at —50 °C of the
selected samples 28 and 30 showed that the expected splitinto three
separate signals becomes apparent, although a broadening of the
signals can be still observed. In the case of trimethylplatinum(Tv)
complexes with non-functionalized carbohydrate ligands at lower
temperatures, three separated sharp sighals were observed.” As
discussed in the previous section, some 'H and “C NMR signals
of the carbohydrate ligands in the complexes 24-35 are also
broadened. In contrast to the previously discussed fac-[PtMe,(4,4'-
R;bpy)(ch-SEt-1S)|[BF,] (8-11, 13, 14) complexes, only marginal
CIS’s up to 0.12 ppm could be observed for the signals of the
CH, groups of the SEt moieties in the '"H NMR spectra of the
complexes 24-27, having ch-SEt ligands. The chemical shifts for
the signals of H1 of the carbohydrate backbones were shifted
up to 0.10 ppm. The corresponding CIS’s for the carbon atoms
of the SEt groups and C1 resonances in the "C NMR spectra
amount up to 1.3 ppm and 1.7 ppm, respectively. For complex
28, where the ch-SEt ligand 4e possesses at C6 an additional
N-denor-site (picoline-2-yl), NOE experiments at —80 °C were
performed to examine whether the nitrogen atom is involved in
the coordination to platinum. Irradiation into the resonance for
H6 of the picoline-2-¥1 group led to an increase of intensity for one
signal of the PtMe; moiety, stating the spatial surrounding. Thus, a
coordination of the nitrogen atom of picoline-2-y1 to the platinum
atom is likely. In accordance with this, signals of the picoline-2-yl
groups were shifted downfield in 'H and *C NMR spectra up to
0.24 and 2.1 ppm, respectively. Furthermore, the '"Pt chemical
shift of complex 28 was found to be about 270 ppm highfield
shifted compared to those of complexes 24-27 (- 2444 ppm versus
—2149 to 2175 ppm, Table 2). However, a fast exchange between
N and § coordination in solution could not be definitely ruled out,
as indicated by the resonance downfield shift of 0.8 ppm for the
CH, carbon atom signal of the SEt moiety.

The complexes with type 5 ligands fac-[PtMe. OAc-x* 0, )ch-
STaz)] (29-35) showed remarkable upfield shifts for the signals of

H1 (0.34-0.50 ppm). The shift differences in 'H NMR spectra
of the two methylene proton resonances of the SCH, (up to
0.21 ppm)and NCH, (up to 0.30 ppm) were increased in complexes
24-28. Furthermore, upfield shifts ranging from 2.5-3.2 ppm
were observed in the BC NMR spectra for the signals of the
carbon atoms of the SCH, groups (except 35). This indicated an
N coordination of the 8Taz groups, because the complexes fac-
[PtMe,(bpy)(ch-STaz-kN)|[BF,] (15-23), where this coordination
mode could be unambiguously proved, showed analogous fea-
tures. Pt NMR chemical shifts of all these complexes between
—1910 and -2444 ppm (Table 2) are in the expected range for
trimethylplatinum(1v) complexes.'>'*

High resolution ESI mass spectrometry. High resolution ESI
mass spectrometric measurements were performed for complexes
24-35, which showed in all cases the existence of the molecu-
lar cation fac{PtMe;(ch®)]* o4, (ch* = ch-SEt, 4a—de; ch-STaz;
Sa—5g), exhibiting an isotopic envelope characteristic for monoca-
tions containing one platinum atom [natural isotopic composition:
Pt (0.01%), Pt (0.79%), Pt (32.9%), *Pt (33.8%), Pt
(25.3%) and ""*Pt (7.2%)]. The observed isotopic patterns of
the molecular cations were in very good agreement with the
calculated values. In Fig. 5, the full scan mass spectrum and the
expanded spectrum of fze- [Pt Me;(ch-SEf)]* (complex [28 — OAc]*;
ch-SEt = 4e) is shown as an example. Furthermore, other peaks
could be detected, which were assigned to be dinuclear complexes
JSac-[(PtMes ), (OAc)(4e)]* at 1124.3432 m/z, fac-[PtMes(de),]* at
1410.5450 m/z and fac-[(PtMe;):,(OAC)de),]" at 1708.5787 m/z.
According to the NMR spectra, in which the presence of such
species can be clearly excluded, these species are formed during
the ionization process and/or result from thermal decomposition
during the ESI experiment.

IR spectroscopy. IR spectra were recorded to examine the
coordination mode of the acetato ligand. The separation (Avee, )
between the symmetric and asymmetric stretching band is a
suitable tool to distinguish between the different coordmation
modes.” Typical Aveo, values for a monodentate coordination are
in general much higher (215-565 cm™ **) than those observed in
ionic acetates (164-171 cm™' in MOAc, M = alkaline metal®). On

the other hand, a chelating coordination mode gives rise to Avg,,
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Fig. 5 (a) Positive ESI-mass spectrum of fae-[PtMe;(ch-SEt)]* (complex

[28 — OAc]": ¢h-SEt = de). (b) Isotopic pattern of the molecular ion
Sfac-[PtMe,(4e)]* at 825.2871 m/z showing the expected intensity due to
the isotopic composition given by horizontal bars.

values, which are similar or significantly lower (65-175 cm™ #)
in comparison to those for ionic compounds. The stretching
frequencies for the asvmmetric and symmetric vibrational bands
and the differences of those frequencies (Ave,, ) for the complexes
24-35 are given in Table 2. For the foc-[PtMe{OAc-x20,0 ) ch-
SEt)] complexes 24-28, Aveg, amounts to 124-167 am™', mdicating
a chelating coordination mode of the acetato ligand. In the case
of the fac-[PtMe;{OAc-«*0,07)(ch-8Taz)] complexes 29-35, the
assignment of the carboxyl stretching bands is often difficult
because of the overlap with the absorption bands of the STaz
moiety. Only for complexes 31 and 32 have both the syinmetric and
asymmetric vibrational bands been assigned unambiguously. The
separation by 126 (31) and 134 cm' (32), respectively, indicated
a chelating coordination mode of the acetato ligand. As shown
in Table 2, in the other complexes (29, 30, 33-35) the position

of either V., or Vg, is in the same range as that observed in
complexes 24-28, 31 and 32. Hence, the analogous coordination
mode is likely.

2.4. Cationic platinum(1v) complexes with tridentately
coordinated thioglycoside ligands

Syntheses and NMR spectroscopic investigations. Complex
Sac[PtMe,(Me,CO),)[BF.] (3) reacted in anhydrous acetone with
ligands of type 4 to give mononuclear complexes fac-[PtMes{ch-
SEU)[BF.] (36—40) in good yields of 62-87% (Scheme 5, Table 3),
where the carbohydrate ligands could coordinate in a tridentate
binding fashion. The colorless and beige powders are highly
(36-38) and moderately (39, 40) air and moisture sensitive,
respectively. All complexes were fully characterized by NMR
('H, " C, "Pt) spectroscopy, IR spectroscopy and high resolution
mass spectroscopy.

+ ch-8E1 [ ch-8Tazl
48}

ype
/ 3 Me;CO
M Mo .’/
Mu)e:c-_i:t'_-m (oA {f"
o~
Mop® g M
. \ S
4744 45 46
Scheme 5 Syntheses of carbohydrate platinum(iv) complexes

Jac[PtMe;(ch®][BF,] (ch* = ch-SEt, 36-40; ch-STaz, 41; ch-SPT,
42-44; ch-Sbpy, 45, 46). N, = picoline-2-yl.

In the "H NMR spectra of 36-38 the methyl ligands possessed
broad mean signals in a range of 1.18-1.28 ppm flanked by

Table 3 'H and "C NMR spectroscopic data (8 in ppm, J in Hz) of the methyl ligands and * Pt chemical shifts of the complexes fae-[PtMe;(ch*)][BF,]

{36-46)

Complex ch* 8 e o dp
ch-SEL

36 4a 1.28 -11.2 73.9 =2673

37 dc 1.26 11.7 74.0¢ 2442

a8 4d 1.18* 113 759 2610

39 4e 1.06/1.12 -5.4/-8.6 69.8/72.83 =2068

40 4 0.89/1.26/1.65 4.5/-13/-38 72.9/69.3/71.1 =2679
ch-STaz

41 Sh 0.81/1.31/1.75 0.2/-49/-8.1 73.0/71.4/70.5 2377
ch-SPT

42 [ 1.47 -58 br —2154

43 ab 1.32 59 br 2158

44 oc 141 =57 br =2151
ch-Sbpy

45 Ta 1.45% 3.4 70.5¢ 2123

46 b 1.33 =35 br =2120

*AL-S07C: 0.94/1.07/1.33 ppm (76.9/80.6/79.3 He). * At 80 °C: 0.94/1.27/1.31 ppm (79.2/65.9/68.4 Hz).
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platinumn satellites. Chemical shifis and coupling constants are
given in Table 3. Measurements at —50 °C using complex 38 as
an example, showed the expected split into three separate, sharp
signals, revealing the non-equivalence of the methyl ligands. For
complexes 39 and 40 having protecting groups at C6 with addi-
tional N-donor sites (picoline-2-yl, bipyridine-6-yl), the '"H NMR
spectra showed two slightly broadened (39) and three separate
sharp signals (40) for the methyl ligands, respectively, flanked by
platinum satellites (Table 3). For the signals of the carbohydrate
protons in the complexes 36—40, a broadening of all signals was
found for 36=38. For complexes 39 and 40 only partial broadening

as observed. The respective signals for the carbon atoms are
partially broadened in all complexes 36—40. Coordination-induced
shifts (Ady/Ade) for the methylene group resonances of the SEt
moiety (0.16-0.52/0.5-3.2 ppm} and H1 (0.17-0.43/1.3-3.1 ppm)
gave evidence that the sulfur atom 1s coordinated to the platinum
atom. The two remaining coordination sites of the platinum atom
in 36-38 are, most likely, occupied by any of the following: ring,
ether or ester oxygen donor atoms of the carbohydrates. Thus,
an kS, O, coordination mode of the carbohydrate ligands in
complexes 36-38 can be assumed. In complexes 39 and 40, the
coordination of the picoline-2-yl and bipyridine-6-yl moiety could
be clearly seen by a significant downfield shift of the appropriate
signals in 'H and “C NMR spectra up to 0.67 and 5.8 ppm,
respectively, This corresponds toan kS, kN, k0 (39) and k.S,K* N N*
{40} coordination mode of the carbohydrate ligands.

Surprisingly, reactions of fae-[PtMe;(Me,CO):][BF,] (3) with
ligands of type 5 led to no isolable products. After adding a
solution of 3 in acetone to the thioglycoside, in contrast to the
common reactions, white precipitates were formed. 'H NMR
spectra of the reaction mixtures showed a multitude of products in
the carbohydrate area, including the o-hemiacetal. This indicated
thata cleavage of the C1-S bonds had occurred in a similar fashion
to the decomposition reactions shown in Scheme 3.

To succeed in the formation of fac-[PtMeg(ch-STaz)][BF,]
complexes, carbohydrate 5h having a stabilizing bipyridine-6-yl
moiety at C6 (as in 4f) was selected. In the reaction of fac-
[PtMes(Me,CO);][BF,] (3) with 5h the complex fac-[PtMe;(ch-
S$Taz)|[BF,] (41; ch-STaz = 5h) was isolated as a moderately air
stable, yellow powder in a vield of 60%. 'H and “C NMR spectra
showed unambiguously the coordination of the bipyridine-6-yl
moiety with chemical shift differences of the bipyridine resonances
shifted downfield up to 0.92 ppm and 7.1 ppm, respectively.
Furthermore, remarkable CIS’s of the signals of H1 and C1, which
amount to 0.23 ("H NMR) and 4.9 ppm (*C NMR), respectively,
are observed. Theidentity of 41 was also confirmed by high resolu-
tion mass spectrometry (Fig. 6). The isotopic pattern of the molec-
ular cation is in a very good agreement with the calculated values.

Obwviously, carbohydrates possessing chelating donor groups are
the key to yield stable fire-| PtMes{ch*))[BF,] complexes. Therefore,
the carbohydrate classes ch-SPT (type 6, Scheme 1) and ch-Sbpy
{type7, Scheme 1), having a chelating group in the aglycone moiety,
were included in the subsequent investigations. Reactions of fae-
[PtMe,{Me,CO),|[BF,] (3) with ligands of type 6 and 7 led to the
formation of complexes 42—46, which were isolated as yellow and
beige powders, respectively, in vields of 54-75% (Scheme 3). These
complexes are stable in anhydrous acetone solutions over a few
weeks, without any evidence of decomposition. In chloroform,
however, decomposition was observed within 4 days, which might
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Fig. 6 Isotopic pattern of the cation fae-[PtMe,(Sh)]* of complex 41
at 9452684 m/z, showing the expected intensity due to the isotopic
composition given by horizontal bars.

be caused by the presence of traces of hydrochloric acid. The
identities of the complexes were confirmed by 'H, “C and Pt
NMR spectroscopy, IR spectroscopy and high resolution ESTmass
spectrometry.

The methyl ligands gave broad mean signais in the 'H NMR
spectra at 1.32-1.47 ppm, flanked by platinum satellites (Table 3).
'H NMR experiments performed at —80 °C with complex 45 as
an example showed the expected split into three separate signals
due to the non-equivalence of the methyl ligands. The SPT and
Sbpy moieties were unambiguously found to be coordinated to
the platinum atom. This was verified by remarkable downfield
shifts of the related signals of the protons and carbon atoms up to
1.0 ppm (*H NMR) and 5.1 ppm (*C NMR). The carbohydrate
proton resonances are shifted up to 0.41 ppm and are partially
broadened, whereas the *C NMR spectra of compounds 45 and
46 only showed a significant shift of 2.4 (45) and 2.9 (46) ppm for
the signals of C1. Also, a broadening of the resonances of C1 and
C2 (42-46) and C4 (44) can be observed. This indicates that the
exocyclic sulfur of the SPT and Sbpy moieties might be the third
donor atom coordinated to the platinum atom.

The ESI mass spectra for complexes 42—46 showed the pres-
ence of a mononuclear cation fac{PtMe(ch®)]* {ch* = ch-SPT,
42-44; ch-Shpy, 45, 46) containing one platinum atom. The full
scan mass spectrum of 43, depicted i Fig. 7, shows no other
platinum-containing cations. The isotopic pattern of the fae-
[PtMe,(ch-SPT)]* (ch-SPT = 6b) cation at 1012.1890 m/z is in
very good agreement with the calculated values.

3. Conclusion

Platinum(mv) complexes with thioglycoside ligands of the types
fac-[PtMe.(4,4"-R.bpy)(ch*)][BF,] (ch* = ch-SEt, 8-14; ch-5Taz,
15-23), fac-|PtMe;(OAc-K" 0,0 ch*)] (ch* = ch-SEt, 24-28; ch-
STaz, 29-35) and fac-|[PtMe;(ch*)][BE.] (ch* = ch-SEt, 36—40;
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Fig. 7 (a) Positive ESI-mass spectrum of the cation fac-[PtMe, (6b)]" of
complex 43, (b} Isotopic pattern of the molecular ion fac-[PtMe,(6b)]*
at 10121890 m/z showing the expected intensity due to the isotopic
composition given by horizontal bars,

ch-58Taz, 41; ch-5PT, 42-44; ch-Shpy, 45, 46), with the thioglyco-
sides coordinated in a mono- (8-35) and tridentate (36—46) binding
fashion have been synthesized. Despite the kinetic inertness
of platmum(1v) complexes due to their low spin 4° electron
configuration, it could be shown that in trimethylplatinum(rv)
complexes weakly coordinating ligands like acetone could be
smoothly substituted by thioglycosides. These ligand exchange
reactions are further supported by the high trans effect of the
methyl ligands. Furthermore, platinum mediated decomposition
of thioglycosides in complexes 21 and 23 involving the cleavage
of the C-8 glycosidic bonds, yielded the corresponding products
21a and 23a (Scheme 3). This result is in accordance with
common glycosylation procedures, wherein the glycosidic bond
of the glycosyl donor is activated in the first step by adding an
electrophilic promoter, such as MeOTf or NIS/TfOH.?

As expected from the coordination chemistry perspective,
complexes of platinum(rv) in which the thioglycoside ligands
have three coordination sites at their disposal {(ie using fac-
[PtMe(Me,CO),|[BF,] (3) as starting complex) proved to be
more air and moisture sensitive than the cationic complexes
with bipyridine and the neutral complexes with acetato ligands.
Thus, complexes with thioglycoside ligands having only the SEt
group as strong donor site could be prepared and characterized
(36-38), whereas it was not possible with complexes having
only the STaz group as the strongest donor site. In the latter
cases, a partial cleavage of the glycosidic bonds instead of
the anticipated complex formation took place. These cleavage
reactions are promoted by the STaz coordination to Pt, as
discussed before being a further example for the cleavage of
glycosidic bonds by electrophilic promoters.” However, it can't
be strictly ruled out that these reactions are also influenced
by traces of water and/or Ag[BF). (present in the reaction
mixtures despite using strictly anaerobic conditions and from
the in situ synthesis of complex 3, respectively).®** Analogous
platinum-mediated reactions, such as cleavage and formation of
isopropylidene protecting groups and Schifl bases, were frequently
observed in carbohydrate trimethylplatinum(iv) complexes, with
non-functionalized carbohydrate ligands."™ " In full accord with

these findings, we succeeded to get stable complexes of the type fac-
[PtMe.{ch-5Taz)]|BI:] with a derivative having additional strong
donor sites in form of a 2,2"-bipyridine-6-yl protecting group at
C6 of the carbohydrate moiety (41).

For the first time the investigations presented in this study give
a deeper insight nto the coordination chemistry of thioglycosides
to platinum(v) being a coordination center in a relatively high
oxidation number. It has been shown that these ligands can be
coordinated not only monodentately through a relatively strong
donor site (k8 or KN) but also facial tridentately using donor sets
consisting of one stronger and two weaker donor sites (kS,820,0;
= oxygen atom from the carbohvdrate backbone), two stronger
and one weaker donor sites (x5, kN, k() or three stronger donor
sites (kSN N or ¥ NN N, Furthermore, coordination of
thioglycosides to the highly electrophilic platinum center may
give rise to platinum-assisted cleavage of glycosidic C-5 bonds,
which creates a basis to a deeper understanding of stereocontrolled
chermical glycosylations, mediated by metal coordination.*

4
4.1.

Experimental
General considerations

General considerations.  Syntheses were performed, in general,
under strictly dehvdrated conditions in an argon attnosphere using
standard Schlenk techniques. As precipitates, the carbohydrate
platinnm complexes are stable for a few hours (2-4 h) even in
open air, whereas a strictly anhydrous environment was required
for handlng their solutions in acetone. Acetone and pentane
were dried over phosphorus pentoxide followed by 4 A molecular
sieves and LiAIH,, respectively. Diethyl cther was dried over Na-
benzophenone. All solvents were distilled prior to use. NMR
spectra were obtained with Varian UNITY 500, Gemini 2000 and
Bruker 800 spectrometers using solvent signals ('H and ®C NMR
spectroscopy) as internal references and Na,[PtClL] (8('°Pt) =
0 ppm) as external reference. IR spectra were recorded on a Galaxy
Mattson FT IR spectrometer, using KBr pellets. The positive ion
high resolution ESI mass spectra were obtained from a Bruker
Apex III Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometer (Bruker Daltonics, Billerica, USA) equipped
with an Infinity cell, a 7.0 Tesla superconducting magnet (Bruker),
a RF-only hexapole ion guide and an external electron spray ion
source (Agilent, off axis spray, voltages: endplate, —3.700 V; capil-
lary, —4.200 V; capillary exit, 100 V; skimmer 1, 15.0 V; skimmer 2,
6.0 V). Nitrogen was used as drying gas at 150 °C. The sample solu-
tions were introduced continuously via a syringe pump with a flow
rate of 120 plh'. The data were acquired with 512 k data points
and zero filled to 2048 k by averaging 64 scans. fac-[(PtMe,D),]'4*
and fac-[PtMe;1{bpy)]*" were prepared according to literature
methods. All other materials were purchased from commercial
sources. Synthesis of fae-[PtMe;1{4,4-'Bu,bpy)] and its analytical
data as well as the NMR and IR spectroscopic data of the carbo-
hydrate platinum complexes 1-46 are available as ESL¥ Selected
spectroscopic data of complexes 1-46 are given in Table 1-3.

General method for the synthesis of the complexes fac-
[PtMe,(4,4°-Rybpy)(ch®)][BF,](ch* = ch-SEt, R = H: 3-12; R =
‘Bu: 13, 14; ch-STaz, R = H: 17-23, R = ‘Bu: 15, 16).
A suspension of fae-[PtMeI{bpy)] (70.0 mg, 0.14 mmol) or

Jae | PtMe 1{4, 4" Bu,bpy)] (889 mg, 0.14 mmol) and AgBF,]

({26.5 mg, 0.14 mmol) in acetone (10 ml) was stirred for 30 min
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under the absence of light. Precipitated Agl was removed by filtra-
tion and the clear, colorless solution of fac-[PtMes(Me,CO)(4,4'-
Rubpyl[BF ] (R = H, 1a; R =*Bu, 1h) was added to the respective
p-D-thiopyranoside (0.14 mmol). After 5 h the volume of the
solution was reduced in vacuo to 3 ml and pentane (10 ml) was
added. The precipitated solid was filtered, washed with pentane
(2 x 2ml) and dried in vacuo.

Jac-[PtMe:(bpyY(ch-SED[BF ] (8, ch-SEt = 4a). (88 mg, 72%);
m/z (BST) 788.2192 ([PtMe;s(bpy)(4a)]*. CysHyN,OPtS requires
788.2181).

Jac-[PtMe,(bpyY(ch-SED[BF ] (9, ch-SEt = 4b). (115 mg, 73%);
m/z (BST) 788.2193 ([PtMe;(bpy)(4b)]*. CysH, N,O,PtS requires
788.2181).

Jac-[PtMe(bpyY(ch-SED[BF . (10, ch- SEt = 4e). (102 mg, 65%);
mi/z (ESI) 1036.2805 ([PtMes(bpy)(4e)]*. CigHasN2OgPtS requires
1036.2807).

Jac[PtMe;(bpyY(ch-SED|[BF,] (11, ch-SEt = 4d). (107 mg,
78%); m/z (ESI) 980.3623 ([PtMe,(bpy)(dd)]*. C,;HysN,OPLS
requires 980.3636).

Jac-[PtMe:(bpy)(ch-SEN[BF ] (12, ch-SEt = 4e). (90 mg, 68%);
m/z (EST) 981.3586 ([PtMes(bpy)(4e)]". CixHsuN;O5PtS requires
081.3588).

Jac-[PtMe; (4.4 - Bu,bpy)(ch-SED[BF,] (13, ch-SEt = 4a).
(82 mg, 65%); m/z (ESI) 900.3437 ([PtMe,(4,4’-'Bu,bpy)(4a)]*.
C,;,Hy; N, Oy PtS requires 900.3432).

Jac-[PtMe:(4,4' - Bu;bpy)(ch-SEDBF,] (14, ch-SEt = 4c).
(72 mg, 54%); m/z (BESI) 1148.4030 ([PtMe;(4,4"-'Bu,bpy)(6¢)]*.
C,;Hy; N,O,PtS requires 1148.4058).

Jac-|PtMe; (4,4~ Bu,ppy)ch-STa)|| BF,] (15, ch-STaz = 3Je).
(82 mg, 45%); m/z (ESI) 1205.3743 ([PtMe,(5e)(4,4-'Bu,bpy]*.
CyHg N; O PtS, requires 1205.3732).

Jac-|PtMe;(4,4'- Bu,bpy ) ch-STa)|| BF,] (16, ch-STaz = 3g).
(108 mg, 76%); m/z (ESI) 1101.3480 ([PtMes(4,4-'Bu,bpy)(5g)]*.
CyHg N; O PtS, requires 1101.3470).

Jac|PtMe;(bpy)ch-STa)||BF,] (17, ch-STaz = 3a). (130 mg,
85%); m/z (ESI) 845.1841 ([PtMey(bpy)(Sa)]*. CyH,N,O,P1S,
requires 845.1854).

Jac-{PtMe;(bpy)ch-STaz)|[BF, (18, ch-STaz = 5b). (76 mg,
64%); m/z (ESIT) 1093.2478 ([PtMe;(bpy)(Sh)]*. CsHysN:O;P1S,
requires 1083.2480).

Jac-[PtMe;(bpy)(ch-STaz)|[BF,] (19, ch-STaz = 5¢). (115 mg,
73%); m/z (ESI) 1093.2479 ([PtMes(bpy)(Sc)]*. CsHygN;O PtS,
requires 1093.2480).

Jac-|PtMes(bpy)ch-STa)||BF ] (20, ch-8Toz = 5d). (72 mg,
72%); m/z (EST) 1037.3305 ([PtMe;(bpy)(5d)]*. CsHyN;O5P1S,
requires 1037.3309).

Sae [ PtMe (bpy)(ch-STaz)|[BF ] (21, ch-8Taz = 5e). (91 mg,
83%); m/z (ESI) 733.2074 ([PtMe.(bpy)(Se)]*. CuH, N.OPtS,
requires 733.2057).

fac-[PtMe,(bpy)(ch-STaz))BF,] (22, ch-8STaz = 3f).
(112 mg, 94%) m/z (ESI-MS) 893.2203 ([PtMe(bpy)(5[)]*.
CyHu N OGPtS, requires 893.2218).

Sac-| PeMe(bpyY(ch-STaz)|[BF . (23, ch-5Taz = 5g). (91 mg,
83%0); m/z 989.2243 (ESI) ([PtMe,(bpy)(5¢)]*. Co:HLNOPtS,
requires 989.2218).

General method for the synthesis of the complexes [Pthe,(OAc-
KO (ch*)] (ch* = ch-SEt, 24-28; ch-STaz, 29-35). A
suspension of fae-[(PtMe;I},] (50.0 mg, 0.04 mmol) and AgOAc

(23.0mg, 0.14 mmol) in acetone (10 m1) was stirred for 12 h under
the absence of light. Precipitated Agl was removed by filtration
and the cleat, colorless solution of fac-[PtMe;( OAc-k*0,0 W Me,-
CO)] (2) was directly added to the respective 3-D-thiopyranoside
(0.14 mmol). After 5 h the volume of the solution was reduced i
vacuo to 3 mland pentane (6 ml) wasadded. The precipitated solid
was filtered, washed with pentane (2 x 2 ml) and dried in vacuo.

Sac[PtMeO4c-2 0,0 ch-SE) (24, ch-SEt = 4a). (55 mg,
57%); m/z (ESI) 632.1498 ([PtMe;(OAc-K*0Q,0%(4a)]* on.-
CyyHy N O PtS; requires 632.1493).

Sac[PtMe(O4c-2 0,0 ch-SED) (25, ch-SEt = 4b). (62 mg,
70%); m/z (ESI) 632.1498 [PtMe,(OAc-K*O,0Wdb)]* ox.-
CuHy N Oy PLS, requires 632.1493).

Sac-[PtMe;(OAc-k* 0,00 ch-SEY)] (26, ch-SEt = 4c). (64 mg,
54%); m/z (ESI) 880.2108 ([PtMes(OQAc-kQ, 0N (4e)]* oac.
CouH N Oy PtS, requires 880.2119).

Jac[PtMe(O4c-2 0,00 ch-SEN) (27, ch-SEt = 4d). (64 mg,
54%Y; m/z 824.2939 ([PtMe(OAc- 2O, 0N (4] s, CisHyO5PLS
requires 824.2948).

Jac[PtMe(O4c- 120,00 ch-SED) (28, ch-SEt = 4e). (75 mg,
58%); m/z (BESD) 8252871 ([PtMey(OAc-i?0,00(de)] os,-
CH s NO,PtS requires 825.2901).

Jac[PtMe (OAc- 2 0,0 ch-STaz)] (29, ch-STaz = 5a). (93 mg,
89%); m/z (ESI) 689.1172 ([PtMe,(OAc-K*0,0%5a)]" op.-
CyuH i NO,PtS, requires 689.1166).

Sac-[PtMe(OAc-k* O,0N ch-STaz)| (30, ch-STaz = 3b). (120 mg,
86%), m/z (ESI) 937.1753 ([PtMes(OAc-K*Q,005b)]" on.-
CuHy NO,PtS, requires 937.1792).

Sac-[PtMe, (OAc-k* 0,0 ch-STaz)] (31, ch-STaz = Je). (86 mg,
68%); m/z (BESI) 937.1789 ([PtMes(OAc-Kk'0,04e)]" oa-
CH3;, NO;PtS, requires 937.1792).

Sac-[PtMe,(OAc-k* 0,00 ch-8Taz)(32, ch-8Taz = 5d). (102 mg,
80%); m/z (ESI) 8812630 ([PtMes(OAc-K’G,0V5d)]" oac-
CuH s NO;PtS, requires 881.2622).

Sac-[PtMe;(OAc-k* 0,00 ch-8Taz)] (33, ch-STaz = §e). (30 mg,
35%); m/z (ESI) 577.1368 [PtMe;(OAc-K20,0M0(5e)]* one-
CH;,NO,PtS, requires 577.1370).

Jac[PtMe(O4c- K O,0ch-STaz)) (34, ch-STaz = 5f). (67 mg,
60%); m/z (BSI) 737.1525 ([PiMe(OAc-i*O,0)50] os-
CosH ; NO,PtS, requires 737.1530).

Jac[PtMe(O4c- 20,0 ch-STaz)) (35, ch-STaz = 5g). (44 mg,
35%); m/z (ESI) 833.1553 ([PtMe,(OAc-K*O,0W52)]" one-
CyH i NOgPtS, requires 833.1530).

General method for the synthesis of the complexes [PtMes(ch*)]-
[BF,] (ch* = ch-SEt, 36-40; ch-STaz, 41, ch-SPT, 4244, ch-Shpy,
45, 46). A suspension of fac-[(PtMe,I},] (70.0 mg, 0.04 mmol)
and Ag[BF,] (26.5 mg, 0.14 mmol) in acetone (10 ml) was stirred
for 30 min under the absence of light. Precipitated Agl was
removed by filtration and the clear, colorless solution of fac-
[PtMes Me,CO)][BE,] (3) was directly added to the respective
f-p-thiopyranoside (0.14 mmol). After 5 h the volume of the
solution was reduced in vacue to 3 ml and pentane (10 ml) was
added. The precipitated solid was filtered, washed with pentane
(2 2 ml) and dried i vacuo.

fac-|PtMe:(ch-SENBF.] (36, ch-SEt = 4a). (42 mg, 87%); m/z
(EST) 632.1492 [PtMe;(4a)]*. T, H ;00 PLS requires 632.1493).

fac-[PtMe (ch-SENBF.] (37, ch-SEt = 4e). (40 mg, 62°70); m/z
(ESI) 880.2115 {[PtMe;(4e)]*. CiHyy O,PtS requires 880.2119).
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Tabled Crystal data, data collection and refinement parameters of fac-[PtMe; (bpy)(ch-STaz-xN)I[BF,] (19, ch-STaz = 5e¢), fac-[PtMe;(bpy)(STazH-

%S)][BF,] (21a) and 1.6-anhydro-2,3,4-tri- O-benzoyl-B-D-glucopyranose (23a)

19 21a 23a
Formula CsHyBF,N;O5PtS, CsHy BEN;PLS, CxH» 0,
Fw 1180.94 602.39 474.45
Crystal system Tetragonal Monoclinic Triclinic
Space group P4,212 Pi/c Pl
alh 22.1611(9) 13.2216(5) 9.6936(3)
b/A 22.1611(9) 12.6149(5) 11.011(1)
c/A 43.735(2) 12.8474(5) 11.449(1)
o/° 66.414(4)
Bre 115.776(2) 89.999(4)
¥/° 89.894(4)
v/A: 21479(2) 1929.6(1) 1119.9%(2)
zZ 16 4 2
D /g cm™ 1.461 2.074 1.407
T/K 100(2) 100¢2) 100(2)
4/mm™ 6.194 7.532 0.104
8/° 4.47-61.49 1.71-36.00 1.94-26.44
F(000) 9472 1160 496
Index ranges 23 <h=20 21 =h=21 -11=h=12
-25=k=25 -19<k<20 -3<k<13
—49 <[ < 47 21 <i<21 -14<7<14
Reflns collected 66857 56461 28835
Reflns obs [f > 2a(l)] 4582 7098 6186
Refins independent 16385 (Ry, = 0.1328) 9070 (Ry, = 0.0643) 8089 (Ry, = 0.0699)
Data/restraints/parameters 16385/1332/1103 9070/1/257 8089/3/604
GOF(F?) 0.617 1.034 1.003

R, WR, ( > 20)
R, WR; (all data)
Largest diff. peak and hole/e A~
Flack parameter

0.0481,/0.0785
0.1755,/0.0966
1.009 and —0.519
—0.044(9)

0.0347/0.0757
0.0529/0.0828
1.958 and —-1.058

0.0602/0.1447
0.08107/0.1593
0.358 and —0.350
0.4(10)

Jac-|PtMe;(ch-SEN)[BF,) (38, ch-SEt = 4d). (53 mg, 70%); m/z
(EST) 824.2948 ([PtMe;(4d)]* . CixHiuOs5PtS requires 824.2948).

Jac-[PtMe,(ch-SED|BF ) (39, ch-SEt = 4e). (92 mg, 72%); m/z
(ESI) 825.2903 ([PtMe;(de)]*. Ci;3H ;s NOsPtS requires 825.2901).

Jac-[PtMe,(ch-SED|[BF ) (40, ch-SEt =4f). (118 mg, 85%); m/z
(EST) 888.2940 ([PtMe;(4f)]*. C,sHisN;OsPtS, requires 888.3010).

fac-{PtMe;(ch-STaz)|[BF,] (41, ch-STaz = 5hk). (87 mg, 60%);
m/z (ESI) 9452684 ([PtMe(5h)]". C;HiN;OsPtS, requires
945.2683).

Jac| PtMe;(ch-SPT)|[BF,] (42, ch-SPT = 6a). (77 mg, 65%);
m/z (BESD) 764.1262 ([PtMey(6a)]". CyH;;N,O0PtS, requires
764.1275).

Sfac|PtMe;(ch-SPT)|[BF,] (43, ch-SPT = 6b). (83 mg, 54%);
m/z (ESI) 1012.1890 ([PtMey(6b)]*. C,H, N,O,PtS;, requires
1012.1901).

Jfac|PtMe;(ch-SPT)|[BF,] (44, ch-SPT = 6¢). (98 mg, 67%);
m/z (ESI) 956.2702 ([PtMes(6¢c)]". Cy;H,N,OsPtS, requires
056.2731).

Jac| PtMe;(ch-Shpy)|| BF,) (43, ch-Shpy = 7a). (89 mg, 75%);
miz (ESI} 7581679 ([PtMe,(Ta)]*. C,H.N,O.PtS requires
758.1711).

Jac|{ PtMe (ch-Sbpy)|[BF ] (46, ch-Sbpy = 78). (101 mg, 66%);
m/z (ESI) 1006.2331 ([PtMe,(Th)]*. CpH,N,O.PtS requires
1006.2337).

4.2, X-Ray crystallographyt

Sigle crystals of fac-[PtMe,(bpy)ch-STaz-x N)]|BI's] (ch-STaz =
5c, 19), fac-[PtMe,(bpy)(STazH-x5)][BF,] (21a) and 1,6-anhydro-
2.3,4-tri-O-benzoyl-glucopyranose (23a) for X-ray diffraction
measurements were obtained from acetone/ether/ THF (1:1:1)

(19) and acetone/ether/pentane solutions (1:1:1) (21a, 23a),
respectively. Intensity data were collected on a Oxford Gemini S
diffractometer with Cu-Ko radiation (1 = 1.54184 A, graphite
monochromator) at 100(2) K (19) and on a Bruker Apex II
Kappa diffractometer with Mo-Ko radiation (4 = 0.71073 A,
graphite monochromator) at 100(2) K (21a, 23a). A summary of
the crystallographic data, the data collection parameters and the
refinement parameters is given in Table 4. Numerical (21a) and
multiscan (23a) absorption corrections were applied (7 /T
0.18/0.55, 21a; T/ Ty 0.97/0.98, 23a). The structures were
solved by direct methods with SHELXS-97% and refined using
full matrix least square routines against F? with SHELXL-97.2¢
Non-hydrogen atoms were refined with anisotropic displacement
parameters. The hydrogen atom attached to nitrogen in 21a
was found in the difference Fourier map and refined freely. All
other hydrogen atoms were positioned geometrically and refined
with isotropic displacement parameters according to the “riding
model”. Although measured at 100 K with Cu-Ko radiation the
small sized needle-like crystals (0.3 » 0.03 x 0.03 mum) of complex
19 showed only a weak reflectivity resulting n a limited quality
of the structure solution. The required fixing of disordered groups
(phenyl rings and [BF,] anions) for the refinement of 19, led to
the comparatively high number of restraints. The fluorcatom F4
of the tetrafluoroborate anion in complex 21a was found to be
disordered over two equally occupied positions.

4.3. Computational details

DFT calculations of compounds were carried out by the Gaussian
03 program package® using the hybrid functional BALYP* The
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6-311G(d,p) basis sets as implemented in Gaussian 03 were
employed for main group atoms. The valence shell of platinum
has been approximated by a split valence basis set too; for its
core orbitals an effective core potential in combination with
consideration of relativistic effects has been used.* The appro-
priateness of the functional in combination with the basis sets and
effective core potential used for reliable interpretation of structural
and energetic aspects of related platinum complexes has been
demonstrated.® All systems were fully optimized without any sym-
metry restrictions. The resulting geometries were characterized as
equilibrium structures by the analysis of the force constants of
normal vibrations. Solvent effects were considered according to
the polarized continuum model as implemented in Gaussian 03.%
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This study clearly demonstrates that a multi-dentate metal
coordination to the leaving group, along with O-5 andfor a
protecting group at O-6, has a strong effect on the stereo-
selectivity of chemical glycosylation.

Although complete information about the functions of natural
complex carbohvdrates is yet to emerge, some aspects of their
involvement in many biological phenomena are already
known."? Further improvement in this field would be significantly
facilitated 1if we could rely on detailed knowledge of the
structure, ccnfurmaliun and properties of the carbohydrate

slacavala mualved Thoarafara tha da srrvaant ol alTaais
MOoICCUICs mvoived. 11nCiCione, uic u\.vmuyun.ul O1 CLCTUVE

methods for assembling simple carbohydrates into more
elaborate networks (oligosaccharides and conjugates thereof)
has become critical for the field of glycosciences.® >

Since the O-glycosylation reaction leads to the formation of
a new chirality (anomeric) center, particular care has to be
taken with regards to stereocontrol, which is particularly
important when the synthesis of challenging 1,2-cis-glycosides
is undertaken.®” A generic reaction pathway for glycosyl
donors with a non-participating 2-O-benzyl substituent (A)
is depicted in Scheme 1. Promoter (P) mediated departure of
the anomeric leaving group (LG) results in formation of the
oxocarbenium ion B. In uncontrolled glycosylation, nucleo-
philic attack of the glycosyl acceptor (Nu) can then take place
from either the top or the bottom face of the flattened ring,
often leading to anomeric mixtures C (Scheme 1).%

The central hypothesis at the base of this study is whether
metal coordination (ML,), in particular multi-dentate coordi-
nation to the leaving group along with the O-5 and/or remote
position(s) (intermediate D), has an effect on the stereo-
selectivity of glycosylation. We assumed that even upon
promoter-assisted LG ““departure”, such a complex would
sterically hinder the top face of the key intermediate E
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1 Electronic supplementary information (ESI) available: Extended
experimental data, experimental procedures for the synthesis of
new compounds, and their '"H and '*C NMR spectra. See DOI:
10.1039/6903942b.
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Scheme 1 Direct vs. coordination-mediated glycosylations.

(for sugars of the p-series). As a result, the nucleophilic attack
of the glycosyl acceptor would be primarily directed from the
opposite side, resulting in an o-p-linked (1,2-cis for p-gluco)
product F. We began investigating this concept by using
conventional thioglycoside 1a’ and trimethylplatinum(iv)
complexes thereof.'*!! Typical MeOTf-promoted glycosidation'?
of 1a with glycosyl acceptor 3 provided no stereoselectivity for
the formation of disaccharide 4 (entry 1.1, Table 1). Although

Table 1 Investigation of per-benzylated S-ethyl and S-thiazolinyl
glycosides as glycosyl donors and ligands

OH OBn
B Q
g(r?o’ S& s, + BnO‘ é Promoter Bngo‘g
1,2-DCE

BnOMe BnO b
1a:R=Et BnO O
2a R= \{)17 (Taz) Bro
S BnOomMe
Me Y | [BF4]
BnO- - Me—l BF4] Me. N 3l Me~<\°\m€""e
'y Me BnO. Me” 1Ny BnO 0" "1 Me
BnO: O & BnO o BnO Q
Bro SEt Bn&h\(SEt Bn&ﬁ/sst
BnO BnO BnO

1b 1c 1d

l\llle —|[BF4] Mi'\“(\—l [BF4] o I
. <
Bno “-—Pt TMe  Bno M Pt~ MGKO"P‘\

Me N\ BnO Me
S Bl y SN E'Boo/ﬁh\/s
n n
<" 0y 2,
2b 2c 2d
Yield
Entry  Donor  Promoter Time (%) of/p
1.1 la MeOTf 10 min =~ 92 1.0/1
1.2 1b—d MeOTf, NIS/TfOH, 48 h 0 —
or DMTST
1.3 2a Cu(OTf), lh 95 1.5/1
1.4 2b Cu(OTf), 20 h 62 2.4/1
1.5 2c Cu(OTf), I5h 88 2.5/1
1.6 2d Cu(OTf), 16 h 79 2.3/1
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a variety of factors, such as the effect of the reaction solvent,
can dramatically increase the stereoselectivity,13 1S herein, we
chose 1,2-dichloroethane (1,2-DCE), which has a minimal
solvation effect on the reactants and intermediates. The
synthesis of various platinum(rv) complexes 1b—d, all of which
are coordinated to the platinum atom via the anomeric sulfur,
was successfully achieved (see the ESIt). Unfortunately,
all of our attempts to glycosidate such complexes under
conventional conditions for thioglycoside activation'® have
failed (entry 1.2). No glycosylation took place and only partial
hydrolysis of glycosyl donor and methylation of glycosyl
acceptor 3 (with MeOTf) were observed as major side

rPA{‘TIan

It is possible that coordination of platinum to the anomeric
sulfur prevents its subsequent interaction with electrophilic
promoters. In this context, glycosyl donors with multiple
reactive centers on the leaving group, such as glycosyl
thioimidates,'” would help to address this concern. Arguably,
even upon complexation, these compounds would allow for
activation via the non-engaged center. Theoretically, either
direct coordination of a metal to the anomeric sulfur or remote
coordination to the nitrogen should improve the thioimidoyl
leaving group ability.'®! The discovery of the temporary
deactivation concept, however, implies that some complexes
of non-ionizing nature may have an opposite, deactivating,
effect on the thioimidoyl leaving group ability.?*?! It has been
demonstrated that trimethylplatinum complexes coordinate to
carbohydrates and to N,S-heterocycles like thiazoline-2-thione
without being reduced.'®"?*> Therefore, investigation of
S-thiazolinyl (STaz) derivative 2a%>>* was of particular interest.
Encouragingly, glycosidation of complexes 2b-d in the
presence of Cu(OTf), provided a notable improvement in
stereoselectivity (entries 1.4-1.6) in comparison to that
achieved in the glycosidation of the uncomplexed glycosyl
donor 2a (entry 1.3). In compounds 2b—d the carbohydrate
ligands were found to coordinate to the platinum atom via
the nitrogen atom of the STaz group and additionally for
compound 2b through the oxygen atoms of glucopyranose (see
the ESIY).

Weakly coordinating donor sites in neutral carbohydrates
afford complexes that are often unstable in the presence of
stronger donor sites. Therefore, these results could not serve as
a reliable proof of the concept of coordination-assisted
improvement in stereoselectivity. These glycosylations could
partially proceed via the complex destruction that would result
in the complete leaving group departure as occurs in direct
glycosylations. Hence, we assumed that targeted enhanced
coordination of the carbohydrate ligands can be achieved by
introducing stronger N-Lewis-basic substituents. To execute
this approach, we obtained 6-O-picolyl derivatives of
4-(pyridin-2-yl)thiazol-2-yl thioglycosides (SPT)*' and STaz
glycosides, 5a and 6a, respectively. Direct glycosidation of
these glycosyl donors proceeded with poor stereoselectivity
(entries 2.1 and 2.2, Table 2), whereas glycosidation of the
corresponding complexes 5b and 6b under essentially the same
activation conditions gave improved (2-2.5 fold) stereo-
selectivity (entries 2.3 and 2.4). This result is a clear indication
that improved stereoselectivity can be achieved by applying
specifically designed ligands capable of stronger coordination.

Table 2 Investigation of 6-O-picolylated S-pyridylthiazolyl and
S-thiazolinyl glycosides as glycosyl donors and ligands

o/_Q ol N7
BnO: Q + 3 Promoter_ BnO
Bnoéﬁ/S\R 12-DCE Bnoﬁh\

BnO BnO "0
5a R= N=\ (PT) BnO 0
O 8%
6a: R = Taz 7 BnOome

Z
(] | BFal
\h(leM
e
B0 E% Pt=Me
N B A
BnO—\—~ S‘(’/?’O Sﬁoﬁﬂzs\m\
0Bn L)

S

Entry Donor Promoter Time/h Yield (%) a/p
2.1 Sa AgOTf 22 66 1.1/1
22 6a Cu(OTf), 16 83 2.0/1
23 5b AgOTf 20 58 2.1/1
24 6b Cu(OTf), 24 62 5.2/1
Table 3 Investigation of 6-O-bipyridine-substituted S-ethyl and

S-thiazolinyl glycosides as glycosyl donors and ligands

N
3 Promoter  BnO Q
12DcE  BnO g o

BnO BnO O o
8a:R=PT Bros
9a:R=Taz 10

| =
BF. W
CN/(Nj ‘h\lle e‘l[ A M ’)AeMe—l [BF]
BnO S—¢ / N
BnO \\' j’\j B o/ée/s«(
Bno OB SJ

8b 9b
Entry Donor Promoter Time/h Yield (%) o/p
3.1 8a AgOTf 14 82 1.5/1
32 9a Cu(OTf), 48 73 1.7/1
33 8b AgOTf 16 67 2.2/1
3.4 9b Cu(OTf), 24 65 9.4/1

In order to pursue this concept further, we obtained glycosyl
donors 8a and 9a bearing a bipyridine protecting group at C-6.
The results of this study are highlighted in Table 3. While the
improvement in the case of the SPT glycosyl donor was
unremarkable, a 5-fold improvement with the complexed
glycosyl donor 9b is significant. Thus, while glycosidation of
9a showed only a slight preference for the a-anomer (1.7/1,
entry 3.2), the glycosidation of its complexed counterpart 9b
allowed a 9.4/1 o/B-anomeric ratio of disaccharide 10 (entry
3.4). The coordination sites in the complex 9b (three nitrogen
atoms as shown in Table 3) were unambiguously proven
(see the ESIf).

Similarly, a 3-3.5 fold improvement was achieved in the
glycosylation of common secondary glycosyl acceptors 11 and
12 with the complexed STaz glycosyl donor 9b. The results of
this study are highlighted in Table 4, and are available in more
detail as a part of the ESL.¥
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Table 4 Investigation of secondary glycosyl acceptors 11 and 12
)
OB s, ~
Ho*éO " "N R
BnO BnO Q
BnOOMe Bngép\% OBn
BnO O’_ﬁoz
BnO
" Cu(OTH),
9ab + m— 13 B”OOMe
OBn ' 7
sna“gﬁ‘ /=N‘ 7
HO o 7
BnOome  BROSN BnoOMe
12 BnO_ O
BnO o)
14 OBn
Entry Donor Acceptor Product Yield (%) a/B
4.1 9a 11 13 53 2.2/1
4.2 9a 12 14 61 2.0/1
43 9b 11 13 50 7.2/1
4.4 9b 12 14 48 6.0/1

It should be noted that although significant improvements
of the chemical glycosylation have already emerged,® examples
of highly stereocontrolled glycosylations are still rare. To date,
very little is known about the effect of metal coordination
on the reactivity and stereoselectivity of carbohydrates in
glycosylations. We expect that the studies presented herein
will ultimately evolve into a well-rounded and versatile metal-
assisted methodology for the synthesis of a broad range of
complex glycostructures.
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X-Ray diffraction analysis of 1-methyl-2-thiocytosine (1-MaSCy, 1) revealed that its crvstals con-
tain two structurally very similar independent molecules (A, B). These molecules are connected
throngh a complex network of hydrogen bonds. Centrosymmetric di- and tetrameric vnits AA’ and
BAA'B’, respectively, are formed through N-H.. N hydregen bonds (N4a: .- N3a’ 3.019(4) A, AAY;
Nda: - N3b2.988(4) A, BAA'B"), and the tetrameric units are cormected throngh N-H-. -+ § hydrogen
bonds. The arrangement of A and B molecules found in crystals of 1 was confirmed by DFT calcula-
tions up to tetrameric BAA’B’ units, yielding similar equilibrium structures, and the energies of the
N-H- - N hydrogen bonds between A and A’ and A and B were calculated to be about 10 kcal mol .
Reaction of 1-MeSCy (1) with [PtMes{Me,CO)5][BF,] (2) led to the formation of the ionic dinu-
clear complex [(PtMes)o(i-1-MeSCy-1&N2,1:2x28) | [BF4 1> (3) which was fully characterized by
NMR ('H, 13C, 195Pt) and IR spectroscopy, ESI mass spectrometry and microanalysis. A single-
crystal X-ray diffraction analysis of 3 confirmed the dinuclear structure of the complex. The complex
cation consists of a central [Pty(-S),] core having bound the 1-methyl-2-thiocytosine ligands in
a 1«N? 1:2x?§ coordination mode in a face-to-face arrangement, the thionucleobase ligands being

present as the amino-thione tautomer.

Key words: Thionucleobases, Platinum Complexes, Hydrogen Bonding, Single-crystal X-Ray

Diffraction Analysis, DFT Calculations

Introduction

Thionucleobases and thionucleosides can be found
in many biological processes. 2-Thiouracil has been
found in t-RNA of E. coli bacteria [1]. Furthermore,
the nucleosides of 4-thiouracil and 2-thiocytosine are
present in t-RNA of several sources [2—5]. Further
insight into the function of these compounds can be
achieved by investigations of model compounds. The
most simple models for these nucleosides are the
derivatives methylated at the position next to the car-
bohydrate moiety. They should exist in the same tau-
tomeric form as the requisite nucleosides. Depending
on the solvent, thionucleobases can exist as many dif-
ferent tautomers. For 2-thiocytosine, in particular, it
has been found that in aqueous solution and polycrys-

talline films the thione-amino tautomer is the predom-
inant species [6—9]. In accordance with these obser-
vations the thione-amino form is present in crystals of
2-thiocytosine [10]. Methylation of a nucleobase limits
the number of possible tautomers and may severely in-
fluence the resulting hydrogen bonding pattern. Metal
coordination of thionucleobases is also of particular
interest [11], especially because the coordination be-
havior of thionucleobases has not been studied as ex-
tensively as that of the naturally occurring oxygen
analogs. It has been shown that metal thionucleobase
complexes exhibit interesting bioactive properties [12].
Here we report the crystal structure of 1-methyl-2-
thiocytosine (1) as well as the synthesis and the crystal
structure of its ionic, dinuelear platinum(IV) complex
[(PtMe3)2(1-1-MeSCy-1&kN? 1:2128),1[BF412 (3).
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Results and Discussion
Crystal structure of 1-meihyl-2-thiocytosine (1)

Colorless needles of 1-methyl-2-thiocytosine (1-
MeSCy, 1) were obtained from an ethanol solution.
The compound crystallizes in the centrosymmetric
space group P2 /n. The crystals contain two crystallo-
graphically independent molecules of 1-MeSCy (A, B)
which are structurally very similar (Fig. 1 and Ta-
ble 1). Within the 3 criterion all corresponding bonds
in A and B as well as most of the angles are equi-
valent.

In crystals of 1 a network of hydrogen bonds
connects the monomeric molecules A and B. Basi-
cally, two molecules of A build up a centrosymmet-
ric dimer AA’ through two Ndg—H..-N32' hydrogen
bonds (Fig. 1, Table 1). The AA’ dimer is not planar,
but the monomers are shifted parallel by 0.36 A. Such a
shift by as much as 1.41 A was also found in crystals of
1-methylcytosine [13, 14]. The N4aH; amino groups
generate further hydrogen bonds to N3k (Table 1).
Thus, a centrosymmetrical tetrameric unit BAA'B' is
formed. The B molecules are nearly perpendicular to
the AA" dimers (interplanar angle: 86.4(8)°). Interest-
ingly, the N4a-H vector forms an angle of 34.9° with
the pyrimidine plane of molecule B. Thus, in the hy-
drogen bond N4a-H- - -N3# the lone pair of electrons
on N3b is not directed towards the central H atom. In
addition, the sulfur atoms Sa act as hydrogen acceptors

Fig. 1. a} Molecular structure of one of the
two crystallographically ndependent monomeric
1-methyl-2-thiocytosine units in crystals of 1.
The displacement ellipsoids are drawn at the
30 % probability level. b} Hydrogen bonding in
crystals of 1. All atoms which do not belong to
the BAA'B! unit are doubly primed. ¢} Side view
of the centrosymmetric AA’ dimer (1-MeSCy),.

Table 1. Selected bond lengths and angles of molecules A
and B? and structural parameters of hydrogen bonds in crys-
tals of 1-MeSCy (1} (distances in A, angles in deg).

CI-N1 T47TBVIATSE) CANA 1327(3¥1.338(4)
C2-N1 1381(3)/1390(3)  C4-C3 14234 1.422(4)
Co-8 1702(3)/1.692(3)  C5-C8 1.338(4)¥1.335(4)
Co-N3 1344(311.343(3)  C&-N1 1371(3¥1.358(4)
C4-N3 1.343(3/1.334(3)

CI-NL-C2 1215(201213(3)  S-C2-N3  119.1(2¥121.0(2)
Co-N3-C4  1209(2/1204(2)  NACAN3  117.8(2¥118.1(2)
S_CAN1  121302W119.62)  C405-Cs  117.5(3¥1165(3)
D-H-A Nda-H Nig' Nda-H N3bp N4b-Hl-S¢% N4b-H2 Sa"
DA 3.0194)  2.9884)  3.493(4)  34E3(4)
D-H 087 0.87 0.38 0.91

H.A 218 2.14 2.64 2.55
D-H...A 174 185 164 173

2 The first value refers to molecule A and the second value to
maolecule B.

for the amino groups N45H; of the B molecules yield-
ing N-H-: - -8 hydrogen bonds (Fig. 1, Table 1). On the
other hand, the interaction of the sulfur atom S& with
C6b-H groups (Sh - --C6b 3.663(4) A, Sb...H2.73 A)
is found to be in the border range of weak hydrogen
bonds [15, 16].

The geometrical parameters of the four hydro-
gen bonds discussed (Table 1) are in accord with
data given in the literature [17,18]. Thus, for N-
H.--N(sp?) hydrogen bonds the median of the N---N
distances was found to be 3.023 A (lower/upper quar-
tile: 2.967/3.091 A, for 1253 observations). For N-
H...S=C hvdrogen bonds the median of the N---S
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Fig. 2. Packing of molecules A and B and -7 stacking (---)
between A and A’ molecules in crystals of 1.

distances proved to be 3.467 A (lower/upper quartile:
3.408/3.551 A, for 1873 observations) [17].

In crystals of 1 the dimeric units AA’ and the
monomeric units B are packed in infinitive strands
like a “staircase”, as shown in Fig. 2. Within the
AA’ strands an interplanar ring distance of 3.5 A and a
displacement angle of 17.5° between pairs of pyrim-
idine rings of A indicate a stabilization through 7-
7 stacking and/or C-H-rx stacking [19]. Though a rel-
atively short interplanar distance of 3.0 A between the
molecules in the B strands was found, a displacement
angle of 59.9° of the B molecules suggests the absence
of significant stabilization through 7-7/C-H-7 inter-
actions.

Quantum-chemical calculations

To gain insight into the strength of the hydro-
gen bonds that are found in crystals of 1-methyl-2-
thiocytosine (1), DFT calculations (using the B3LYP
hybrid functional and 6-31++G(d,p) basis sets) of the
monomeric 1-MeSCy 1m, the doubly N4-H---N3’
hydrogen-bonded dimer 1d and the tetramer 1t, hav-
ing two further monomers attached to 1d through N4-
H---N3' hydrogen bonds, were performed. The equi-
librium structures are shown in Fig. 3, selected struc-
tural parameters are given in Table 2. As Table 2 re-
veals, the involvement of 1m in a hydrogen-bonded
system gives rise to only small structural changes.

Dimer 1d and tetramer 1t can be regarded as mod-
els for the dimer AA’ and the tetramer BAA’B’ found
in the solid-state structure of 1. As shown in Table 2,
there is good agreement of the calculated (1t) and the
experimental structure (1). The most obvious differ-

Table 2. Calculated parameters (distances in A, angles in deg)
of the monomeric 1-MeSCy (1m), the twofold hydrogen-
bridged dimer of the type AA’ (1d) and the tetrameric unit
of the type BAA'B’ (1t). For comparison, the corresponding
experimentally measured values in crystals of 1 are given.

1m 1d It 1
C2-N1 1.420 1411 L402/1.410°  1.381(3)/1.390(3)*
C2-8 1.678 1.689 1.702/1.686 1.702(3)¥1.692(3)
C2-N3 1.357  1.351  1.350/1.356  1.344(3)/1.343(3)
C4-N3 1.323  1.341 1.345/1.332 1.343(3)/1.334(3)
C4-N4 1.361 1.338 1.339/1.358 1.327(3)/1.338(4)
N1-C2-N3 117.5 118.0 118.8/118.0 119.7(2)/119.4(2)
C2-N3-C4 121.6 1224 121.3/121.7 120.9(2y/120.4(2)
N4...N3' 2,048  3.063/3.1617  3.019(4)/2.988(4)"
N4-H 1.032 1.027/1.015 0.87/0.87
H-.-N3' 1.916  2.038/2.200 2.16/2.14
N4-H-..N3' 179.4  175.3/157.3 174/165

* The first value refers to molecules A and the second value to
molecules B; P the first value refers to hydrogen bonds in the
dimers AA’ and the second value to the hydrogen bonding within
units AB.

ence is that the dimeric units AA’ in 1d and 1t were
calculated to be (nearly perfectly) planar (greatest de-
viation from the mean plane: 0.003 A for N4a/N4a'),
whereas in 1 the two halves of the dimer are shifted
parallel by 0.36 A (see Fig. 1). Furthermore, in the
tetramer 1t the interplanar angle between the central
dimeric unit (AA’) and its attached monomers (B/B’)
is found to be 36.9°, whereas in the solid-state struc-
ture of 1 the B/B’ units are nearly perpendicular to
the dimeric unit AA’ (86.4(8)°). A tetrameric struc-
ture 1t’, obtained by a restricted optimization such
that the interplanar angle between the AA’ unit and
the B/B’ molecules found in the experimental structure
(86.4°) is obtained, proved to be only 6.2 kcalmol !
higher in energy than the equilibrium structure 1t. As
found in the experimental structure of 1, the free elec-
tron pair of N3b in the calculated structure 1t is not
pointing directly towards the central H atom. However,
the calculated angle between the N4a—H vector and the
mean plane of the pyrimidine ring (22.8°) is remark-
ably smaller than in crystals of 1 (34.9°). This can be
accounted for by further hydrogen bonds (N-H---S)
and also m—x stackings in crystals of 1 that were not
taken into consideration in the calculations.

The strength of intermolecular hydrogen bonds,
AHyy, is defined as the enthalpy of the reaction

X-H-- Y — X-H+|Y

when all components are in their equilibrium confor-
mations. The energies for the reactions

1d - 21m and 1t — 1d+21m
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+2 1-MeSCy (1)

2 [PtMe3(Me;CO)3](BF4] (2)

-6 Me,CO

were found to be endothermic by 20.2 and
21.7 kcalmol ™!, respectively. Considering basis
BSSE set superposition errors [20], values of 19.4 and
19.6 kcalmol !, respectively, were obtained. Thus,
both types of the N4—H- - - N3’ hydrogen bonds, namely
those building up the dimers and tetramers, are of
approximately the same strength (about 10 kcalmol !
per hydrogen bond). Thus, these hydrogen bonds
are stronger than those in gaseous water dimers
(5.0 kcalmol™!) [20,21] which are benchmarks for
hydrogen bonds. Classifying hydrogen bonds with
respect to their energies [22] (weak < 4, moderate
4-15, strong 14—40 kcalmol™!) they have to be
regarded as moderate.

Synthesis and spectroscopic characterization of
[(PtMe3)s(1u-1-MeSCy-1xN>, 1:2x2S),][BF 4] (3)

[PtMe3(Me,CO)3][BF4] (2) [23] was reacted with
1-methylthiocytosine (1) in acetone solution to yield
[(PtMe3)y(u-1-MeSCy-1xN3,1:2k%5):1[BF4],  (3)
(Scheme 1). The slightly air- and moisture-sensitive
complex was isolated in 56 % yield. By contrast,
the analogous reaction with 2-thiocytosine led to
the formation of several products. Complex 3 was

Fig. 3. Calculated equilibrium structures
of the monomeric 1-MeSCy (1m). the
twofold hydrogen-bonded dimer of the
type AA’ (1d) and the tetrameric unit of
the type BAA'B’ (1),

NH,
,\Me
\ gy / Ve |iBF L,
Me o Me Scheme 1.

Table 3. 'H and '*C NMR data (8 in ppm, J in Hz) of 1-
MeSCy (1) and [(PlMc;J;(u-]-MeSCy-lKN3.I:2x3.S'Jg] (3)
in CD;0D.

1 3
d9H 5c® S Clei) dc
H5/C5* 6.09 97.0 6.53 101.8
Ho6/Co 7.73 146.8 7.98 147.8
N1-CHjs 3.72 433 3.04 40.7
C2 180.6 184.4
Cc4 160.5 160.4
PtMe; 1.22(75.5) 73

@ Numbering scheme according to Fig. 1a; ® due to insufficient
solubility of 1-MeSCy (1) the chemical shifts of 1 in [Dg]DMSO
are given; © at —50 °C: 1.189/1.194 ppm (74.7/81.5).

fully characterized by 'H, 13C and >Pt-NMR spec-
troscopy, as well as by ESI-MS spectrometry, IR
spectroscopy, and X-ray diffraction analysis. Table 3
shows the 'H and '3C-NMR data of [(PtMe3)y(u-
1-MeSCy-1xN3,1:22k28),1[BF4]2 (3). A remarkably
downfield shift for the signals of HS and the respective
carbon atom C5 by 0.44 and 4.8 ppm, respectively,
is observed. Moreover, the doublet of H5 exhibits
platinum satellites (4Jp[7H = 11.6 Hz) indicating the
involvement of N3 in platinum coordination [24]. The
signals of H6/C6 are also shifted to lower field but to a
lesser extent (0.25/1.0 ppm), and no platinum satellites
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100 381
[(PtMe,)(1-MeSCy))
80 -
g 761
S [(PMe.),(1-MeSCy)(1-MeSCy )]
2 Fig. 4. Full scan mass spec-
%J 40 = trum of  [(PtMes)a(-1-MeSCy-
= 1kN3,1:26°8),][BFaly  (3).  Inset:
gy isotopic pattern of the molecular ion
[PtMe3(1-MeSCy)(1-MeSCy_)] " at
A m/z =761 showing the expected inten-
"[ T T T T 1 T  E— sities due to the isotopic composition
400 500 600 700 mjz in horizontal bars.

are found. The shift of the signal for C2 by 3.8 ppm
to lower field indicates the sulfur coordination to the
platinum(IV) atom. Thus, from the NMR experiments
a kN3,xS coordination could be derived, as definitely
established by X-ray diffraction measurement (see
below). For the protons of the three methyl ligands
at room temperature only one sharp signal flanked
by platinum satellites is found, whereas at —50 °C a
splitting into at least two singlets, flanked by platinum
satellites, becomes apparent (Table 3).

ESI-MS measurements using acetone solutions
have confirmed the presence of a dinuclear cation
[(PtMe3)2(1-MeSCy)(1-MeSCy_m]™ at m/z = 761
(Fig. 4). The isotopic pattern has been found to be char-
acteristic for a monocation containing two platinum
atoms [natural isotopic composition: Pt (0.01 %),
92pt (0.79 %), 4Pt (32.9 %), 1°°Pt (33.8%), %Pt
(25.3%) and %Pt (7.2%)] in good agreement with
calculated data. Furthermore, at m/z = 381 the mono-
cation [PtMe3(1-MeSCy)]™ has been found. Collision-
induced dissociation (CID) experiments have shown
that this peak is also formed by fragmentation
of the isolated parent ion [(PtMe3)>(1-MeSCy)(1-
MeSCy_m)] .

Crystal structure of [(PtMes)2(1-1-MeSCy-
1kN’,1:2x2S),][BF 415 (3- 1.5 CsHs)

Colorless crystals of 3-1.5 C¢Hg were obtained
from acetone solutions layered with benzene and ether.
The complex crystallizes as the racemate in the space
group P2;/c. The crystals consist of the dinuclear
cation [(PtMe3)y(u-1-MeSCy-1kN3,1:2x28),1>*, two
[BF4]~ anions and one and a half benzene solvate
molecules. The molecular structure of the cation of

Table 4. Selected bond lengths and angles of [(PtMe3 )y (-1~
MeS(Ty-lKA’3.]:2x'35)3J (3-1.5 CgHg) (distances in A, an-
gles in deg).

Pu1-C1 2.057(6) Pt1-S1 2.551(2) Pt2-81 2.525(2)
Pt1-C3 2.055(8) Pt1-S2 2.501(2) Pt2-82 2.542(2)
P2-C4 2.062(8) Pt1-N4 2.257(5) s1-C7 L.737(7)
P2-C5 2.047(6) P12-N1 2.243(5) S2-C12 1.726(T)
C1-Pt1-C2  87.7(4) SI-C7T-N1 114.2(5) S2-Pt1-N4 66.0(1)

C3-Pt1-N4 166.7(3) C4-P2-C5 87.7(3) Pt1-S1-P12 92.56(6)
S1-Pi2-N1  65.4(1) C6-P2-N1 166.8(3) Pt1-S2-P2 03.34(6)

Fig. 5. Molecular structure of the cation of one enantiomer
in crystals of [(PtMe3 )2 (pt-1-MeSCy-1xN3,1:2x25)21[BF4),
(3-1.5 CgHg). The displacement ellipsoids are drawn at the
30 % probability level.

one enantiomer is shown in Fig. 5. Selected bond
lengths and angles are given in Table 4. The pri-
mary donor sets of the octahedrally coordinated plat-
inum atoms [PtC3NS,] are built up of three methyl
ligands in facial arrangement and two y-1-methyl-2-
thiocytosine-1xN?3,1:2x2S ligands. The central [Pt (-
S)2] core is slightly hinged (Pt1-S1- - - S2-Pt2: 168.2°).
The two 1-methyl-2-thiocytosine ligands are arranged

118



Anhang

C. Vetter er al. - 1-Methyl-2-thiocytosine and its Dinuclear Platinum(I'V) Complex 583

face-to-face, with the dinuclear molecule exhibit-
ing C, symmetry in rough approximation. The dis-
tance between the heterocyclic ligands (3.4 A) as
well as the angle between the centroid-centroid vec-
tor and the ring normal (10.4°) indicate stabilization
through m-z stacking [19]. The chelating coordina-
tion of the 1-methyl-2-thiocytosine ligands leads to
the formation of strained four-membered rings (S2-
Pt1-N4 66.0(1)°; S1-Pt2-N1 65.4(1)°), giving rise to
greater deviations from the ideal octahedral coordina-
tion of the platinum atom. Moreover, the coordina-
tion of the sulfur atom to the platinum atom leads to
a slight elongation of the S1-C7 and S2-C12 bonds
(1.737(7)/1.726(7) A) compared to the respective bond
lengths in 1 (1.702(3)/1.692(3) A). In accordance with
the high trans influence of the methyl ligands [25]
the bridging Pt-S bonds (2.501(2)-2.551(2) A) are
rather long (median: 2.490 A, lower/upper quartile:
2.477/2.513 /O\, for 41 observations [17]) but com-
parable to those in other dinuclear sulfur-bridged
platinum(IV) complexes with frans methyl ligands
(2.465(2)-2.551(1) A) [26].

Inspection of the packing motif in crystals of 3- 1.5
C¢Hg reveals m-m interactions between the hetero-
cyclic ring N1, N2, C7-C10 and one benzene ring
(centroid-centroid distance: 3.6 /f\; angle between
the centroid-centroid vectors and the ring normals:
23.4°). Furthermore, there are cation-anion interac-
tions formed through N-H- - - F and C-H- - - F hydrogen
bonds, involving the fluorine atoms of the [BF4]™ an-
ions.

Conclusions

The possible tautomers of 1-methyl-2-thiocytosine,
namely the thione-amino form (1a) as the most stable
tautomer both in the gas and aqueous phase, the imino-
thiol tautomer (1b) and the imino-thione tautomer (1¢)
are shown in Scheme 2 [8]. In the present investiga-
tions it has been demonstrated that the tautomer la
is also present in crystals of 1. The same holds for
the molecular structures of thiocytidine [27] and 2-
thiocytosine [10], as shown by previous X-ray diffrac-
tion analyses.

The hydrogen bonding pattern in crystals of 1-
MeSCy (1) was found to be very similar to that in
1-methylcytosine crystals (1-MeCy, see Formula I in
Scheme 2) [13,14]. The oxygen analog also forms
centrosymmetric dimers through two identical N4-
H---N3’ hydrogen bonds. These dimeric units are

NH» NH NH
~N _ N _ NH
Cr,— (.
s e A
Me Me l\l/le
1a 1b 1c
Me N ?ﬂ
_______ Ss._N

H H, { //H H
L " NYS\\
| | .
JY A
NS0,
N, ™~
Me H H,

Scheme 2.

connected through N4-H---O hydrogen bonds form-
ing ribbons. In crystals of the non-methylated 2-
thiocytosine a more complex hydrogen bonding pat-
tern was observed (see Formula II in Scheme 2), which
is completely different from that in 1-MeSCy (1).
The central unit is also a dimer, but the two halves
are linked unsymmetrically through N1-H---N3’ and
N4'—H- - - S hydrogen bonds. Further weaker N-H- - - N
and N-H---S hydrogen bonds are connecting the
dimers yielding ribbons [10].

Apart from the [PtMes(bpy)(1-MeSCy-kS)][BF4]
complex reported by us [12], the new compound
[(PtMe3 ), (u-1-MeSCy-1xN>,1:2k%8),1[BFs]2 (3) is
the first transition metal complex containing 1-methyl-
2-thiocytosine ligands. By contrast, a large number
of transition metal complexes with the oxygen ana-
log 1-methylcytosine (1-MeCy) are known [28]. In
its platinum(II) complexes predominantly N3 coor-
dination is observed [29], and frequently an addi-
tional coordination of N4 of the monodeprotonated
1-methylcytosinato ligands to another Pt or Pd cen-
ter gives rise to the formation of complexes having
bridging p-1-MeCy-1xN3,2xN* ligands [30]. On the
other hand, a chelating coordination through N3 and O
(1-MeCy-kN3,x0 ligands) in 1-methylcytosine metal
complexes analogous to that in complex 3 is rare [31].

The heterocyclic rings in 3 have been found to
be in a face-to-face arrangement, as in the neutral
dinuclear complexes of the type [(PtMe3)2(p-S™N-
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11(N,1:2K‘2.5')2] [26], with the geometrical parameters
(Pt—=S and C-S bond lengths, Pt1-S1...82-Pt2 dihe-
dral angle, 7—7 stacking) in the same order of mag-
nitude. Thus, the synthesis of [{PtMes)2(gt-1-MeSCy-
1xN? 1:2628)1[BF4]; (3) has provided another exam-
ple of the versatile coordination modes of thionucleo-
base models.

Experimental Section

General considerations

The synthesis of [{PtMes),(u-1-MeSCy-1kN? -
12528, 1[BEs ]2 (3) was performed under argon using
standard Schlenk techniques. Acetone was dried over
phosphorus pentoxide. Benzene and diethyl ether were dried
over Na benzophenone. All solvents were distilled prior to
use. NMR spectra were obtained with Varian UNITY 500
and Gemini 2000 spectrometers using solvent signals (1H
and PC-NMR spectroscopy) as internal references and
Nay[PtClg] (8(%°Pt) = 0 ppm) as external reference. TR
spectra were recorded on a Galaxy Mattson FT IR spectrom-
eter, using KBr pellets. Microanalyses were performed by
the University of Halle microanalytical laboratory using a
CHNS-932 (LECO) instrument. The ESI mass spectrum was
obtained on a Finnigan LCQ spectrometer ( Thermo Electron
Corp.) using a 10~* M solution of the complex in acetone
under the following conditions: flow 8 pl/min, positive ion
polarity mode, ESI spray voltage 4.1 kV; capillary temper-
ature 200 °C; capillary voltage 34 V; tube lens offset 10 V;
sheath gas N,; damping gas He. The CID experiments were
carried out in the mass analyzer region with use of He as
the collision gas and by applying a resonance excitation
RF voltage (varying from O to 5 V, peak-to-peak). The
masses, charge states and isotopic emvelopes of the parent
and fragment ions (CID) were established by applying the
zoom-scan mode (high resolution < 0.2, 10 a.m. v. width).
1-Methyl-2-thiocytosine (1) [32] and [(PtMesI),4] [33] were
prepared according to the literature. All other chemicals
were purchased from commercial sources.

Spectroscopic characterization of I-methyl-2-thio-
cytosine (1) and synthesis of [(PtMez)of u-1-MeSCy-
kN, 1:2K28):][BF 415 (3)

1-Methyl-2-thiocytosine (1)

Yield: 1.2 g (70%). — 'H-NMR (400 MHz, CDs0D}:
§ =773 (d, *Jypu = 7.3 Hz, 1H, H6), 6.09 (d, >y =
7.3 Hz, 1H, H3), 3.72 (s, 3H, NCHa). - 'H-NMR (400 MHz,
[D6]DMSO): & = 7.81 (d, g = 7.3 Hz, 11, He), 748
(s, br, 1H, NIB), 7.41 (s, br, 1H, NHy), 5.98 (d, *Jupn =
7.3 Hz, 1H, H5), 3.59 (s, 3H, NCHs). - ¥ C-NMR (100 MHz,
[Dg]DMSOY: 8 = 180.6 (C2), 160.5 (C4), 146.8 (C6), 97.0

Table 5. Crystal data, data collection and refinement
parameters of 1-MeSCy (1) and [(PtMes)2(p-1-MeSCy-
1&N3,1:2K28)5][BFy 1o (3- 1.5 CgHg)

1 3.1.5CsHs

Empirical formula CsH7N3S CosHa1BoFsNgPty 84
Formula weight 141.20 1053.56
Crystal system/ monoclinic monoclinic
Space group P21 /n P21 /c
Z 8 4
a, A 5.9919(8) 10.2340(5)
B A 19.343(3) 35.854(2)
o A 11.293(7) 9,9832(5)
B, deg 99.14¢1) 107.701(6)
v, A3 1292.3(8) 3489.7(3)
p,gcm? 1.44 2.01
U(MoK), mm~! 0.4 8.2
F(000), & 592 2012
Scan range, deg 211 <8 <2503 2.09<6<2602
Reciprocal lattice +7, +23, —§ — 13 £12, +44, —11 — 12

segment sk{
Refl. collected 2473 18975
Refl. independent / R, 2252/ 0.0580 6517 /0.0675
Data / parameters 22527220 6517 /413
Ry /wRy [T =20(1)] 0.0407 /0.0943 0.0338 7 0.0670
Ry /wR; (all data) 0.0602 / 0.1080 0.058170.0732
Goodness-of-fiton 72 1.094 0.934
Largest diff. peak / 0.20/-0.18 1.09/—-0.78

hole, e A—3

(C5), 433 (C1). — CsHyN3S (141.04): caled. C 42.54,
H 5.00, N 29.79; found C 42.55, 1 5.29, N 29.31.

[(PtMe )o(u-1-MeSCy-1xN?, 1:2k28), JIBF 41, (3)

A suspension of [(PtMeal)4] (50.0 mg, 0.04 mmol) and
Ag[BF4] (27.0 mg, 0.14 mmol) in acetone (10 ml) was
stirred for 30 min in the absence of light. Silver iodide was re-
moved by filtration, and the clear, colorless filtrate was added
directly to 1-methyl-2-thiocytosine (19.3 mg, 0.14 mol). Af-
ter stirring for 2 h the volume was reduced in vacio to 1 mL,
and ether (3 mL) was added. The colorless precipitate was
isolated, washed with pentane (2 x 2 mL) and dried in vacuo.
Yield: 72 mg (56 %). IR (KBr): v =3454 m, 3352 m, 3111 w,
2961 w, 2899 m, 1792 w, 1650 s, 1537 m, 1506 s, 1400 m,
1368 m, 1215 m, 1081 s, 821 w cm~ L. — 1H-NMR (500
MHz, CD30D, r.t.): & = 7.98 (d, /gy = 7.5 Hz, 2H,
He/He), 6.53 (d, *Jqpm = 7.5 Hz, */pe = 11.6 Hz, 2H,
H5/HS5"), 3.64 (s, 6H, NCH;3, NCH3'), 1.22 (s+d, 2th)H =
75.5 Hz, 18H, Pt(CHa)3). - 'H-NMR (500 MHz, CD30D,
—50 °C): & = 8.05 (d, 3JH)H = 7.5 Hz, 2H, H6/HE), 6.53
(d, 3JH)H = 7.5 Hz, 2H, H5H5), 3.63 (s, 6H, NCH;,
NCHj), 1.194 (s+d, 2fpt,H = 81.5 Hz, 6H, PtCH,), 1.189
(s+d, 2Jp g =74.7 Hz, 6H, PtCH3). — 1*C-NMR (125 MHz,
CD3;0D): & = 184.4 (C2), 160.4 (C4), 147.8 {C6), 101.8
{C3), 40.7 (NCH3), —7.3 (s+d, br, Pt{CHz)s). — *Pt-
NMR (107 MHz, CD30D): & = —2318.4. — MS ({(+)-ESI):
mlz (%) = 761 (62) [(PtMes)(1-MeSCy)(1-MeSCy_m)1T,
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381 (100) [(PtMes)(1-MeSCY)]™. — C14HaByFsNgSoPty
(938.16): caled. C 2047, H 3.65, N 8.96; found C 20.13,
H4.13,N 8.74.

X-Ray crystallography

Single crystals of 1 and 3-1.5 CgHg, suitable for X-ray
diffraction measurements, were obtained by recrystallization
from ethanol (1) and acetone/benzene (3- 1.5 CgHg). Inten-
sity data were collected on a STADI (1) and a Stoe IPDS
diffractometer (3-1.5 CgHg) with MoK radiation (A =
0.71073 A, graphite monochromator) at 293(2) K (1) and
22002 K (3:-1.5 C4Hg). A summary of the crvstallographic
data, the data collection parameters and the refinement pa-
rameters is given in Table 5. A nuomerical absorption cor-
rection was applied for 3-1.5 CsHg (Thm/Tmax = 0.24 /
0.58). The structures were solved by Direct Methods with
SHELXS-97 [34] and refined using full-matrix least-squares
routines against F2 with SHELXL-97 [34]. Non-hydrogen
atoms were refined with anisotropic displacement parame-
ters. Hydrogen atoms in 1-MeSCy (1) were found in the dif-
ference Fourier map and refined freely, whereas the hydro-
gen atoms in 3+ 1.5 CgHg were positioned geometrically and
refined with isotropic displacement parameters according to
the “riding model”.

CCDC 761534 and CCDC 761535 contain the supple-
mentary crystallographic data for compounds 1 and 3-1.5

CgHg. These data can be obtained free of charge via
www.ccde.cam.ac.uk/data_request/cif.

Quantum-chemical calculations

All DFT calculations were carried out by the GAUS-
SIANQ3 program package [35] using the hybrid functional
B3LYP [36] and the basis sets 0-31++G(d,p) as imple-
mented in the GAUSSIAN program. All systems were fully
optimized. For the monomeric molecule no symmetry re-
strictions were applied, whereas the dimeric and tetrameric
molecules were calculated in & symmetry. The resulting
geometries were characterized as equilibrium structures by
the analysis of the force constants of the normal vibrations.
Basis set superposition errors (BSSE) were estimated with
counterpoise-type calculations [37].

Supplementary Information

Tables of Cartesian coordinates of atom positions calcu-
lated for the equilibrium structures of the monomer 1m, the
hydrogen-bonded dimer 1d and tetramer 1t (available online
only).
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Key indicators: single-crystal X-ray stdy; T = 293 K; mean ofC-C} = 0.019 A;
R factor = 0.040; wR factor = 0.119; data-to-parameter ratio = 14.7.

In the title hydl‘atc, [Pt(Cl[;);(Cl[;COO](CwI lgNg)l‘llgo. the
Pt" atom exhibits a distorted octahedral coordination
geometry built up by three methyl ligands in a facial
arrangement, a bipyridine ligand and a monodentately bound
acetate ligand. In the crystal structure, intermolecular O
H---O hydrogen bonds are observed between the water
molecule and the platinum complex, which link the molecules
into chains along the ¢ axis.

Related literature

For ligand-substitution reactions of platinum complexes, see:
Vetter ef al. (2006); Clegg et al. (1972); Lindner et al. (2008):
Steinborn & Junicke (2000). For a description of the
Cambridge Structural Database, see: Allen (2002).

o)
>,~CHs
o]
Q—, ]‘@ "Hz0
c.lpt_.-‘
HC™ | ““cH,
CH;,

Experimental

Crystal data

[PH{CH; )+ CoHL0,)(CogHGN,) - f=12505 (3)°
H,0 V= 16639 (8) A°
M, =47344 Z=4
Monoclinic, P2, /¢ Mo K radiation
a=10972 (3) A jo= 844 mm™*
b=13455(3) A T=293K

c=13.768 (3) A 048 x 034 x 024 mm

Data collection

Stoe STADI-IV diffractometer
Absorption correction: ¥ scan
(X-RED32; Stoe & Cie, 1996)
T = 0.031, T,y = 0.089
4494 measured reflections

2931 independent reflections

2455 reflections with I > 20(1)

Ry, = 0.031

2 standard reflections every 60 min
intensity decay: random, +—5%

Refinement

R[F® > 20(F)] = 0.040
wR(F?) = 0.119
S=1.06

2931 reflections

199 parameters

2 restraints

H atoms treated by a mixture of
independent and constrained
refinement

A = 161 A

Apgin = =179 ¢ A3

Table 1 .

Selected geometric parameters (A, “).

C1-Pul 2036 (10)  N2-Prl 2152 (7)
CI-Pul 2,041 (11) O1-—-Pul 2.168 (6)
C3—Prl 2032 (9)

N1-—-Pul 2161 (7)

Cl—Ptl1—-C2 &5.1 (5) C2—Ptl1—NI1 U2 (4)
Cl—Pil—-N2 99.9 (4) N2-Pul—-N1 76.7 (3)
C2—Ptl1—N2 1745 (5) C3i—Pil—01 176.2 (4)
C1—Ptl—NI 176.5 (4)

Table 2

Hydrogen-bond geometry (A, ).

D—H:--A D—H H---A D--A D—H:--A
03—H22---01 0.88 (11) 1.96 (11) 2.836 (12) 172 (15)
03—H21.--02 0.85 (9) 1.96 (10) 2810 (14) 177 (11)

Symmetry code: (i) x, =y &2,z +L

Data collection: STADHM (Stoe & Cie, 1996); cell refinement:
STADI4; data reduction: STADIH; program(s) used to solve struc-
ture: SHELXS97 (Sheldrick, 2008); program(s) used to refine struc-
ture: SHELXL97 (Sheldrick, 2008); molecular graphics: DIAMOND
(Brandenburg, 2001); software used to prepare material for publi-
cation: SHELXL97.

Supplementary data and figures for this paper are available from the
IUCT electronic archives (Reference: TK2621).
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(Acetato-xO)(Z,z'—bip_vl'idine-h'zf\-',‘-\")trimethylplaﬁnum(l\") moncohydrate

C. Vetter, C. Wagner and D. Steinborn

Comment

Due to the low-spin & electron configuration of platinum(IV), ligand substitution reactions of their complexes may be
hampered. Starting from complexes having a PtMes unit (Vetter et al., 2006; Clegg et al., 1972; Lindner et al, 2008),
substitution reactions were found to proceed smoothly even with weak donors (Steinborn & Junicke, 2000) because the

leaving ligand is additionally activated by the high trans effect exerted by the methyl ligand.

The asymmetric unit of the title hydrate comprises a neutral platinum complex, [PtMe3(OAc-kO)bpy)], and a water
molecule. The primary coordination sphere of the platinum atom 1s built up by three methyl ligands in facial binding fashion,
abipyridine ligand and a monodentately bound acetato ligand. As expected for Pt{1V) complexes, an octahedral coordination
geometry was found, which is distorted due to the restricted bite of the 2,2'-bipyridine ligand [N1—Pt1—N2 76.7 (3)°]; the
other angles between cis arranged ligands are between 85.1 (5) and 99.9 (4)°. Due to the high frans influence of the methyl
ligands the Pt1—O1 bond was found to be relatively long (2.168 (6) A) compared to those of other carboxylato platinum(TV)
[median: 2.013, lower/upper quartile: 2.001/2.044 A, 496 observations taken from the CSD, version 5.30 (Allen, 2002)].
Tn the crystal structure quite strong intermolecular O—H-+O hydrogen bonds were found in which the water molecules act
as hydrogen donors and the oxygen atoms of acetato ligand as hydrogen acceptors (Table 1). Due to these hydrogen bonds
the molecules are linked in infinite chains along the ¢ axis.

Experimental

Under anaerobic conditions [(PtMes[)4] (50 mg, 0.03 mmol) and AgOAc (23 mg, 0.14 mmol) were stirred in acetone (10

ml) for 15 h in the absence of light. The precipitated Agl was filtered off and the solvent was reduced in vacuo to 3 ml.
Then n-pentane was added and the white precipitate was collected by filtration, washed with #-pentane (2 x 1 ml) and

recrystallized from chloroform.

Refinement

The water-H atoms were found in a difference map and refined with each O—H distance restrained to 0.85 (1) A All other H
atoms were positioned geometrically and allowed to ride on the respective parent atoms with C—H = 0.93-0.96 A [Ujso(H)

= 1.2 Ugg(C)]. The maximum and minimum residual electron density peaks of 1.61 and -1.79 ¢ A3, respectively, were

located 1.19 A and 1.21 A from the Pt1 atom.
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5=1.06 (A/G)max — 0.001
2931 reflections Apmax =161 A7
199 parameters Apmin=-179¢ A3

Extinetion correction: SHEL X, (Sheldrick, 2008),

2 restraints

Fo'=kFc[1+0.001xFc?).3/sin(26)] 14
0 constraints Extinction coefficient: 0.0018 (3)
Primary atom site location: structure-invariant direct
methods
Special details

Geometry. All esds (except the esd in the dihedral angle between two 1.s. planes) are estimated using the full covariance matrix. The
cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds
in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used
for estimating esds involving 1.s. planes.

Refinement. Refinement of 7~ against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F*, convention-
al R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F* > 6(F?) is used only for calculating R-

factors(gt) ete. and is not relevant to the choice of reflections for refinement. R-factors based on F are statistically about twice as large
as those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (4°)

X ¥ z Uiso®Ueq
Cl1 -0.0620 (12) 0.7592 (8) 0.1850 (9) 0.072 (3)
H1 -0.0535 0.7673 0.1198 0.087*
H3 -0.1629 0.7714 0.1584 0.087*
H2 —0.0345 0.6926 0.2150 0.087*
c2 —0.0048 (12) 0.7967 (10) 0.4045 (11) 0.081 (3)
H6 0.0412 0.8284 0.4804 0.097*
H5 0.0170 0.7269 0.4158 0.097*
H4 -0.1106 0.8063 0.3591 0.097*
C3 —-0.0935(11) 0.9574(8) 0.2409 (10) 0.069 (3)
H9 -0.0603 1.0175 0.2869 0.083*
H8 -0.1760 0.9304 0.2387 0.083*
H7 -0.1241 09718 0.1616 0.083*
Cc4 0.3091 (10) 07018 (7) 0.3608(9) 0.058 (2)
Cs 0.4295 (13) 0.6271(9) 0.4412(12) 0.081 (4
Hil 0.4636 0.5950 0.3986 0.098*
H10 0.3899 0.5782 0.4667 0.098*
H12 0.5113 0.6608 0.5091 0.098*
C6 0.2491 (12) 0.9787 (10) 0.5540 (9) 0.077 (3)
H13 0.2051 0.9358 0.5784 0.093*
c7 0.3426 (14) 1.0548 (11) 0.6304 (10) 0.092 (4)
H14 0.3583 1.0638 0.7038 0.110%
C8 0.4096 (15) 11153 (11) 0.5953(15) 0.098 (5)
H15 0.4738 1.1652 0.6454 0.117*
) 0.3823 (12) 1.1025(9) 0.4859 (13) 0.085 (4

sup-3

126



Anhang

supplementary materials

Hle6 0.4276 1.1437 0.4611 0.102*
C10 0.2869 (9) 1.0279 (7) 0.4123(9) 0.058 (2)
cl 0.2542 (10} 1.0116 (7) 0.2937(9) 0.057 (2)
c12 0.3080 (12} 1.0709 (9) 0.2434 (14) 0.085 (4)
H17 0.3648 11271 0.2829 0.102*
Cl13 0.2752 (16) 1.0446 (13) 0.1327 (15) 0.008 (5)
H18 0.3103 1.0832 0.0975 0.117*
Cl14 0.1935 (17) 0.9642 (12) 0.0776 (1) 0.001 (4)
H19 0.1719 0.9459 0.0041 0.109%
Cls 0.1410 (13) 0.9078 (0) 0.1301 (9) 0.060 (3)
H20 0.0846 0.8514 0.0911 0.083*
N1 0.2221 (8) 0.9665 (5) 0.4471 (6) 0.0486 (16)
N2 0.1687 (8) 0.9318 (6) 0.2344 (6) 0.0525 (17)
ol 0.2551 (7) 0.7497 (5) 0.4062 (6) 0.0615 (17)
02 0.2727 (10) 0.7105 (7) 0.2563 (8) 0.080 (2)
03 0.4338 (10) 0.7587 (8) 0.6577(9) 0.088 (3)
H21 0382 (12) 0.767 (9) 0.685 (10) 0.07 (4y*
H22 0.379(15) 0.763 (12) 0.580 (10) 0.12 (6)*
ptl 0.07572(3) 0.85719 (3) 031606 (3) 0.04758 (19)
Atomic displacement parameters (,42 )

it 2 3 72 i3 2
cl 0.077 (7) 0.052 (6) 0.069 (7) —0.020 (5) 0.031 (6) 0.003 (5)
) 0.070 (6) 0.095 (9) 0.094 (8) 0.007 (6 0.057 (6) 0.031 (7
C3 0.057 (5) 0.067 (7) 0.075 (7) 0.015 (5) 0.033 (5) 0.015 (%)
C4 0.038 (5) 0.050(5) 0.066 (6) 0.001 (4) 0.036 (5) 0.008 (5)
cs 0.071 (7) 0.076 (8) 0.100 (9) 0.017 (6) 0.050 (7) 0.004 (6)
C6 0.075 (7) 0.102 (9) 0.054 (6) 0.018 (6 0.036 (5) —0.005 (6
C7 0.079 (8) 0.108 (11} 0.054 (6) 0.023 (8) 0.018 (6) —0.027(7)
c8 0.069 (8) 0.082 (9) 0.107 (12) —0.003 (6) 0.030 (8) —0.035(8)
o 0.035 (6) 0.068 (7) 0.103 (10) —0.002 (5) 0.029 (6) —0.020 (7)
C10 0.043 (4) 0.049 (5) 0.073 (6) 0.000 (4) 0.027 (4) —0.003 (4)
cl 0.035 (3) 0.055 (6) 0.072 (6) 0.018 (4) 0.042 (5) 0.017(3)
Cl2 0.066 (6) 0.070 (7) 0.134 (12) 0.007 (6) 0.067 (7) 0.031 (8)
C13 0.095 (9) 0.120(13) 0.116 (12) 0.016 (8 0.083 (9) 0.047 (10)
C14 0.106 (9) 0.121 (12) 0.079 (8) 0.039 (9) 0.072 (8) 0.037 (8)
Cls 0.088 (7) 0.078 (7) 0.058 (6) 0.014 (6 0.051 (6) 0.003 (5)
N1 0.048 (4) 0.051 (4) 0.048 (4) 0.000 (3} 0.029 (3) 0.006 (3)
N2 0.056 (4) 0.058 (4) 0.052 (4) 0.008 (4) 0.036 (3) 0.009 (4)
o1 0.063 (4) 0.062 (4) 0.055 (4) 0.014 (3) 0.032 (3) 0.006 (3)
o)) 0.108 (6) 0.095 (6) 0.084 (6) 0.025 (5) 0.067 (5) 0.014(5)
03 0.070 (5) 0.118 (8) 0.068 (5) —0.001 (5) 0.035 (5) 0.014(5)
Ptl 0.0491 (2) 0.0487 (3) 0.0473 (3) 0.00074 (14) 0.02902 (18) 0.00514 (14
Geometric parameters (4, ©)
Cl—Ptl 2.036 (10) C7—HI14 0.9300
Cl—H1 0.9600 C8—C9 1.37(2)
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C1—H3
C1—m2
C2—Ptl
C2—Hs
Cc2—Hs
C2—H4
C3—Ptl
C3—H9
C3—H8
C3—H7
C4—02
C4—01
4—Cs
Cs—Hi1
C5—H10
C5—HI12
C6—NI
c6—C7
C6—H13
C7—C8
Pt1—C1—HI
Pt1—C1—H3
H1—C1—H3
Pi1—C1—H2
H1—C1—H2
H3—C1—H2
Ptll—C2—Hé
Pt1—C2—H5
H6—C2—H5
Pi1—C2—HA
H6—C2—H4
H5—C2—HA4
Pt1—C3—H9
Ptl—C3—H8
H9—C3—H8
Pll—C3—H7
Ho—C3—H7
H8—C3—H7
02—C4—01
02—C4—C5
O1—C4—C5
C4—C5—HI1
C4—C5—HI10
H11—C5—HID
C4—C5—HI2
H11—C5—HI2
H10—C5—H12
N1—C6—C7
N1—C6—H13

0.9600
0.9600
2.041 (11)
0.9600
0.9600
0.9600
2.032 (%)
0.9600
0.9600
0.9600
1.258 (13)
1.259 (12)
1.518 (14)
0.9600
0.9600
0.9600
1.335 (13)
1.403 (18)
0.9300
1.36 (2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
126.2 (9
117.9 (10)
116.0 (10)
109.5
109.5
109.5
109.5
109.5
109.5
121.4(13)
1193

C8—HI15
C9—C10
Co—Hl6
C10—N1
C1o—Cil
C11—N2
cl1—Ci2
C12—C13
C12—H17
C13—C14
C13—HI18
C14—C15
C14—H19
C15—N2
C15—H20
NI1—Ptl
N2—Ptl
O1—Ptl
03—H21
03—H22
NI—C10—C11
C9—C10—Cl1
N2—CI11—Cl12
N2—CI1—CI0
C12—C11—C10
C11—C12—C13
C11—C12—H17
C13—C12—H17
C14—C13—Cl12
C14—C13—HI8
C12—C13—HI8
C13—C14—C15
C13—C14—HI9
C15—C14—H10
N2—C15—C14
N2—C15—120
C14—C15—H20
C6—N1—C10
C8—N1—Pt1
C10—N1—Ptl
C15—N2—C11
C15—N2—Ptl
C11—N2—Ptl
C4—01—Ptl
H21—03—H2?2
C3—Pt1—Cl1
C3—Pt1—C2
C1—Pt1—C2
C3—Pt—N2

0.9300
1.382(15)
0.9300
1.345(13)
1.474(15)
1.349 (13)
1.391 (15)
1.40 (2)
0.9300
133(2)
0.9300
1381 (17)
0.9300
1.326 (12)
0.9300
2.161 (7)
2.152 (7)
2.168 (6)
0.85 (9)
0.88 (11}
117.4 (8)
1214 (11)
120.2 (11)
115.6 (8)
1242 (11)
118.7 (13)
120.6
120.6
119.7 (12)
120.2
120.2
119.7 (13)
120.1
120.1
121.9(12)
119.1
119.1
119.3 (9)
1263 (8)
114.4 (6)
119.8 (9
1248 (8)
115.4 (6)
126.0 (6)
112 (10)
89.0(5)
89.2 (5)
85.1(5)
89.6 (4)
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C7—C6—HI3 1193
C8—C7—C6 118.8 (13)
C8—C7—Hl4 120.6
C6—C7—H14 120.6
C7—C8—C9 119.7(13)
C7—C8—H15 120.1
CoO—C8—HIS 120.1
C8—C9—C10 119.6 (14)
C8—C9—H16 120.2
C10—C9—HI6 120.2
N1—C10—C9 1212 (1)
N1—C6—C7—C8 ~1.9(18)
C6—CT—(C8—C9 2(2)
C7—C8—Co—C10 —0.1(19)
C8—C9—C10—NI1 ~1.1(16)
C8—C9—C10—C11 179.9 (10)
N1—C10—C11—N2 ~4.0(12)
C9—C10—C11—N2 175.0 (9}
N1—C10—C11—C12 177.5 (9)
CO—C10—C11—Cl12 ~3.5(14)
N2—C11—C12—C13 ~1.7{15)
C10—Cl11—C12—CI3 176.7 (10)
Cl1—C12—C13—Cl4 02(19)
C12—C13—C14—Cl5 002)
C13—C14—C15—N2 0.5(18)
C7—C6—N1—C10 0.7(15)
C7—C6—N1—Ptl ~177.7(8)
C9—C10—N1—C6 08(13)
Cl1—Cl0—N1—C6 179.8 (8)
C9—C10—N1—Ptl 179.3 (7)
Cl1—Cl0—N1—Ptl ~1.7(10)
Cl4—C15—N2—Cl1 ~2.0(15)
Cl14—C15—N2—Ptl 174.0 (8)
C12—C11—N2—C15 2.6(13)
C10—C11—N2—CI15 ~176.0 (8)

Hydrogen-bond geometry (4, 9

D—H--d4 D—H
03—H22--01 0.88 (11)
03—H21--02 0.85(9)

Symmetry codes: (1) x, —v+3/2, z+1/2.

C1—Pt1—N2
C2—Pt1—N2
C3—Ptl—NI1
C1—Pt1—N1
C2—Pil—NI1
N2—Ptl—NI1
C3—Pi1—01
Cl1—Pt1—01
C2—Pi1—01
N2—Ptl—O1
N1—Pt1—O1
C12—C11—N2—Pt1
C10—C11—N2—Ptl
02—C4—01—Ptl
C5—C4—01—Ptl
C15—N2—Pt1—C3
C11—N2—Pt1—C3
C15—N2—Pt1—C1
C11—N2—Pt1—C1
C15—N2—Ptl—N1
C11—N2—Pt1—N1
C15—N2—Ptl—01
C11—N2—Pt1—0O1
C6—NI—Pt1—C3
C10—N1—Pt1—C3
C6—NI1—Pt1—C2
C10—N1—Pt1—C2
C6—NI1—Pt1—N2
C10—NI1—Ptl—N2
C6—NI1—Pt1—01
C10—N1—Ptl—01
C4—01—Pt1—Cl1
C4—01—Ptl—C2
C4—0O1—Ptl—N2
C4—01—Ptl—N1

Hed
1.96 (11)
1.96 (10)

DA
2.836 (12)
2.810 (14)

99.9 (4)
1748 (5)
89.8 (4)
176.5 (4)
98.2 (4)
76.7 (3)
176.2 (4)
92.5 (4)
87.4(4)
93.6 (3)
88.9(3)
~1738(T)
7.6 ()
3.0(15)
~177.2(T)
—02.8 (8)
83.5(7)
-38(9)
172.4 (6)
1773 (8)
~6.4(6)
89.3(8)
~04.5 (6)
93.0 (9)
~85.4 (T
38(9)
—174.6 (6)
~177.4(8)
42(8)
~83.4(8)
98.2 (6)
53.5(8)
138.9 (9)
—46.2 (8)
~1228(8)

D—Hed
172 (15)
177 (11
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Fig. 1
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