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Résumé: Les travaux de cette these intitulée
« Associations supramoléculaires des Complexes de
clusters métalliques avec les cyclodextrines : Des
interactions en solution a la conception de systemes
mixtes Clusters-polyoxométallates » portent sur
I’encapsulation de clusters octaédriques par des
oligosaccharides cycliques appelés cyclodextrines.
La premiére partie de ce travail concerne 1’étude en
solution aqueuse du comportement de clusters de
rhénium cationiques [ResQs(H.0)s]** (avec Q = S ou
Se) ou anioniques du type [ResQs(CN)s]* (avec Q =
S, Se ou Te) vis-a-vis de cyclodextrines de type a, B
et y. Les études menées en solution au moyen de la
RMN de 'H montrent que les clusters aquo
cationique  [ResQs(CN)¢]*  interagissent  trés
faiblement avec la cyclodextrine y (noté y -CD) alors
gue la diffraction des rayons X révéle que ces
systémes cristallisés contiennent I’adduit
supramoléculaire  de  type  hote-invité  de
stoichiométrie 1:1 {[ResQs(H,0)¢]@g-CD}** sans
que I’analyse structurale ne révele d’intéractions
attractives significatives entre le cluster et le
macrocycle. L’étude des dérivés anioniques cyano
[ResQs(CN)s]* (Q = S, Se ou Te) a permis d’établir
les critéres favorisant les interactions de type hote-
invité. Les études en solution montrent que pour ces
systemes cluster-CD, les interactions
supramoléculaires peuvent étre classés selon 1’ordre
a-CD < B-CD < y-CD. Cependant, la nature du
ligand chalcogénure (Q = S, Se, Te) a aussi une
influence déterminante dans le processus de
reconnaissance supramoléculaire en suivant le
classement suivant S < Se < Te. Les études RMN
'H, "'Se et '*Te complétées par la détermination par
ITC des grandeurs thermodynamiques associées au
processus de reconnaissance hote-invité. Ces études
révélent dans tous les cas que le processus de
reconnaissance est tres largement favorisé d’un point
de vue enthalpique alors que la contribution
entropique est toujours défavorable. Cette signature
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thermodynamique peut étre reliée au comportement
chaotrope de ces ions en solution. Les études
structurales menées par diffraction des rayons X ont
dans tout les cas montrées des associations
supramoléculaires qui peuvent différer subtilement
selon la nature du cluster et le type de cyclodextrine.
Enfin, des études électrochimiques confirment les
résultats précédents et mettent davantage en lumiere
le role déterminant de la charge ionique sur la
stabilité des agrégats supramoléculaires.

Ces complexes de rhénium ont été engagés dans des
associations inédites avec des polyoxométallates.
L’idée sous jacente de cette étude repose sur la
création de systéme « push-pull » inorganiques
associant une unité riche en électrons (le cluster)
avec unité pauvre en électrons (le POM). Plusieurs
structures sont décrites avec 1’ion de Dawson
[P2W18062]6' ou un POM géant dérivé des bleus de
molybdéne. Elles démontrent le role déterminant de
la cyclodextrine dans le processus d’interaction qui
permet d’associer des anions cluster-POM. Ces
composés apparaissent comme de trés bon candidats
pour 1’¢laboration de phases nanostructurées a base
d’oxychalcogénures métalliques.

Dans une derniére partie, les travaux ont été
étendus aux clusters {MGXBCIG}Z' (avec M = Mo ou
W et X = Br ou I). Bien que certains d’entre eux
présentent des propriétés remarquables de
luminescence, leur faible résistance a 1’hydrolyse en
milieu aqueux limite considérablement leur
utilisation pour des applications biomédicales. Ce
travail réalisé au moyen de la RMN de *Cl et UV-
vis montre que les associations supramoléculaires de
type hote-invité permet de stabiliser de facon
spectaculaire ces clusters. Des études préliminaires
de cytotoxicité et de photothérapie dynamique
(PDT) menées sur certains de ces systemes cluster-
CD montrent des résultats encourageant qui
augurent de belles perspectives pour
I’avenir.
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Abstract: In this work, we report in first part
the detailed study of the interaction of rhenium
cluster ~ complexes [{ResQs}(H.0)e]**  and
[{ResQa}(CN)*™ (Q = S, Se, Te) with
cyclodextrins (a, B and y). Upon dissolving the
reagents in water and then evaporating the solution
or diffusion of ethanol vapors into the solution,
crystalline  products were obtained  which
crystallized as fragments without the formation of
host-guest compounds (a-CD and Q = Se, Te ) or
inclusion compounds with weak interactions with
the primary or secondary face of CD (B-CD and all
complexes, y-CD / a-CD and Q = S), or very tightly
coupled inclusion compounds involving the
secondary face of CD (y- CD and Q = Se, Te), which
was confirmed by XRD. Moreover, similar behavior
was found in aqueous solutions using a wide range
of methods such as NMR spectroscopy (both from
the host and the guest side), ITC, mass spectrometry,
etc. Also, it was demonstrated that the inclusion
cyclodextrins strongly affects the properties of
cluster complexes, especially redox and luminescent.
All data obtained by solution methods lead to the
identification of two main factors of interaction with
the CD, namely: (1) size-matching of host and guest,
(2) the chaotropic nature of the guest. The
chaotropic effect (the water structure breaking) of
the complexes makes a significant contribution to
the formation of inclusion compounds, however,
when size-matching is additionally observed, the
interaction becomes even stronger. The chaotropic
effect was also confirmed by studying two
complexes with different charges. Thus, an increase
in the chaotropic effect without changing the size of
the complex led to an increase in the binding
constants with y-CD by approximately 1000 times.

In the second part, we have demonstrated that
the inclusion compounds of rhenium cluster
complexes with cyclodextrin can be combined with
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Cluster Chemistry e

Polyoxometalate e Cyclodextrin.

other  functional inorganic  compounds -
polyoxometalates. In such three-component systems,
cyclodextrin plays the role of a binding agent. In the
case of a logical combination of oppositely charged
cationic cluster complexes and a Dawson-type
anion, the system is mainly formed due to the strong
bond between the POM and the CD, since cluster
interacts very weakly with CD. On the other hand,
ions of the same charge (anionic cluster and anionic
POM) can also form three-component systems,
which are mainly based on inclusion of cluster into
CD. Moreover, inclusion compounds can participate
in the formation of nanoscale supramolecular
ensembles with a nano-wheel {Mois,}, which exist
both in solid state and in aqueous solution.

In the last part, it was demonstrated that, using
the supramolecular approach, it is possible to
stabilize molybdenum and tungsten cluster
complexes with low hydrolytic stability in aqueous
solutions. For the first time, water-soluble
Na,[{MeXs}Cls] complexes (M = Mo, W, X = Br, 1)
were obtained and the kinetics of substitution of
terminal ligands in water was studied in detail.
Adding y-CD to the system leads to the formation of
strong inclusion compounds in a 1:2 ratio with the
participation of the secondary face of cyclodextrin.
Moreover, inclusion in y-CD significantly reduces
the rate of substitution of terminal ligands and
allows us to obtain solutions that are stable for at
least several months. The obtained compounds
possess the best photophysical characteristics of
luminescence in  aqueous solutions among
molybdenum and tungsten cluster complexes. Also,
inclusion in the CD allowed us to study for the first
time the redox properties of complexes in water. In
conclusion, it was demonstrated that such systems
have the lowest cytotoxicity, which makes them
promising for further studies for use in biology and
medicine.

Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



ACKNOWLEDGMENTS

The author thanks a lot the supervisors Dr. Prof. Emmanuel Cadot and Dr. Yuri V.
Mironov for thier help in setting goals and objectives in carrying out work and discussing the
results obtained, for consulting on all issues regarding the work done. Also author thanks to the
Center for Collective Use of the Institute of Inorganic Chemistry SB RAS for carrying out
experiments on characterization of cluster complexes and inclusion compounds based on them,
Colleagues from NIIC SB RAS: Dr. Pavel Abramov for carrying out XRD analysis, Dr. Anna
Zubareva for prerforming CHN analysis, Dr. Konstantin Brylev for studying luminescent
properties of rhenium compounds, PhD student Darya Evtushok for assisting in mastering the
techniques for producing tungsten cluster complexes, PhD student Igor Novozhilov for
providing the results of tungsten halogenide complexes redox properties. Dr. Kamil Prof. Lang
and Dr. Kaplan Kirakci (IIC CAS, Lezh, Czech Republic) for studying the luminescence
properties of rhenium cluster complexes with cyclodextrins. Dr. Yann Molard and Dr.
Stéphane Cordier (ISCR, Rennes, France) for their help in studying the luminescent properties
of molybdenum and tungsten compounds and consulting on all questions concerning the work
done. Dr. David Landy (UCEIV EA, Dunkirk, France) for performing isothermal titration
calorimetry. Dr. Pascale Changenet and Kevin Laouer (LOB EP IPP, Palaiseau, France) for
study of circular dichroism. Dr. Natalie Leclerc (ILV UVSQ, Versailles, France) for carrying
out thermogravimetric analysis and assistance in obtaining of polyoxometalates. Aurélie
Damond (ILV UVSQ, Versailles, France) for performing mass spectrometry experiments.
Dr. Sébastien Floquet (ILV UVSQ, Versailles, France) for assistance in administrative matters
and advice on work. Dr. Tatyana Frolova (ICG SB RAS), Ph.D. Olga Koval (ICBFM SB
RAS) and PhD student Tatyana Pozmogova (ICEL — a branch of the ICG SB RAS) for
conducting biological research. Many thanks to Dr. Mohamed Haouas (ILV UVSQ, Versailles,
France) for helping to carry out NMR experiments, discuss and process the data. Special
thanks to Dr. Clement Falaise (ILV UVSQ, Versailles, France) and Dr. Michael Shestopalov
for their invaluable assistance in mastering many methods, in discussing the results and

support at all stages of the work.



TABLE OF CONTENT

ACKNOWLEDGMENTS ...ttt e e st e e et e e snbe e e s baeeennaeas 4
LIST OF ABBREVIATIONS ... .ottt ettt raa e nnneas 8
INTRODUGCTION. ..ottt e et e e et e e e tb e e e anbe e e e nraeeesnreas 10
CHAPTER 1. LITERATURE REVIEW........oc et 16
1.1. Octahedral metal ClUStEr COMPIEXES ......covvviiiiiiieiieiiee e 16
1.1.1. Methods for the preparation of metal cluster COMpleXes...........ccovvvvrvererennnnn. 18
1.1.1.1. Obtaining related polymer COmMpPoUNGS..........ccceviveiiieiiienieie e 19
1.1.1.2. Obtaining metal clusters as molecular compounds...........c.cccccvevvvevesivennnnnn 21

1.1.2. First studies of properties of cluster COMPIEX.........cccovvviiiiiiiiieiieiic e 23
1.1.2.1.  LUMINESCENT PrOPEITIES. ...uvieieieeeiieeitieesteeetee et esteesraeesrae e eesra e e taeenaeeanes 23

O O -0 (0 ) o] 0] 0T =TSSR 25

1.1.3. Methods of modifying the apical ligand environment .............ccccoeevviieiieecnenne, 26
1.1.4. Materials based on metal cluster COMPIEXES .........ccccevviiiiiiiiin i 31
1.1.5. Perspectives for molecular complex applications in biology and medicine....... 33

O @4 o] (00 (= q [ S ST 36
1.2.3. Inclusion complexes with organic COMPOUNS .........ccccevvvrieiieriienieeneeseeseennens 37
1.2.4. Inclusion complexes with inorganic COMPOUNGS ........cccovviieiieriiinniesieneeseenieas 38
1.2.4.2. Supramolecular adducts with borate clusters.........ccccccceviviviviiie e, 39
1.2.4.3. Supramolecular adducts with polyoxometalates ............ccccccoveveviveinennn. 41
1.2.4.4. Supramolecular adducts with cluster compounds..........c.cccccevrvverinecinennee. 46
1.2.4.5. Three-component systems with cyclodextrin ..........c.cccccevieevieece e, 47
CHAPTER 2. EXPERIMENTAL PART ..o ol
2.1. Materials and MEethOdS. ..........oouiiiiiii e 51
2.2. Syntheses of CluSter COMPOUNGS .........ccviiiiieiie e 55
CHAPTER 3. RESULTS AND DISCUSSION .....cooiiiiiiiiiiiee i 66
3.1. Interactions of cyclodextrins with rhenium cluster complexes..........cc.ccocvrvrnnnens 66
3.1.1.  System p-CD and [{ResQs}(H20)6]% (Q =S, S€) couvuveeeieeeeeeeeeseeeeseeeeees e 67
3111, CryStal SEFUCTUIES .....eeeiiece ettt et 67
3112, THNMR SEUAIES......oocvvviireiiiciiee s 68

3.1.2.  System a-CD and [{RegQs}(CN)e]* (Q =S, S& Te) civuveveeeeeeeeeeeeeeereeeeee e 69
3.1.2.1.  CryStal SEFUCTUIES .....oeeiiie ettt et snae e e 69
3122, THNMR SEUAIES......oocvvviieriisciisee s 72



3.1.2.3.  EIeCtroChEMUSTIY ..ocuooiiieiieciie e 73

3.1.3. System #-CD and [{ResQs}(CN)6]" (Q =S, S€, T€) e, 76
3.1.3.1.  Crystal SLFUCLUIES ....cveeiviiiiiccieccie ettt 76
3.1.32.  H, "Se and " Te NMR StUIES ......c.ovvvverrereirciiesisiee s 77
3.1.3.3.  EIeCtroCheMUSIIY .....ooiuiiiiiiiie ettt 79

3.1.4. System p-CD and [{ResQs}(CN)]" (Q =S, S, T) oeeeeeeeereeeeeeeeeeeeeeeeeeeeene 80
3.1.4.1.  Crystal SLFUCTUIES ....ccveeiiieiie ettt st re e 80
3.1.4.2.  H, "Se and " Te NMR StUIES ......c.ovvvverrirrireiieeisiee s 82
3.1.4.3.  EIeCtroCheMUSIIY .....coiuiiiiii ettt 85
3.1.4.4.  LUMINESCENT PrOPEITIES ..ccvviiiiciiieitieiteesieeite et sreesre e 87

3.1.5. Comparative study of the system CD and [{ResQs}(CN)s]* (Q = S, Se, Te)...... 89
3.1.5.1.  MaSS SPECTIOMETIY ....eeiiiieiiie ettt ettt 89
3.1.5.2. Isothermal titration CalorimEetry ........ccccoiieiiiieie e 90
3.1.5.3.  Circular DICAIOISIM ......ccviiieiieiiecie e 93

3.1.6. System p-CD and oxidized [{ResSe}HCNY6]> w.oevviviereeeeeeeeeeeeeeeeseee e 94
3.1.6.1.  Crystal StruCture analysisS .........ccciveiiiiiiiiiii e 95
3.1.6.2.  SOIULION STUAIES ....ovveieieiiie ettt 96

3.1.7. Conclusion about the redox influence [{ResQsHCN)s]* (Q = S, Se, Te) ..... 100

3.2.  Three-component systems with polyoxometalates ............cccocvivviniiniiiniineiinnnnnnn 101

3.2.1.  System rhenium complexes / p-CD/ [P;W 1806217 vevevreereereeeeseeeeeeeeeeeeeeeeene 102
3.2.1. 1. CryStal SEFUCTUIES ......ociiiecie et n e e nree s 103
3.2.1.2. NMR STUAIES ...ttt 105

3.2.2.  System rhenium complexes / p-CD/ M0154 «Wheel» ........cccvveevvvciiiiciieec, 107
3.2.2.1.  CryStal SEFUCTUIES ......oeiiiecie e snae e e e eenree s 109
3.2.2.2. NMR STUAIES ...ttt 110

3.2.3.  Conclusion for three-component SYStEMS..........cccverireriieerie e see e 111

3.3. Interactions of cyclodextrins with molybdenum and tungsten cluster complexes

112
3.3.1. Obtaining the cluster complexes as PreCursSOrsS........ccccvveieeeieesieesieeseeeseeenns 113
3.3. 1.1, CryStal SEFUCTUIES .....oeiiiic et s e e e nee s 113
3.3.1.2. Stability in water SOIULIONS.........cccoieeiieci e 114
3.3.2.  INteractions WIth p-CD ......cccioiiiiiiiiiieese e 118
3.3.2.1.  CryStal SEFUCTUIES .....ooeiiieeciie ettt e e sneeeree s 119
3.32.2.  THNMR STUAIES.......ocvverirciieiic s 122



3.3.2.3.  EIeCtroChemMUSTIY .....coiiiiiiciecece e 124

3.3.2.4.  LUMINESCENT PrOPEITIES ...ccuviieieciecieeciee sttt 126
3.3.2.5. Stability in water SOIULIONS..........cccecveiieiiecee e 130
3.3.2.6. Biological Properties........ccccieiiiiiieiieiie e 132
3.3.3.  Conclusion for the systems y-CD and Mo- or W-containing complexes.......... 136
CONCLUSION ..ottt et b et eabe st ne st eneste e ens 138
REFERENQCES...... .ottt ettt sttt sa bt te st se sttt s ene s 140
SUPPORTING INFORMATION ....ciiiiiiiiieit ettt sttt n s 1



LIST OF ABBREVIATIONS
CD - cyclodextrin
EDS — Energy-dispersive X-ray spectroscopy
IR — infrared radiation
MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
HelLa — cervical cancer cell culture
IHF — immortalized human fibroblasts
OMCC - octahedral metal cluster complex
CVE — cluster valent electron
TBA — tetrabutyl ammonium
NMR — nuclear magnetic resonance
redox — reduction-oxidation
PEt; —triethylphosphine
MeCN — acetonitrile
DMSO — dimethyl sulfoxide
DMF — N,N-dimethylformamide
EtOH — ethanol
SCE — saturated calomel electrode
OTs — tosylate ion
3,5-MeypzH — 3,5-dimethylpyrazole
LC — liquid crystal
MOF — metal organic frameworks
BTA — benzotriazolate ion
Ph — phenyl
PDT — photodynamic therapy
CGTase — cyclodextrin glycosyl transferase
POM - polyoxometalate
CC — cluster complex
ITC — isothermal titration calorimetry
XRD — X-ray diffraction analysis
CV — cyclic voltammetry

CDC — circular dichroism



TGA — thermogravimetric analysis

UV-vis — Ultraviolet-visible spectra

ESI-MS - Electrospray ionization mass-spectrometry
Diglyme — bis(2-methoxyethyl) ether

GPMG — Carr-Purcell-Meiboom-Gill

FBS — fetal bovine serum

DMEM - Dulbecco's Modified Eagle Medium
PBS — phosphate buffered saline

CM - confocal microscopy

DAPI — 4',6-diamidino-2-phenylindole

FACS - Fluorescence-activated cell sorter

SR —scan rate

AA — ascorbic acid



INTRODUCTION

Relevance of the work

In recent decades, the supramolecular approach to get new functional materials has been
actively developed. Starting from the observation of lock-key systems in enzyme-substrate
interactions, this method has evolved into the development of molecular mechanisms and very
complex self-organizing structures, sensors and devices for electronic, biological or synthetic
self-replicating systems, etc. Cyclodextrins (CD) are cyclic oligosaccharides formed from
glucopyranose units have been shown to be convenient hosts for the inclusion of various

poorly water-soluble compounds or hydrophobic organic molecules,*™*2

resulting in a huge
variety of biomedical products. In the past few years, it has been demonstrated that inorganic
units such as borate clusters, polyoxometalates, and metal cluster complexes can form strong
compounds with cyclodextrins. Such systems display various organizations of closely
embedded complexes in one or two cyclodextrins that exist both in agueous solution or in solid
state.

In this thesis manuscript, it is proposed to use the supramolecular approach that allows
encapsulation of octahedral cluster complexes containing molybdenum, tungsten and rhenium
in cyclodextrins. In their individual form, such cluster complexes possess a number of relevant
physicochemical properties, such as high X-ray contrast, luminescence in the red and near-IR
spectral regions with high quantum yields and emission lifetimes, reversible one-electron
oxidation, etc."*?° Due to these properties, they can be used in biology and medicine as
multifunctional agents for photodynamic therapy and computed tomography, components of
fluorescent and catalytic systems, etc. However, most often these complexes are not soluble or
unstable in agueous solutions which greatly reduces their potentiality.

Thus, a systematic study of the formation scheme of inclusion compounds based on
cyclodextrin and cluster complexes, dependencies of luminescent and redox properties, the
effect of their inclusion in cyclodextrin on toxic effects, etc. corresponds to a relevant area of
research. Moreover, the combination of electron-rich cluster complexes with electron-poor
polyoxometalates can contribute to the development of a new type of photocatalytic materials.

The degree of elaboration of the research topic

The chemistry of molybdenum, tungsten and rhenium cluster complexes is currently very
widely developed. The literature presents a wide variety of compounds and methods for their

preparation, as well as their physicochemical properties have been extensively studied. Such an
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array of accumulated data contributed to the emergence of work aimed at finding the potential
use of these cluster complexes, in particular, as components within luminescent materials,
catalytic systems, as well as materials for biomedical applications.**®%! Since metal cluster
complexes are most often insoluble in water or nearly unstable in aqueous solutions, the
inclusion of complexes in various organic or inorganic matrices has been actively investigated
in order to expand the potential of their use, especially in biology and medicine. However, the
supramolecular approach has practically not been presented in the literature, although it can
also contribute to the stabilization of complexes in solutions and imparting biocompatibility.

On the other hand, the chemistry of cyclodextrins and related compounds is widely studied
and give a large number of examples of real applications. However, in this area, inclusion
compounds of hydrophobic organic molecules are mainly known, while inclusion of functional
nanoscale inorganic complexes originates only in 2015. Prior to this work, a few of works with
borate clusters, polyoxometalates and one example of the inclusion of a metal cluster complex
were reported.*

Thus, the preparation of metal cluster complexes with cyclodextrins corresponds to an
important task due to the large potential of their use in various areas of human life (biology,
medicine or materials). Moreover, the possibility of modifying cyclodextrins, as well as the
variation of cluster complexes, will make possible to extend further properties required for
specific applications.

The purpose of the work lies in the investigation of inclusion compounds of molybdenum,
tungsten and rhenium octahedral cluster complexes with cyclodextrins to impart solubility and
stability complexes in aqueous solutions, to increase their hydrolytic stability and
biocompatibility, as well as to combine with polyoxometalates. In order to achieve this goal,

the following tasks were accomplished:

e Obtaining inclusion compounds of metal cluster complexes with various cyclodextrins
in both solid state or aqueous solutions;

e Characterization of the related compounds in order to identify the different contributors
responsible of the host-guest stability;

e Study of the effect of cyclodextrins on the physicochemical properties of cluster

complexes (redox, luminescence...);
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e Study of hydrolitic stability in aqueous solutions of molybdenum and tungsten cluster
complexes in the presence of cyclodextrin;

e Study of the biological properties of the supramolecular host-guest compounds such as
dark and photo-induced cytotoxicity and cellular penetration;

e Study of the interaction of inclusion compounds with polyoxometalates allowing the
design of three-component systems.

Scientific novelty of the work

For the first time, a whole series of inclusion compounds of molybdenum, tungsten and
rhenium cluster complexes with a-, B- and y-cyclodextrins was obtained. Supramolecular
interactions of rhenium-containing cluster complexes with cyclodextrins are studied in detail.
It has been demonstrated that cluster complexes can form different inclusion compounds
depending on the inner and terminal ligands, as well as the size of the cyclodextrin, and exist
both in solid state or in aqueous solutions. It is shown that the nature of the interaction is due
to two main factors: the size-matching between the guest and the host and the solvent effects
that could be prominent in these supramolecular based on weak non-covalent interactions.
Strikingly, the presence of cyclodextrins significantly alters the physicochemical properties of
the clusters, especially the redox and luminescent ones.

Besides, the kinetics of hydrolysis of molybdenum or tungsten-containing clusters were
studied in aqueous solutions. It is demonstrated that the host-guest derivatives of these
complexes in y-cyclodextrin contributes significantly to their stabilization. It is shown that
such inclusion compounds exhibit luminescent properties comparable to the inital cluster
complexes. The redox properties of molybdenum and tungsten complexes in aqueous solution
were evidenced for the first time. About of their biological properties, it was shown that such
inclusion compounds retain the lowest cytotoxicity indicators among the known water-soluble
complexes of molybdenum and tungsten. Besides, it has been shown that the host-guest
compounds penetrate cancer cells and do not penetrate healthy ones.

Using inclusion compounds of rhenium cluster complexes with cyclodextrins, the
possibility of combining compounds with polyoxometalates has been evidencing. Analysis of
the different forces contributing to the supramolecular cohesion appear rather consistent with
strong solvent effect arising from the presence of the cyclodextrin. For a system with a nano
“wheel” {Mois4}, the template effect of inclusion compounds was found, leading to the rapid
formation of noteworthy nanoscale three-component systems.
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The results of this work make a significant insight not only inside the fundamental
knowledge in the field of supramolecular chemistry, but also in the design of multifunctional
materials giving the primary keys for the further development of practical applications using
octahedral cluster complexes.

The practical significance of the work

This work allowed gathering a set of data that describes the formation of inclusion
compounds and related systems such as three-component systems. Solution studies have
allowed determining physicochemical and biological properties, thus demonstrating the high
flexibility of these systems in terms of properties and composition for the targeted applications
in biology and medicine. On the other hand, the developed approaches for obtaining three-
component systems open up the possibility of developing breakthrough materials, useful in
photocatalysis such as Hydrogen Evolution Reaction (HER) from the water splitting processes.

The data on the crystalline structures of the new compounds obtained in the framework of
this thesis manuscript are deposited in the structural data banks and are publicly available.

Methodology and methods of research

The research methodology consists of several steps of synthesis such as i) synthesis of the
the octahedral clusters as precursor, ii) formation of the host-guest inclusion compounds of
cluster complexes into cyclodextrins, and iii) synthesis of the three-component systems with
cluster/CD and polyoxometalates. Cluster complexes of Na,[{MeXg}Clg] (M = Mo, W, X = Br,
I) were obtained by cations metathesis in organic solvent. Inclusion compounds of
molybdenum, tungsten and rhenium cluster complexes with cyclodextrins were obtained by
mixing aqueous solutions. Crystalline materials were obtained through evaporating the solvent
or through diffusing ethanol into the solutions. Three-component systems including Dawson-
type anions were obtained by mixing aqueous solutions of each component and subsequent
slow evaporation while systems based on the molybdenum “wheel” {Mo0;5,} Were obtained
through a one-pot procedure. Resulting compounds were characterized using modern
equipments and methods such as UV-vis, IR spectroscopy, elemental CHN and EDS analyzes,
X-ray diffraction analysis, etc. The supramolecular compounds in solution were studied using
multinuclear liquid state NMR (*H, 3C, 3P, 1*Te, "'Se, ¥¥W), ESI-mass spectrometr etc. The
constants and thermodynamic parameters related to the formation of inclusion compounds
were investigated using isothermal titration calorimetry (ITC). The imparting chirality from

cyclodextrin to cluster complexes was investigated using circular dichroism (CD). The redox
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properties were studied in HCIO, aqueous solutions using using cyclo-voltammetry or rotating
disc electrode electrochemical methods. The luminescence spectra of the host-guest
compounds were recorded with a red-light-sensitive detector. Quantum vyields are determined
using an integrating sphere for measuring absolute quantum yields of photoluminescence.

Biological studies used HelLa cancer cells and healthy IHF cells. The cytotoxicity of the
materials was studied using the MTT test. Cell imaging was performed using confocal
microscopy techniques. The penetration of compounds into cells was studied by flow
cytometry. To determine photoinduced cytotoxicity, a lamp with a wavelength A > 400 nm was
used, and cell viability after irradiation was determined by the MTT method.

The control of the reliability of the results was performed by conducting cross-analyzes.
The reliability of the evaluation of the cytotoxic effects of the compounds was confirmed by
three converging set of data.

Provisions for the defense:

o Methods for producing water-soluble molybdenum and tungsten cluster complexes,
inclusion compounds molybdenum, tungsten and rhenium cluster complexes with various
cyclodextrins, as well as three-component systems with polyoxometalates;

) Analysis of the crystal structures as well as their behavior in aqueous solutions
investigated by various and complementary methods depending on the cluster complex,
cyclodextrin and polyoxometalate;

. Characterization of the redox properties in aqueous solutions of various
combinations of cluster complexes and cyclodextrins;

. Characterization of the luminescent properties and study of photogeneration of
singlet oxygen from host-guest compounds photosensitization;

o Study of biological properties on cancer and healthy cell cultures, such as
cytotoxicity, cell penetration, luminescent imaging inside the cell, photo-induced cytotoxicity.

Personal contribution of the author

The author participated in the formulation of the goals and objectives of the overall studies,
the analysis of literature data on the topic of the thesis, the performance of experimental
studies and the processing of the data, the discussion of the results of the work and the
formulation of conclusions. The design of all the compounds indicated in the experimental part
was personally carried out by the author, nuclear magnetic resonance spectroscopy and optical
spectrometry were studied in solutions, the photophysical characteristics of the samples and
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the redox properties were studied, as well as the processing of data obtained on cell cultures.
Diffraction studies of single crystals, as well as interpretation of the data obtained were carried
out with the direct participation of the author of the thesis. The preparation of articles and
abstracts was carried out jointly with the supervisors and co-authors.

Approbation of work

The main results of the work were presented and discussed at international conferences:
International Conference “Journees de Chimie de Coordination 2018 (Brest, France, 2018),
International Seminar “CLUSPOM-2018" (Gif-sur-Yvette, France, 2018), International
Seminar “International workshop on transition metal clusters IWTMC-VI” (Tiibingen,
Germany, 2018), International Conference “Journées de Chimie de Coordination de la SCF”
(Montpellier, France, 2019) and International Conference “XXVII International Conference on
Coordination and Bioinorganic Chemistry” (Smolenice, Slovakia, 2019).

Publications

On the topic of the thesis, 3 articles were published in international journals, which are
included in the list of Web of Science indexed in the international system of scientific citation.

6 abstracts in the materials of international conferences are published.
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CHAPTER 1. LITERATURE REVIEW

Cluster compounds are known for a long time, but owing to the development of diffraction
analysis methods, a better understanding of their intimate structural features allowed
continuous progress of research in this area. In 1964, Professor F.A. Cotton introduced the
concept of “metal atom cluster”,®® which was described as “The term cluster seems an
appropriate one for a finite group of metal atoms which are held together mainly, or at least to
a significant extent, by bonds directly between the metal atoms, even though some nonmetal
atoms may also be intimately associated with the cluster”. Thus, cluster complexes are
compounds with covalent bond between metals, in which the presence of ligands associated
with a cluster is also possible. Compounds with a minimum nuclear ratio equal to two are
suitable for this definition, and the maximum nuclearity can be quite large, depending on the
metal. Also, heterometallic complexes, i.e. complexes containing different metals, are known
in the literature. In this work, only homometallic hexanuclear cluster complexes will be
considered, namely octahedral halide molybdenum and tungsten cluster complexes
[{MsXs}Le]" (M = Mo, W; X = ClI, Br, I; L = organic or inorganic ligand) and octahedral
chalcogenide rhenium cluster complexes [{ResQs}Le]” (Q = S, Se, Te; L = organic or
inorganic ligand), which are the most extensively studied hexa-metal cluster compounds. The
history of the development of these systems will be presented in the chapter 1.1. Octahedral
metal cluster complexes.

1.1. Octahedral metal cluster complexes

The octahedral metal cluster complexes (OMCC) consists of an octahedron of six metal
atoms (Mg) inscribed in a cube of eight inner Xg ligands (halogen or chalcogen), so that each
inner ligand located above the triangular face of the Mg octahedron. Such system as cluster
core {MgXg} is the basis of these compounds. Also, each metal atom is additionally
coordinated by one external (apical or terminal) ligand L, which can be of any nature (Fig. 1).

The theory of cluster valence electrons (CVE) is very useful for describing OMCC and
predicting their properties. For rhenium OMCC, the typical oxidation state of the metal is +3,
and therefore, the octahedron Reg have 24 cluster valence electrons distributed formally as two
electrons per Re-Re bond. In turn, in the molybdenum and tungsten compounds, the oxidation
state is +2, which also gives 24 CVE. Thus, this “magic” number of 24 CVE corresponds to
the electronic configuration which confers the highest stability for this class of octahedral

cluster complexes.
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Figure 1. The structure of metal cluster complexes [{MsXg}L¢]". M — green, Q — purple, L — blue.
OMCCs have a number of physicochemical properties, namely one-electron reversible
oxidation (from 24 to 23 CVE),"*® X-ray contrast due to the high local concentration of heavy

13,14,18,20

atoms in the cluster core, as well as photo- and X-ray-induced luminescence in the

visible and near-IR spectral regions.***"*® Such a diversity of properties allows clusters to be

21,22,25

very promising in various fields as luminescent materials, agents for photodynamic

13,18,20 23,24,30,31

therapy (PDT)?"** or computed tomography, catalysts, etc.

Molybdenum dichloride MoCl,, firstly described in the literature in 1848,* can be called
as the first member of the OMCC class. However, the development of X-ray diffraction and
solution synthesis methods made possible accurate determination of its structure in the last
century. Furthermore the compounds [{MogClg}(OH)4(H,0),]-12H,0 and
[{MogClg}Cly(H,0),]-6H,0, were isolated from hydrochloric acid solutions of MoCl,,*°
while the crystal structure of molybdenum dichloride was determined later in 1967,.%
[{MoClg}Cl,4,Cl,], obtained by decomposition of MoCl; consists of a polymeric compound in
which the cluster cores {MogClg}** are connected in the equatorial plane with the neighboring
cluster cores through chlorine atom to form 2D layers (Fig. 2). Besides, it was established that
tungsten dihalides WX, (X = Cl, Br, 1) are also cluster compounds with a similar structure.*’

The first crystal structures of rhenium OMCC were published with NasResS1, KsResS:,
and Cs,;RegS;5 in 1978.% These data allowed scientists to revisite the structure of ResTe,Brs*
and Re;Se,Xs (X = ClI, Br),** which were obtained in 1971 and, it was found that these
compounds are also cluster complexes (CC) containing the {ResQg} fragment. Accumulation
of data and various examples of derivative OMCC-type compounds, highlight complexity
arising fom the presence of bridged terminal and inner ligand and led to a general method of

describing cluster compounds.*!
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Figure 2. Structure of [{MogClg}Cl,,Cl,]. Mo — green, Cl — violet.
Later, such a view of cluster compound structure was called the «Schafer notation». According

to this notation, additional symbols are introduced to represent the inner L' (i = inner) and
apical L®* (a = apical) ligands. Besides, when the ligand is bridged, it is proposed to use two
superscript characters, such as L*? (apical bridging for both neighboring complexes), L"
(inner bridging for the considered complex and apical for another one) or L*' (apical bridging
for the considered complex and inner for another one). Thus, rhenium complexes Na;RegS:;,
K,ResS1, and Cs,ResS13 previously mentionned can be written as Ma[{ResS'sHS) %2544
(M = Na, K) and Cs,[{ResS's}(S2)* %425 %2] accordingly, that allows to describe conveniently
not only the atomic composition and stoichiometry, but also the main structural features of the
structure of compounds.

Actually, the development of chemistry of octahedral cluster complexes was started really
with the increasing of the structural data for molybdenum, tungsten and rhenium complexes.

1.1.1.  Methods for the preparation of metal cluster complexes

The main method of OMCC synthesis is high-temperature ampoule procedure. In many
case, such methods lead to polymeric compounds containing cluster fragments, but after a
while, some post-treatments of the polymeric substances were found efficient to extract

quantitavely molecular OMCC complexes. have been found.
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1.1.1.1. Obtaining related polymer compounds

As mentioned before, the first molybdenum cluster described was polymeric, retaining the
formula[{MogClg}Cl4,»Cl]. This compound was obtained by decomposition of MoCl; using a
temperature gradient (950 - 850 °C). However, other alternative methods were reported later.
For example, elemental aluminum was used to reduce molybdenum pentachloride at 450 °C.*
Another convenient route of synthesis consists of reacting metallic molybdenum with
molybdenum pentachloride in a sealed ampoule at 800 °C for 3 days, which is still widely used
in the synthesis of chloride cluster complexes.”® First works on MoBr, also described the
decomposition of tribromide MoBr3 in an inert atmosphere at 350 °C.* In turn, Mol, was first
obtained from MoCls and dry HI.* Later, other methods to obtain MoX, (X = Br, 1) were

® aluminum triiodide with

discovered, such as the interaction of HBr with molybdenum,4
molybdenum di- and trioxide** or MoCl, with lithium halides.*” Today, the technique from
stoichiometric amounts of metallic molybdenum and molecular bromine/iodine at 500-700 °C
for 1-3 days usually used to synthesize MoX, (X = Br, 1).%

Although tungsten OMCCs are isostructural with molybdenum analogs, their synthesis is
slightly different. Thus, WCI, was first obtained by decomposition of WCl, at 500 °C. On the
other hand, WBr, was synthesized by the reaction of metallic tungsten with bromine in an
sealed ampoule with a temperature gradient (760 — 560 °C). WI, can be obtained either by
reaction of WClg with HI at 110 °C following by heating in vacuum at 500 °C, or by reaction
of W(CO)g with I, at 120 °C following by decomposition of the product at 600 °C.%

Later, it was demonstrated that WCI, can be obtained by reducing WClg by aluminum with
temperature gradient 475-200 °C,*® as well as by mercury, bismuth or antimony in the
presence or absence of KCI under heating at 335-350 °C depending on the reducing agent.*®
The products obtained were converted into chlorotungstic acid (H3O),[{WsClg}Clg]-7H,0,
which was thermally decomposed under vacuum at 325 °C to form WCI,. Nowadays, the
reduction by bismuth is the main common method for obtaining tungsten chloride cluster
complexes. Recently, another method has been described to synthesize WBr, (analog of
WCI,), namely, the reduction of WBrg by metallic antimony at 350 °C.>° Until now, WI, was
obtained by reaction of WCI, with an excess of KI/Lil eutectic mixture (70/30 mol%) at 540
°C following by washing the reaction mixture from reagents and by-products and heating at
500 °C under dynamic vacuum.”® In 2017-2018, Dr. M. Strobele and Dr. H.-J. Meyer""**

studied in detail tungsten iodides and obtained a large series of compounds with cluster
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structure. W1, in these works was obtained by four-step technique: 1) interaction of WClg with
Sil, at 120 °C for 16 hours following by removal of I, under heating in a stream of argon to
form Wal,; 2) decomposition of Wil, in a sealed quartz ampoule at 450 °C for 2 days, followed
by cooling to 275 °C and aging for 3 days with the formation of Wgly,-21,; 3) removing of I,
from Wsl 1,21, to form a-WI, (Wsly,) in a sealed ampoule with a temperature gradient 350-25
°C for 36 hours; 4) thermal-induced phase transition from a-WI, to B-WI, in a sealed ampoule
at 550 °C. B-WI, is the main modification for all tungsten and molybdenum dihalides
discussed above. The advantage of this method is the high purity and high yield of the final
product.

Rhenium cluster complexes were discovered later than the molybdenum — tungsten —series.
As noted earlier, the first structural data were reported for compounds M,[{ResS's}(S2)*%2S™
22] (M = Na, K) and Cs,[{ResS's}(S2)*%25%%], synthesized by from metallic rhenium, alkali
metal carbonate and hydrogen sulfide at 800 °C.* In the same year (1978), the same
compounds were obtained,” through signicantly different procedure using metallic rhenium,
potassium perrhenate or rhenium disulfide and potassium or sodium carbonate at 750 °C for
one hour. Eventually, other chalcogenide complexes were obtained using strontium or barium
carbonate,”® europium (111) oxide,>® and others.®*® The chemistry of complexes with
tellurium-containing OMCCs is much scarcer. Thus, only one chalcogenide compound with a
core {RegTeg}*" is presented in the literature. [{RegTes}Te;] (hereinafter RegTess, see Fig. 3)

obtained by the interaction of metallic rhenium with tellurium at 800 °C for two weeks.**®*

Figure 3. Structure of cluster compound RegTe;s.

In current works, more attention is paid to chalcohalide rhenium complexes. In these

compounds, the halogen atoms can either be located either at the inner or at the apical sites.
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reacting stoichiometric amounts of rhenium, chalcogen and bromine at different temperatures
(from 800 to 1100 °C) leads to the formation of [{ResQBr'}Bri,] (Q = S, Se)* and
[{ResQ'sQ % 0% ,,Br?,5] (Q = S, Se, hereinafter RegQgBr,)*** compounds. Later, using
chlorine or ReCls as chlorine source in similar reactions, new chalcochloride rhenium
complexes similar to bromide were obtained.®>®” Besides, addition of various metal halides to
the rhenium / chalcogen system leads to a large series of compounds with different
compositions, featured by a pure chalcogenide or mixed ligand cluster core.®®"® Nowadays, the
most common methods for obtaining the OMCC rhenium complexes as precursors lies in the
preparation of ResQgBr, (Q = S, Se) or RegTes compounds from rhenium, chalcogen and
bromine at 850 °C"° or from rhenium and tellurium at 800 °C, respectively.®*®

Thus, starting from simple and easily accessible precursors, OMCC cluster complexes with
different compositions and structures can be obtained, which in subsequent works allowed one
to develop the chemistry of such compounds and study their properties. Further, in the present
literature review, only compounds with a inner homoligand cluster core will be discussed,
namely complexes with cluster core {ResQs}*" (Q = S, Se, Te) and {MsXs}*" (M = Mo, W; X
=Cl, Br, I).

1.1.1.2. Obtaining metal clusters as molecular compounds

Molecular compounds can also be obtained through similar routes that those used for the
synthesis of polymer derivatives. For example, compounds Cs,[{ResSeg}ls],
Csa[{ResSs}Xs]-CsX (X = Cl, Br), Css[{ResSs}s]-2Cs1®®™ were obtained from rhenium,
chalcogen, bromine/iodine, and cesium halide. On the other hand, molybdenum compounds
Cs,[{MogXg}Xe] (X = Br, I) were obtained from MoX, and CsX at 950 and 700 °C for X = Br
and 1, respectively, during three days in a sealed ampoule.®® However, Cs,[{Moglg}¢] salt was
synthesized from Mo, I,, and Csl.®! For X = Br, such reaction was not described in the
literature, but tested in this work, this procedure of synthesis led to the desired product.
Conversely to the Mo-cotaining clusters, few works report on tungsten OMCC in the literature.
Compounds A'[{W¢Brg}Bre] and A',[{WsBrg}Brs] were obtained in a sealed ampoule by the
reaction of WBrs, W and A'Br (A = Li, Cu) or A"Br, (A = Co, Mn, Cd, Ca, Eu and Sr).*?
Much later, compounds A,[{Wslg}le] (A = Na, K, Rb, Cs) were synthesized from low
nuclearity cluster W;ly, and alkali metal iodide at 550 °C,%* while compound Cs,[{W¢Brs}Bre]

was produce from WBrg, antimony and CsBr at the same temperature.®
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It is worth noting that alternative procedures dealing with “cutting out” of cluster
fragments consisting of “excise” the molecular OMCCs from its polymeric form. For, The first
experiments carried out on the molybdenum compounds corresponded to conventional studies
using various media (acidic or alkaline aqueous, as well as organic) to operate the cluster
“excision” processes. For instance, chloromolybdenic acid (H30),[{MogClg}Cls] was obtained
by boiling molybdenum dichloride in concentrated hydrochloric acid.®* By replacing
hydrochloric acid with other hydrohalide acids, it was also possible to obtain mixed ligand
compounds (H30);[{MogClg}Xs]-6H,0 (X = Br, 1).2% Also, it was shown that MoCl, can be
dissolved in organic solvents (DMSO or DMF) to form [{Mo¢Clg}Cl4L,] (L = DMSO or
DMF), and using silver perchlorate, fully substituted complexes [{MogClg}Ls](ClO,4), were
quantitatively formed.” Another method to get molecular complexes from MoCl, was to
dissolve cluster in absolute methanol and precipitate them as compounds Cat,[{M0gClg}Fe]
(Cat = Cs or NH,) by cesium or ammonium fluoride, respectively.®®

Similar techniques were applied for tungsten compounds leading to molecular compounds
from dihalides WX,.*® Then, the molecular derivatives (H30),[{WgXs}Yes]-6H,0 (X, Y = Cl,
Br, I; X # Y) were synthesized by boiling WX, in concentrated HY solution. Addintion of
cesium or tetraalkylammonium halides to the solution gave the corresponding salts.

For rhenium OMCC, it is worth noting two reports dealing with “cutting out” of cluster
fragments, as cyano or hydroxo derivatives. So, rhenium cyanide complexes [{ResQs}(CN)e]*
(Q =S, Se, Te) were obtained from the polymeric compounds RegSgBr,, RegSegBr, or RegTe s
by reacting with potassium cyanide in sealed tubes.*®' These complexes were further
intensively used for the preparation of coordination polymers with transition cations (3d metal
or rare-earth), as well as with the different amines, ammonia, and other compounds.?%
Besides, rhenium hydroxide complexes [{ResQs}(OH)s]* (Q = S, Se) were obtained from
RegSgBr, or RegSegBr, in a glassy carbon crucible by reaction with an excess of KOH at 280
°C for Q = S and 200 °C for Q = Se.*®

Thus, this part of the literature review aims to gather the main synthetic routes of
preparation of OMCC-type compounds, either as extended polymer or as discrete molecular
complex. However, literature reports many other examples whose OMCCs can be further
functionalized through the selective exchange of terminal ligands. In summary, this important
class of inorganic compounds, varying in composition is featured by unique physical-chemical

properties which correspond to the topic of the following section.
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1.1.2.  First studies of properties of cluster complex

In the history of the development of any class of compounds, the discovery of new
synthetic approaches gives opportunities to investigate properties. Thus, with the increasing
number of molybdenum, tungsten and rhenium compounds, the first studies of luminescent
and redox properties were carried out, which became the main driving-force in the
development of OMCC-based materials as promising candidates for various applications.

1.1.2.1. Luminescent properties

The first luminescent properties of OMCC were published in 1981 for molybdenum
[{MogXs}Xs]> (X = Cl, Br) and tungsten [{WeClg}Cls]> compounds.”®> Thus,
phosphorescence was demonstrated in the red region of the spectrum (Aem, ~ 760, 775 and 825
nm), both in solid state (for TBA salts) and in solution (acetonitrile for TBA salts and
hydrochloric acid for (Hs0),[{MosCls}Cls]). Furthermore, the [{MogCls}Clg]* complex salts
exhibited very large lifetime values (tem) Such as 120 us in solid state and 180 s in acetonitrile
with the TBA salt and 20 ps for hydrochloric acid solution of chloromolybdenic acid. The
quantum yields (®em) Were 0.04 and 0.005 vs [Ru(bipy)s]** for acetonitrile and hydrochloric
acid solutions, respectively. The possibility of electron transfer from the excited state of the
[{MosCls}Cls]* cluster complex to paraquat dichloride (1,1’-dimethyl-4,4"-bipyridinium
dichloride) was also shown.*

In following reports,'® authors refined the luminescence data for molybdenum chloride
cluster complexes (TBA),[{MogClg}Cls] (in acetonitrile, Aey, = 805 nM, Te, = 180 ps and Ogy, =
0.19), and also presented photophysical characteristics for molybdenum (TBA),[{MogBrg}Bre]
and tungsten (TBA),[{W¢Clg}Clg] complexes both in solid state (A, = 830 and 825 nm,
respectively) and in acetonitrile solution (A¢y, = 825 nm T, 130 ps, Ogy = 0.23 and Aen, = 880
nm, Tem = 2 s, O = 0.017, respectively). Preliminary analyses were also attempted to explain
the electron transfer from the excited state of the cluster complex to other organic molecules
or, for example, to polyoxometalates [SiW1,040]* or [PW1,040]° paving the way toward the
development of new photocatalytic systems, such as hydrogen evolution reaction (HER).'®
After that, the luminescent properties of other tungsten and molybdenum compounds with
similar composition were studied, thus confirming the high propensity of this class of
complexes to behave as efficient luminophores.**®%

It is worth mentioning that luminescence efficiency is strongly dependant on experimental

conditions such as clusters environment (solvent, counter-cation, electrolyte...). Many reports
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evidenced the influence of solvents on the photophysical characteristics of various
[{MogClg}Cls]* complex salts.’® It was shown that prolonged exposure by UV light in many
usual solvents, except acetonitrile and hydrochloric acid solution, decreases the luminescence
properties. The authors attributed this result to the weakening of the Mo—Cl bond in the excited
state leading to the replacing of chlorine ligands with solvent molecules. This photochemical
reaction was also confirmed by absorption spectra. Besides, the photophysical stability
observed in acetonitrile and hydrochloric acid solutions was explained by reversible
replacement of external chloride ligands to water in hydrochloric acid solution. Another
example dealing with the influence of conditions upon the luminescent properties is the
quenching occurring in the presence of molecular oxygen, which is converted from triplet to its
singlet form. This process has been studied in detail on a wide series of molybdenum and
tungsten complexes.’® Experimental data supported by calculations allowed determining
relative free energy featuring the energy transfer processes (formation of a singlet form) and
charge transfer (formation of superoxide radical) from excited cluster complex to oxygen.
Such studies demonstrated that for molybdenum complexes the interaction proceeded by
energy transfer mechanism while for tungsten complexes both paths were possible depending
on the complex composition. Calculated data were also supported by the study of reaction
products between singlet oxygen and 1-methylcyclohexene. Quantum yields of singlet oxygen
generation were determined indirectly using 'H NMR (nuclear magnetic resonance)
spectroscopy allowing the detection of di(ethylene glycol)dibenzoate formed through reaction
between the 2,3-diphenyl-para-dioxene and singlet oxygen (Fig. 4) (obtained by irradiation of

O,-saturated solutions).
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Figure 4. The reaction scheme of 2,3-diphenyl-para-dioxene with singlet oxygen.

The first studies reporting on properties of rhenium cluster complex were published much
later. In 1999, group of Dr. R. Arratia-Pérez '** carried out calculations of molecular orbitals of
rhenium cluster complexes using [{ResSs}Xe]* (X = Cl, Br, 1) as OMCC model in comparison
to molybdenum and tungsten halide compounds. The authors note that such complexes retain a

singlet ground state and they are diamagnetic, and the singlet ground and triplet excited states
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are similar to those established for the [{WsCl5}Cls]* anion. The authors concluded that this
class of OMCC complexes must be luminescent. After that, the same authors published
calculations for similar complexes containing selenium as inner ligand in the cluster core,
which should also be luminescent.**? In parallel with these publications, investigations of the
luminescent properties of [{RegSs}Xs]* (X = CI, Br, 1) in solid state and in acetonitrile
solution were reported in comparison with the previously studied molybdenum and tungsten
complexes.™® Thus, the emission maximum was shifted to the red region in the series Cl, Br, |
(770, 780, and 800 nm, respectively) while the lifetimes (6.3, 5.4, and 4.4 ps) and the quantum
yield (0.039, 0.018 and 0.015) were significantly reduced in comparison with the Mo-
containing OMCC analogues. In the same year, a group of Russian and Japanese scientists
investigated the influence of the inner chalcogenide (S, Se or Te) on luminescent properties of
rhenium cyanide complexes [{ResQs}(CN)s]* (Q = S, Se, Te).!” The authors observed that the
quantum yields and luminescence lifetimes were decreased in the series Se> S >>> Te.

114-116 and

Subsequent studies report on the quenching of luminescence by molecular oxygen
photophysical data were mainly acquired in deaerated solutions. Nevertheless, the mechanism
of quenching was evidenced only in 2010, similar to that reported for molybdenum and
tungsten complexes — using 2,3-diphenyl-para-dioxene (Fig. 4).*

Thus, numerous studies report on the luminescent properties of a wide range of OMCCs
showing that control of the luminescent features is achievable by varying both inner and apical
ligands of the cluster. Furthermore, the ability to generate singlet oxygen makes OMCCs
highly promising for relevant applications in biology or medicine.

1.1.2.2. Redox properties

Strikingly, these luminescent OMCCs exhibit also redox properties involving the {Mg}
core. One-electron (diffusion-controlled) oxidation process (from 24 to 23 CVE) of the cluster
complex (TBA),[{MogClg}Clg] in acetonitrile with Ey, = 1.29 V vs silver electrode (Ag/Ag™)
was shown.' Later, data for other complexes (TBA),[{MogBrg}Brg] (E1, = 1.07 vs Ag/Ag®)
and (TBA),[{WsCls}Clg] (E1» = 0.83 vs Ag/Ag*) were obtained.*® ** Similar redox properties
were found for almost all tungsten halide complexes. The compounds (TBA),[{WsClg}Clg],
(TBA)[{W;Clg}Bre],  (TBA)[{WeBrs}Cls], (TBA)[{WBrs}Brs] and (TBA),[{Wsls}e]
exhibit a one-electron exchange process, observed at E;, =1.12, 1.16, 0.93, 0.97 and 0.71 Vvs

Ag/AgCI, respectively.
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The first data for rhenium complexes was published in 1996 for compounds
(TBA)4[{ResSg}Xs] (X = CI, Br) for which the half-wave potentials in acetonitrile were 0.27
and 0.31 V, respectively, but the reference electrode was not specified, making difficult any
comparison.®® A vyear later, redox properties were evidenced for complexes with neutral
organic ligands in acetonitrile, namely cis-[{ReSes}(PEts)4a(MeCN),]** (E1, = 1.11 V vs SCE)
and [ReQSele(PEtg)lo]‘1+ (cluster dimer coupled via bridged selenide ligands, E;;, = 1.37 and
1.59 V vs SCE).™® It is also important to note previous report dedicated to the properties
studies of anionic cyanide rhenium cluster complexes [{RegQs}(CN)e]* (Q = S, Se, Te) in
acetonitrile with E;, = 0.60, 0.37 and 0.11 V vs Ag/AgCl, respectively, for which the values
were significantly lowered with respect to the cationic analogue.."’

It is worth mentioning that the overall data presented above and the reported studies
discussed below on redox properties of OMCCs were carried out only in organic solvents. The
first investigations of the redox properties carried out in aqueous solutions are presented in this
thesis manuscript.

1.1.3.  Methods of modifying the apical ligand environment

First reports on molecular molybdenum, tungsten and rhenium OMCCs and their
photophysical and redox properties demonstrate that fine tuning of luminescent and redox
behavior of the OMCC-type compounds can be accomplished by the control of the nature of
the apical ligands. Then, new approaches to exchange the apical ligand for various units either
inorganic or organic ligands were engaged. It is worth noting that in all the following
examples, in addition to obtaining new compounds, both luminescent and redox properties
were almost always investigated, giving predictive insights about optimal characteristics with
regard to applications.

1.1.3.1 Substitutions in rhenium cluster complexes

First rhenium cluster complexes soluble in water or organic solvents have been reacted
with various organic molecules. One year after the discovery of the rhenium chalcohalide
complex (TBA);[{ResSes}s] (23 VEC oxidized complex) soluble in organic solvents,®® the
same research group, supervised by Professor R.H. Holm obtained the first compounds with
organic ligands triethylphosphine (PEt;) and acetonitrile.*® The first experiments were carried
out in acetonitrile or DMF in the presence of PEt; and resulted in the formation of a mixture of
products, which were separated by chromatography. While carrying out the reaction in excess

of pro-ligand in DMF, all iodine ligands were replaced with PEt; with the quantitative

26



formation of [{ResSeg}(PEts)e]l,. Note that reactions using organic pro-ligand were followed
by cluster reduction (24 VEC compounds were formed). Then, new compounds, as well as the
initial hexa-iodide complex, were reacted with silver tetrafluoroborate (AgBF,) in acetonitrile
or mixture dichloromethane-acetonitrile, leading to the substitution of iodine ligands by
acetonitrile. The same authors demonstrated the possibility to coordinate other solvent
molecules using silver salts — trimethylacetonitrile, DMF, DMSO, and also pyridine or 4,4'-
bipyridine."®*? It is also worth noting that various chalcohalide complexes were also tested in
similar reactions, namely (TBA);[{ResSg}Bre] or (TBA)[{ReeSg}Clg], which also led to a
large series of complexes with PEt; and MeCN as apical ligands.'?**# Later, using some of the
above mentioned OMCCs and various silver salts (AgCN, AgSbFg), complexes containing
CN-, OTs (= tosylate ion) and CO as terminal ligands were obtained.'?**%

Compounds [{ResSes}(PEts)sx(MeCN),]**, due to the strong Re-P bond and weakly bound
labile acetonitrile ligands, serve as excellent precursors for the preparation of different OMCC-

127,128

based multifunctional structures such as dendrimer-like, multidimensional connected via

bridging ligands,’*™** bound to porphyrin,** or supramolecular structures,** subsequently

reviewed.”** On the other hand, labile MeCN ligands were able to be replaced with other

1 1
d, 35 d, 36

organic ligands such as isonicotinic aci
137

nicotinamide and 3,5-pyridinedicarboxylic aci
isonicotinamide,**’ tetrafulvalene-phosphine or ferrocene-phosphine.**®

Free acetonitrile ligands can be involved in click reactions with tetrabutylammonium azide
or other azide-containing molecules, which leads to the formation of complexes with

139,140 141,142

tetrazolates, imines, oxazine, oxazoline, and carboxamide.'*® Nonetheless, by

bubbling solution of complex with acetonitrile ligands by ammonia, complexes with acetamide
ligands (HN=C(NH,)(CH3)) were obtained resulting of addition of ammonia to acetonitrile.***
Another group of scientists under the leadership of Professor Y. Sasaki has published
results dealing with interaction of rhenium chalcohalide complexes with excess of N-donor
pro-ligands in organic solvents.'*****% Thys complexes with different content of organic
ligands were obtained with pyridine, 4-cyanopyridine, pyrazine, 4,4'-bipyridine, 4-
methylpyridine, 4-(dimethylamino)pyridine, 4-phenylpyridine and 1,2-bis(4-pyridyl)ethane.
Note that even carrying out the reflux reaction in the presence of 20-40 equivalents of the
organic pro-ligand, only 2 or 3 pyridine derivatives were often found coordinated within the
resulting OMCC compounds. It should be worth noting that all the complexes obtained in

these cited works were also separated chromatographically from the reaction mixture. The
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authors, in addition to the synthetic work, described the luminescent and redox properties of
the functionalized complexes.

All methods mentioned above for replacing ligands were carried out in organic solvents,
because the reaction products were mostly insoluble in water. However, ligands substitution in
agueous solutions has been carried out allowing formation of new water-soluble clusters. First
work in this series was the replacement of bromine ligands in Cs;[{ResSg}Bre] by the ligand
azido N~ in water at room temperature.**’ The water-soluble complexes with hydroxo ligands
K4[{ResQs}(OH)s]-8H,0 (Q = S, Se) described in 2005, were found to be excellent starting
compounds for the preparation of complexes containing terminal halide ligands. 1%>'*® Besides,
it was found, that aging aqueous solution of K,[{ResQs}(OH)¢] leads to insoluble neutral
[{ResQs}(H,0)4(OH),] compounds as the result of acidobasic equilibria.**® Such clusters can
also be obtained by adding a small amount of diluted sulfuric acid to aqueous solutions of
hydroxide complexes. In frank acidic conditions pH <5, the hexa-aqua-complex was formed
and crystallized as salt [{ResSg}(H,0)e][{ResSeBr,}Brs].**°

Hydroxo-ligands can be replaced also by organic ligands, such as acetate and formate™****
or pyridine derivatives.”®*™® Reports dealing with the preparation of complexes with
carboxyphosphine ligands (P(CH,CH,COOQOH); or P(CH,CH,CONH,)(CH,CH,COOH)3) must
be also worth noting.****** Anionic complexes [{ResQs}Ls]™ (the anionic charge n- depends
upon the charge of the ligand L), where the phosphine ligands are coordinated through the
phosphorus atom, were found to be highly soluble in water, which allowed studying their
biological properties on cells and mice.

It is important to note an alternative route for the synthesis of rhenium cluster complexes
functionalized by organic ligands, where the pro-ligand acts as solvent. Related results
corresponds to the formation of [{RegQs}(3,5-Me,pzH)¢]Br;-2(3,5-Me,pzH) compound by the
reaction of the chalcobromide complexes Css[{ResSg}Brs]-2H,0 or Css[{RegSeg}Brg]-H,O
with 3,5-dimethylpyrazole (3,5-Me,pzH) at 200 °C for two days in a sealed glass tube.™
Furthermore, neutral complexes trans-[{ResQg}LsX,] with L = triphenylphosphine,
triphenylarsin, triphenylstibin or pyrazine and X = CI or Br were obtained using the same

d,"*®%° as well as cationic complexes with 4-aminopyridine [{RegQgs}Le]*".**® The

metho
increasing knowledge allowed authors to postulate predictive reaction schemes describing the
formation of neutral or cationic cluster complexes with regard to the acidic properties of the

organic pro-ligand based on discrimination of the ligands as protic or aprotic. For instance,
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3,5-dimethylpyrazole and 4-aminopyridine ranges in the “protic” class, while
triphenylphosphine and pyrazine belong to the “aprotic” classification. Using protic ligands
allowed the removal of the six halogen ligands by protic organic ones, while using aprotic
ligands, only four substituting partial process take place leading to the formation of related

neutral complexes as trans-isomers. This predictive reactionscheme was then confirmed with

d161 162

other examples such as reactions with 3-(diphenylphosphino)propionic aci or imidazole,
which lead to the formation of six-substituted compounds, according to the protic nature of the
ligands. Many other examples could be cited such as the reaction carried out in 1,2,3-
benzotriazole from the precursor K4[{ResQs}(OH)¢] (Q = S, Se) which gives the water-soluble
anionic complexes [{ResQs}BTA)]* (BTA™ = benzotriazolate ion).**

Thus, this review shows that rhenium OMCCs are highly flexible clusters allowing a fine
control of the ligand environments, i.e. inner and apical. However, it is worth noting that only
a few of OMCCs were soluble and stable in water. However, these few examples were able to
demonstrate preliminary insigths about the use of rhenium complexes in biology and medicine.

1.1.3.2. Substitutions in molybdenum cluster complexes

The strategies to obtain molybdenum OMCC with organic ligands are slightly different
from those applied for rhenium complexes. The main approaches consist of in one step,
synthesizing OMCCs with labile ligands, such as methylate (OMe), and then exchanging these
labile ligands. It is also important to note that usually molybdenum OMCC are coordinated by
O-donor ligands (carboxylato groups), in contrast to rhenium compounds, which exhibit strong
affinity for N- or P-donor ligands.

Molybdenum OMCC compounds based on the {MogXs}** (X = Cl, Br) core were studied
in substitution reactions. Thus, the methylate complexes [{MosXs}(OMe)s]> were obtained
from MoX, precursor and sodium methylate in absolute methanol.***'® The high lability of
the OMe™ ligands allowed obtaining a large number of compounds with various alkoxo,

carboxylato, or thio ligands.'®®'"

Besides the complexes with triflate ligands
(TBA),[{M0gX}(CF3S05)g], obtained from (TBA),[{MogXs}Xs] and CF3SO3Ag, """ also
were proved to be able to get six-substituted halide, acetate, isocyanate, pyridine derivatives,
phosphine oxide or other complexes.’*"*”> However, using silver salts (AgNOs, AgBF,), it is
possible to obtain complexes in situ, i.e. by pro-ligand addition to the reaction mixture. Thus,
[{MogXs}Le]? complexes with halide, cyanide, thiocyanate, and other ligands were described

in the literature, showing rich coordinating chemistry can be also developed from Mo-
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containing OMCCs."®*" Later, it was discovered that nitrate, as well as nitrite, can act as

ligands.'®® Besides, silver salt procedure can be extended to other ligands such as acetate,'®

182 184

trifluoroacetate,'®” tosylate,'®® derivatives of benzoate,

substituted complexes [{MogXg}Le]* .

allowing to provide the six-

lodide OMCCs (with the {Moglg}* cluster core) combined with organic ligands should be
presented separately and began with the published report which describes the synthesis and
the remarkably high luminescent properties of the (TBA),[{Mo0gXg}(n-C3F;,COQ)¢] (X = Br,
1) compounds (see Fig. 5)."% This work for the first time described the use of silver salts to
obtain complexes having {Moglg}** cluster core coordinated by organic ligands. The
synthesized compounds exhibit the most outstanding luminescent properties for octahedral
metal cluster complexes at that time (for example, in acetonitrile, ®,,, = 0.59 and e, = 303 ps
for X = I, &g, = 0.36 and 1, = 370 s for X = Br).

Figure 5. Structure of cluster anion [{MosXg}(n-CsF;CO0)s]*". Mo — green, X — violet, O —red, C — grey, F —

orange.

After that, substitution process of terminal halide ligands by carboxylic and benzosulfonic
acids, derivatives of phenol or thio-compounds by using their corresponding silver salts
became well-admitted usual procedures which allow extending further the study of
physicochemical properties, especially luminescent ones.'®™ It is also worth noting the
complex TBA),[{Mogls}(NO3)s],**> where nitrate ligands were found labile enough to be
exchanged by groups such as, for example, N3~,**® CI~,**" SCN",**® DMSO™® opening the way
to design various OMCC-based materials.

Methylate iodide complex, such as Na,[{Mogls}(OMe)g],?*® was also proved as efficient

starting materials for ligand exchange reations allowing isolation of molybdenum OMCCs
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with pyrene-1-carboxylate, anthracene-9-carboxylate, closo-dicarboborane (with a carboxyl
group on carbon), adamantane-1-carboxylate, 4-(diphenylphosphino) benzoate.'®*%%%*
Recently, using the methylate complex as preecursor, cationic compounds
[{Mogls}(OCOC,HgPPh3)s]** and [{Mogls}(OCOCsH,NMe)g]** were obtained.?%

Increase of the library of OMCC compounds, especially with those containing coordinated
carboxylato groups allows identifying patterns of luminescent and redox properties depending
mainly on the pK, which is directly related to the strength of the metal-ligand bond.***?%
Thus, as the pK, decreases, photophysical characteristics (quantum yield and lifetime) were
increased, and the emission maximum was shifted towards smaller wavelengths (blue shifted).
On the other hand, a similar change in pKa provokes an increase of the redox potentials of the
corresponding couples, {Moglg}* " /{Mosls}**) and ({Mogls}** /{Mosls}*").

Nonetheless, It is important to note that many complexes exhibit limited hydrolytic
stability which often leads to partially hydrolyzed forms or fully hydrolyzed giving water-
insoluble compounds [{Moglg}(H,0),(OH),]-nH,0.196-199.204-206

1.1.3.3. Substitutions in tungsten cluster complexes

Chemistry of tungsten cluster complexes took the catch-up role. However, due to similar
structure, same approaches were used in the literature for the substitution of terminal halide
ligands. Thus, complexes with ligands, such as CH;COO™, CgH5COQO™, C,FsCOQO~, OTs, NO5~
, etc., were obtained by reaction with corresponding silver salts.**#*#"21 Using sodium
methylate, related complex Na,[{Wsls}(OMe)s] was obtained.®® besides in numerous reports,
weak hydrolytic resistance compounds has been demonstrated in similar way as for
molybdenum complexes.**?*” Thus, nowadays, the tungsten cluster complexes have been less
studied, however, synthetic approaches were only being developed, and an annual increasing
in publications devoted to such complexes was observed in the literature.

1.1.4.  Materials based on metal cluster complexes

As noted earlier, metal cluster complexes are generally insoluble in water or exhibit low
stability towards hydrolysis. Therefore, their stabilization in agueous medium can be achieved
through inclusion in various organic and inorganic matrices. This chapter dels with the main
results illustrating the potential of using cluster-containing materials as luminescent materials,
in catalysis and in biology or medicine.

One of the well-developed areas corresponds to liquid crystal engineering based on

molybdenum, tungsten and rhenium cluster complexes. Liquid crystals (LC) — a physical state
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that simultaneously has the properties of both liquids (fluidity) and crystals (anisotropy) where
specific components were able to undergone transition under certain physical conditions
(temperature, pressure, concentration in solution). The research team, headed by Dr. Y.
Molard, demonstrated various approaches to obtain the so-called clustomesogens (the main

unit of liquid crystal based on cluster complexes): using functional cations,* %%

coordination of organic compounds®*?'%%19

or inclusion of cationic cluster complexes in
modified crown esters.”*?? |n all cases, nematic or smectic (depending on the structure) LC
phases featured by different phase transition temperatures (depending on the nature of LC
components) were obtained. Interstingly, they can be even mixed with commercially available
LCs without disturbing physical-chemical properties. It is also worth noting that the resulting
LCs have good luminescent properties comparable to the initial cluster complexes, which in
combination with high stability, can be used as light sources in photoelectronics.

Another perspective applications lies on photocatalytic properties of materials based on

molybdenum cluster complexes grafted on graphene oxide efficient for photodegradation of

223 224 |23

water?® or dyes,?** the reduction of carbon dioxide to methanol®® and others.** The sensing

properties towards various molecules were demonstrated for molybdenum complexes

incorporated within triblock copolymers,®>?2

and the effect on the sorption properties of
metal-organic frameworks (MOF) upon the inclusion of cluster complexes was also studied
221280 Also, it is important to mention that cluster complexes can be used as structural units for
the formation of MOFs: [{Gd(H,0)s},(fdc){RegSes}(CN)e]-nH,O and
[{Gd(H,0)s},(tdc){ResSeg}(CN)g]-nH,O  (fdc = 2,5-furandicarboxylic acid, tdc = 2,5-
thiofeedicarboxylic acid). Such substances were stable in water and during the removal of
solvate molecules. Furthermore, they possessed the properties of both gadolinium
(paramagnetism) and cluster complex (luminescence and reversible one-electron oxidation).?*
Another  example, reporting a palladium containing  cluster-based  network
{[Moglg(OCOCgH,PPh;,)5 4(OCOCsH4POPh;,)os]Pd"Pd’ ¢} proved to be quite efficient for the
Suzuki-Miyaura reaction.?®

However, luminescent materials based on rhenium or molybdenum cluster complexes

incorporated within organic polymers'®2>186.189.201:212233-238

. 117,189,239-244
as Si0,

(Fig. 6) or inorganic matrices such
are widely reported in the literature. However, more attention should be
paid to studies which demonstrate perspectives for materials based on the OMCC, especially

with molybdenum complexes, in biology or medicine. Thus, materials based on polystyrene
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and [{Moglg}(CH;COO)e]* showed high antibacterial activity.?**?*® Various organic and
inorganic materials containing molybdenum OMCC exhibited low dark and photoinduced
cytotoxicity allowing application in bioimaging.?®28187:239.243247 Microparticles of silicon
dioxide with molybdenum OMCCs were promising as drug delivery systems,?*® and, on the

other hand, MOF can act as drug container for delivery into biological medium.?*° More

importantly, nanoparticles of silicon dioxide with molybdenum OMCC were successfully
T.27’250

tested as agents for PD

Figure 6. Photos of polymethyl methacrylate tablets containing the cluster complex [{MogBrs}Bre]*
under visible (top) and UV light (bottom).?*

In general, we can conclude that materials based on metal cluster complexes are very
promising for various fields, especially in biology and medicine.

1.1.5.  Perspectives for molecular complex applications in biology and medicine

Despite their low hydrolytic stability and poor water solubility, OMCCs are extensively
studied for their biological properties. Literature reported mainly on rhenium OMCCs, which
are water-soluble and hydrolytically stable in aqueous media. However, recent publications
demonstrate that molybdenum and tungsten complexes could be also used efficiently in
biological medium.

A group of scientists®

studied the cytotoxicity of octahedral cluster complexes
K4[{ResQs}(OH)6]-8H,O0 (Q = S, Se), as well as the peptide-functionalized OMCC
K4[{RegSg}(OH)5(O0C-LeuPheGlyLeuPheGly—NH-OCCH,—MPEG550] on human
adenocarcinoma epithelial cells (HeLa). It was found that in the entire series only
K4[{ReSs}(OH)e]-8H,0 complex did not penetrate into cells, while the remaining complexes

penetrated cells to be localized in cytoplasm. Other studies were devoted to the toxicity of the
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cluster complex (BusN)s[{ReeSeg}l¢], which was found to be promising for the treatment of
various cancers.?>%%%*

Studies were also carried out on Wistar rats with intraperitoneal administration of an
aqueous solution of the complex K4[{ResSs}(CN)g].2>> However, when analyzing dead rats, it
was found that their death was due to progressive heart failure caused by a high content of
potassium. However, further works were dedicated to the biological properties of rhenium
cyanide cluster complexes.?**?*® From large series of results, the authors concluded that all
cluster complexes have low toxicity and high X-ray contrast properties (due to the heavy
elements). The Nas[{ResTes}(CN)g] complex, which had the best X-ray contrast, was
promising as an agent for computed tomography and angiography (Fig. 7), while
Nay[{ResQs}HCN)s] (Q = S, Se), possessing the best luminescent properties and able to
generate singlet oxygen, were promising as agents for PDT.

Figure 7. Photograph of a rat obtained by angiography, illustrating vascular and heart contrasting after the

injection of the cluster complex.

Also, it is important to note the rhenium complexes coordinated by six organic ligands 1,2,3-
benzotriazole (BTA) and substituted phosphines (P(CH,CH,CONH,)(CH,CH,COOH),,
P(CH,CH,COOH); and Ph,P(CH,CH,COOH)). These complexes with BTA retain

luminescent properties and are able to generate singlet oxygen, while they have low
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cytotoxicity and penetrate into cells.*®

As complexes with substituted phosphines have also
low cytotoxicity and luminescent properties, they can be used as agent for X-ray contrast or
bioimagimg (Fig. 8).1*'®*!%1 Note that by varying substitutions in phosphino ligands
(CH,CH,CONH,, CH,CH,COO or Ph), biological properties of the related complexes can be
altered, such as the degree of penetration into the cell (presence of Ph-groups increases the
capability of cell penetration), or the osmolality of the solutions (that depends on the charge of
the OMCC).

As for molybdenum and tungsten compounds, the cytotoxicity of Na,[{Moglg}(Ns)s] and
Na,[{Mogls}(NCS)s] was investigated,”® although as noted earlier, such a OMCC can be
partially hydrolyzed in aqueous solutions. Nevertheless, the low hydrolytic stability of the
compounds did not prevent determination of the half maximal inhibitory concentration (1C50)

on various cell cultures.

Figure 8. Photograph of cells incubated with a cluster complex obtained using confocal microscopy. The red

luminescence of the clusters shows their localization.
Cytotoxicity of the [{Mglg}(DMSO)e](NO3)s (M = Mo, W) complexes has been recently
reported.’® First of all, it was shown that the complexe hydrolyzed with time in aqueous
solutions leading to various derivatives described by the general formula [{Mglg}(DMSO)s.
X(HZO)Z(OH)y(NOg,).(_y]“'k ( x=0-6, z=0-10, y=0-3, k=0-3). Interestingly, the rate of hydrolysis
observed for tungsten compounds was several times lower. Then, freshly prepared solutions
revealed low dark and noticeable photoinduced toxicity, while aging solutions led to increase

dark toxicity and, in such conditions, OMCCs can also be used as agents for PDT.
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Thus, molecular complexes can be used in biology or medicine, but limitations due to
hydrolysis and biocompatibility is still problematic. As described above, encapsulation of the
OMCCs within a protective shell should be one of the solutions to increase hydrolytic stability.
However, in this thesis, another way to solve the problem is proposed, namely, the host-guest
supramolecular approach, where OMCCs is used as guest and a water-soluble biocompatible

unit as host.

1.2. Cyclodextrins

Cyclodextrins (CD) are cyclic oligosaccharides consisting of a macrocyclic ring of glucose
subunits linked by a-1,4 glycosidic bonds, as in amylose (a fragment of starch). CDs are built
from 5 or more a-D-glucopyranoside units. The most studied CDs contain from six to eight
units in the ring, creating torus-shaped structures: o-cyclodextrin (6 units, a-CD), B-

cyclodextrin (7 units, B-CD) and y-cyclodextrin (8 units, y-CD) (Fig. 9).

primary . -CD (g
OH a-CD (n=6) B-CD (n=7) v ,(n ’)

secondary

P=55A B=7.0A

@=9A

Figure 9. Structure of cyclodextrins. The diameter of the internal cavity is written at the bottom.

Such cyclic arrangements exhibit secondary (larger cavity with secondary hydroxyl groups)
and primary (smaller cavity with primary hydroxyl groups) faces. The inner cavity of CDs is
mostly hydrophobic or at least significantly less hydrophilic than the aqueous medium, and
therefore may interact with hydrophobic molecules. On the other hand, the outer apertures are
hydrophilic that originates solubility in water for cyclodextrins and their related host-guest
complexes.

Cyclodextrins were called “cellulosine”, when first time described by A. Villiers in
1891.%" Soon after, F. Schardinger have identified three natural CDs, called o, p and y, which
were later called “Schardinger sugars”. Between 1911 and 1935, H.A. Pringsheim from
Germany was known for his pioneered work in this field, demonstrating that cyclodextrins can

form stable water complexes with many other chemicals.?® In 1970s, each of the natural
36



cyclodextrins was structurally and chemically characterized, and many derived inclusion
systems were studied.™ Since the 1970s, J. Szejtli and other researchers have done a
significant work about inclusion of various molecules in cyclodextrins and their derivatives for
industrial and pharmacological use.?®

Nowadays, cyclodextrins are obtained by enzymatic treatment of starch by cyclodextrin
glycosyl transferase (CGTase).”®* First, the starch is liquefied either by heat treatment or using
a-amylase, then CGTase is added for enzymatic conversion. Such a process results in a
mixture of three main types of cyclic molecules. Their purification is mainly based on the
different solubility of molecules in water. B-CD compound exhibiting very weak solubility in
water (18.5 g/L or 16.3 mM, at 25 °C), can be easily extracted by crystallization, while due to
their highest solubility, a- and y-CD (145 and 232 g/L, respectively) are usually purified using
expensive and time-consuming chromatography methods. Also, the “complexing agent” can be
used to modify the enzymatic conversion. Such agents (usually organic solvents such as
toluene, acetone or ethanol) form a complex with the desired cyclodextrin, which is then
subsequently precipitated. Such a complexation stimulates the conversion of starch into
cyclodextrin, thereby increasing yield in the final mixture of products. Company Wacker
Chemie AG uses special enzymes that can specifically produce a-, B- or y-cyclodextrin.

a-, B-, and y-cyclodextrins are recognized as safe by the FDA (Food and Drug
Administration) USA.?®* As it was mentioned above, cyclodextrins can form complexes with
hydrophobic compounds useful for the delivery of various drugs, including hydrocortisone,
prostaglandin, nitroglycerin, itraconazole, chloramphenicol." Inclusion compounds with
hydrophobic molecules are able to penetrate the tissues and able to release biologically active
compounds under certain conditions.? Such mechanisms of controlled degradation are usually
based on the change in the pH of aqueous solutions, heating, or through the action of enzymes
cleaving the a-1,4 bonds that ensure the cyclic arrangement. Interestingly, cyclodextrins can
also enhance the penetration of drugs into the mucous membrane.®

Thus, nowadays cyclodextrins are well-studied objects and actively used in food
technology, pharmaceuticals, cosmetics, biotechnology, analytical chemistry, and exhibit
relevant potentialities for applications in the textile industry, in water purification processes

and even in oil production.

1.2.3. Inclusion complexes with organic compounds
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Many host-guest compounds with cyclodextrin are built from the encapsulation of the less
polar part of the guest into the hydrophobic cavity of CD.?® Such an inclusion into
cyclodextrin leads to a significant restructuring and removal of solvated water molecules from
both CD and guest side, and also causes the release of water molecules from the cyclodextrin
cavity. It is well-established that the binding forces arise from van der Waals contacts and

hydrophobic interactions,*®

although the hydrogen bond and steric effects also play a
significant role. Studies of the interaction of cyclodextrins with organic molecules include
almost all classes of organic compounds: hydrocarbons,* alcohols,>® amines and acids,” amino
acids,®® phenols,* azo compounds,** derivatives of aromatic compounds® and others.

Several strategies allow to get CD-based inclusion complexes, depending on the properties
of the guest and cyclodextrin as the host: (1) the coprecipitation technique is useful for water-
insoluble substances. The guest is dissolved in organic solvents (such as chloroform, benzene,
diethyl ether, etc.), and the appropriate amount of cyclodextrin dissolved in water is added
under stirring. When cooled, crystals of the complex are formed, which are washed with an

organic solvent and dried;*****’

(2) Another method consists of dissolving both cyclodextrin
and guest in the hot water, followed by slow cooling of the mixture;*®® (3) methods leading to
host-guest complexes with thermostable volatile substances, which use thermal treatment in a
sealed reactor.?®® The physical mixture of the active compound and the host molecule is sealed
in a container and heated at temperature ranging from 40 to 140 °C to obtain a crystalline
inclusion compound; (4) The freeze-drying method is suitable for heat-sensitive or water-
soluble guests.?*"?

The host-guest compounds can be characterized by various physicochemical methods both
in solids and in solution.””® The main methods include X-ray diffraction analysis, FTIR
spectroscopy, NMR spectroscopy, electronic absorption spectra, fluorescence spectroscopy,
and circular dichroism.

As widely reviewed, a large number of organic molecules can form successfully inclusion
compounds with cyclodextrin. A wide range of physicochemical methods of analysis can be
used to establish the structure and study their properties. At the same time, the inclusion of
inorganic compounds, similar to cluster complexes, has been actively studied only recently.

1.2.4. Inclusion complexes with inorganic compounds

Since the literature contains a rather large number of examples on the inclusion of
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inorganic compounds, this part of the review will focus on nanoscale molecular metal
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complexes, such as, for example, borate clusters, polyoxometalates (POMs) and cluster
complexes. Note that the main part of this work was carried out in scientific groups headed by
Professor W. M. Nau and Professor E. Cadot (in whose team the thesis work was performed).
Unlike organic compounds, which are most often weakly soluble or fully insoluble in water,
the above-described inorganic complexes exhibit fair solubility and stability in agueous
solutions, i.e. these ionic species are considered as hydrophilic molecules. In this part of the
literature review, examples of such complexes will be discussed, with a special attention about
contributors at the origin of the host-guest binding that involves the hydrophilic complexe and
the hydrophobic cyclodextrin cavity.

1.2.4.2. Supramolecular adducts with borate clusters

Borate clusters [B1,X1,]* and [B12X11Y2]> (X = H, Cl, Br, land Y = OH, SH, NH5*, NR;")

275276 ¢\ as.

have been known since 1960 and are promising for various medical applications,
neutron capture for the cancer therapy.?’"?”® Such compounds were one of the first polynuclear
complexes for which interaction with cyclodextrin was studied.

Thus, in *°, a group of scientists led by Professor W.M. Nau carried out a comprehensive
study of the interaction of dodecaborate clusters with y-CD. First of all, the complexation
process was studied using *H NMR spectroscopy, namely, classical titration of cyclodextrin by
guest with a constant CD concentration. The authors note a significant shift of the H3 proton
signal, which is located in the cyclodextrin cavity (Fig. 10), which indicates the formation of a

host-guest system.

]
’

Figure 10. arrangement of groups and protons numbering in cyclodextrin.

Also, in some cases, a shift was also detected for the H5 proton resonance, which confirms
deep inclusion complexes in the CD. Analysis of signal changes by the so-called Job plot

analysis showed the formation of an inclusion complex with the cluster: CD ratio of 1:1, while
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in the resulting crystal structures (upon evaporation of agueous solutions of clusters with CD),
only complexes 1:2 were detected, where the cluster interacts with the secondary face of CD
(Fig. 11).

Figure 11. Structure of the [By,Bry,]* borate cluster (A) and its complex with y-CD (B). B — green, Br — purple.
However, the structural data do not contradict the solution analysis because during evaporation
(concentration) of the aqueous solutions, the formation of 1:2 stoichiometry complexes is
probably more preferable. Using isothermal titration calorimetry (ITC), the binding constants
K of the 1:1 complex and the main thermodynamic parameters (enthalpy (AH°), entropy (A,S°)
and Gibbs energy (AG%)) were determined. The obtained K values ranged from 620 to 960000
M with a maximum for the [B1,Br,]* anion, which confirm that the binding to CD is highly
strong, and the thermodynamic parameters indicate that this process is enthalpy driven, with a
negative change for entropy. It is also important to note that the change in enthalpy and
entropy is linear for the borate clusters series with cyclodextrin expressed as enthalpy-entropy
compensation/correlation. The authors also note that, despite significant changes in the sizes of
the borate clusters (more than three times), the binding constants change slightly (no more than
two orders of magnitude), which indicates a weak selectivity (which, however, is still under
discussion).?”

However, the data do not explain the reasons of the formation of high stability complexes
between hydrophilic borate complexes and hydrophobic cyclodextrins. To explain this
phenomenon, the authors considered the hydration shell of the anions that highligthed their

true nature and led the authors to integrate the concepts of chaotropic (i.e., water structure
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breaking) and kosmotropic (water structure forming) effects. Historically, these effects
originate from the Hofmeister series,®® a series of anions that can affect the solubility of
proteins and the stability of their tertiary and quaternary structures. It was found that the
affinity of such anions for CDs parallel their positions in the series, from the chaotropic ion
CIO, to the kosmotropic one HPO,% .28 Thus, the authors studied the effect of borate clusters
on solubility of proteins leading to range this class of compounds among the superchaotropic
ions. The authors also note that these considerations of borate cluster anions is directly related

282 or their strong interactions with lipids and proteins.?®®

to their unusual solvation by water

Thus, the complexation process of borate clusters with CDs is mainly driven by the solvent
effect, identified as chaotropic effect. The mechanism of such a process is quite simple:
chaotropic anions in water destroy its water structure featured by an increase of the energy. In
such condition, any process that leads to the water structure recovery through desolvation
becomes favorized, such as incorporation of ions into non-polar molecules. A few years later,
the same authors published a review, discussing in details the kosmotropic, chaotropic (not
only for borate clusters, but also for examples of polyoxometalates and metal cluster
complexes) and hydrophobic effects.?®*

Many subsequent works, also performed by the group of Professor W.M. Nau, was on the
study of various borate and carboborate clusters and their derivatives with cyclodextrins, for
which the formation of highly stable supramolecular complexes was also observed.?®>?®® Thus,
these data obtained appear highly relevant in the field of supramolecular chemistry (especially
to explain the interaction with CD) and open new avenues for the design of functional hybrid
compounds using the non-covalent approach.

1.2.4.3. Supramolecular adducts with polyoxometalates
Similarly to borate clusters, inclusion of polyoxometalates (POMS) in CDs was studied. POMs
are polynuclear ions that consist of three or more transition metal oxyanions bound together by
common oxygen atoms to form close packed arrangements (Fig. 12). The metal atoms are
usually transition metals of group 6 (Mo, W) or, more rarely, group 5 (V, Nb, Ta) in their high
oxidation states. Two broad families are distinguished: isopolyanion consisting of metal-oxo
framework built from only one type of metal, and heteropolyanions consisting of metal-oxo
framework that includes main group element (phosphate, silicate, etc.). POMs constitute a
fascinating domain of investigation, rich in thousands of inorganic compounds displaying

290,291 292,293

various properties in supramolecular chemistry,?®® medicine, magnetism,

41



294-298

catalysis or electro-catalysis.”® In this last domain, due to their ability to behave as

electrons storage units, POMs constitute efficient electro-catalysts for reduction of

300301 o for energy conversion such as proton reduction into hydrogen

environmental pollutants
(hydrogen evolution reaction).’ Depending on their anionic charge, POMs can exhibit high

stability in aqueous solutions at physiological pH values.*® Furthermore, POMs have been
304,305

shown to exhibit biological activities in vitro as well as in vivo, including anticancer,
290,310

antibacterial %% antiviral®®®*%° and antidiabetic activities.

Figure 12. The main representatives of polyoxometalates: [MsOys]* Lindqvist (A), [XM1,04]" Keggin (B) and
[X2M1506,]" Dawson (C). Top depicts the main structural fragment — MO

Thus, under the leadership of the Nobel prize laureate Professor J.F. Stoddart, the first
study on the interaction of the Keggin-type anion [PMo0;,04]> with y- and B-CD was
published.*** NMR spectroscopy (*H, *C and *'P) was used to evidence the formation of
inclusion complexes in solution, as revealed by a significant shift of the H5 and H6 protons
indicating interaction with the primary face of cyclodextrin (while the secondary face was
found to interact with borate clusters) leading to inclusion complex with cyclodextrin (proton
H5 is located toward the primary face and in the cavity), while the signals of the other protons
are not significantly changed. Moreover, the Job plot appears rather consistent with 1:2
average stoichiometry for y-CD and with 1:1 stoichiometry for B-CD. ITC also confirmed the
formation of inclusion complexes allowing to extract the stability constant of the
supramolecular adduct. for y-CD, the stability constant K;.; (formation of a 1:1 complex POM-
CD) and Ky, (formation of a 1:2 complex POM-CD,) were 4.04-10* and 1.18-10° M,
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respectively, while for the f-CD, this method was not appropriate to obtain any data and Kj.;
(= 1,97-10°) was estimated from the NMR data. Crystalline samples
(La(H,0)9){[PM01,04]@2CD} were obtained by mixing an aqueous solution of
H3[PMo01,04], cyclodextrin and LaCls-7H,0 (to improve crystallization), and single crystals
suitable for X-ray diffraction (XRD) analysis were obtained by layering ethanol or acetone to
an aqueous solution. The resulting crystal structures was well correlated with solution analysis
methods showing a 1:2 complex for y-CD, and B-CD with where in both cases the POM
interacts with the primary face (Fig. 13). Although the formation of a 1:1 complex in solution
was observed for B-CD, a 1:2 complex was found in the crystal structure (similar behavior was
noted for borate clusters). However, more importantly, the authors demonstrated the effect of
cyclodextrins on the redox properties of POM. Thus, according to cyclic voltametry (CV),
adding y-CD to the aqueous solution [PM012040]3’ combines the first two recovery signals
(+440 and +340 mV) and significantly shifts towards lower potentials (+320 mV), while after

addition of B-CD, there was no significant change in the CV curves.

Figure 13. Structure of inclusion complexes of [PMo1,04]> with y- (A) and B-CD (B).

The authors also noted a better stability of aqueous solutions of the inclusion complex with -
CD, compared with the initial POM. Later, Professor W.M. Nau classified [PM012040]3‘ anion
in the range of chaotropic species.?®* Furthermore, in 2018, circular dichroism study carried
out on various POM-CD systems demonstrated that chirality transfer from the chiral
cyclodextrin toward the POM takes place in aqueous solution.**?

Later, the team headed by Professor E. Cadot obtained y-CD inclusion complexes with
other type of POM such as the Dawson anion [P,W1506,]%".%? As in the case of [PM01,0.40]°,
inclusion complexes between [P,W;50¢,]° and y-CD were formed in aqueous solution and

structurally characterized in solid-state. Upon evaporation of aqueous solutions containing
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POM and CD, various structures were obtained with ratio 1:1, 1:2 and 1:3 (Fig. 14), revealing

that stoichiometry depends directly on the introduced ratio of the reagents.

Figure 14. Structure of inclusion complexes of [P,W150¢,]° with v-CD with different stoichiometry.

In all cases, the dawson anion interacts with the primary face of CD, as evidenced by *H NMR
analysis. However, the observed shift of only the H6 proton signal indicated a weaker
interaction compare to a Keggin-type anion, which was also found in CV: the redox properties
are almost unchanged after addition of CD. On the other hand, the complexation constants
given by ITC were Ky = 3.2-10° and Ky, = 3.7-10> M. These results will be used in other
works to combine POMs with cluster complexes (see § 1.2.2.4. Three-component systems with
cyclodextrin, as well as thesis results (§3.2. Three-component systems with polyoxometalates).
Beside, understanding of the true nature of the host-guest interaction appears particularly
important for supramolecular chemistry of polyoxometalates allowing to give a comprehensive
description of their chaotropic character. For instance, the speciation diagram of molybdates or
tungstates has been revisited using y-cyclodextrin as trapping agent. Such a work done by the
team of Prof. E. Cadot demonstrates that strong host-guest interactions involving the
Lindqvist-type anions [MgO1]> (M = Mo, W) with y-CD take place in aqueous.*™® Such
anions were known for their instability in aqueous solutions®** and were obtained only in
organic solvents.**> However, the authors showed that upon acidification (to pH = 2) of an
aqueous solution of sodium molybdate or tungstate in the presence of y-CD, the formation of
the anion [MeOlg]zf occurred, as well as its inclusion in y-CD with the formation of a 1:1
complex, which can also be isolated as crystalline phase by slow evaporation of the solution.**®
The structure of the 1: 1 complex was confirmed by XRD (Fig. 15), and the existence of
complex in aqueous solution was proved by *H NMR due to the significant shift of the inner

H3 and H5 proton resonances of y-CD. More importantly, it was shown that the formation of
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POM s from basic tetraoxometalate ions MO,* , well described in the literature was reduced to

the formation of the single Lindquist-type anion in the presence of y-CD. (Fig. 16).

Figure 15. Structure of {{MsO15]@y-CD}*, top (A) and side (B) view.
The tungsten-containing anion was found more stable in aqueous solution than the Mo

analogue; however, increasing of the concentration of y-CD in solution significantly increased
stability of the POM species. The rather high stability {[W:O1,]@y-CD}* allowed the authors
to study for the first time the redox properties of this ion in aqueous solution. The redox

potential was estimated at - 0.65 V vs SCE.
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Figure 16. Interconversion scheme of molybdate (left) and tungstate (right) ions at different pH.

More recently, another work was published on the interaction of Keggin-type anion

[SiW1,04]* with y-CD.**® This system was rather poorly studied and the formation of a 1:1
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complex was shown only by NMR spectroscopy and mass spectrometry. The resulting
crystalline samples were not structurally characterized. Nevertheless, the catalytic properties of
the complex obtained were also demonstrated by the cyclooctene epoxidation with hydrogen
peroxide.

1.2.4.4. Supramolecular adducts with cluster compounds

The first example which reports on the formation of host-guest compound involving metal
clusters describes the inclusion of the tantalum cationic complex [{TagBri,}(H,0)s]** in the y-
CD.* The structure of this cluster complex differs from the molybdenum, tungsten and
rhenium compounds described in the literature with the presence of twelve p,-bridged bromo
inner ligands instead of eigth chalcogenide ps-briged (Fig. 17). Thus, mixing aqueous solutions
of the cluster complex with cyclodextrin, followed by slow evaporation of the solution leads to
a crystalline product, which, according to X-ray diffraction data, corresponds to a 1:2 inclusion
compound (Fig. 17). The supramolecular host-guest arrangement exhibits a large number of
hydrogen bonds between the terminal aqua-ligands of the cluster complex and the cyclodextrin

OH groups, as well as the inner bromide ligands and H3 protons.

Figure 17. Structure of cluster complex [{TasBri,}(H,0)¢]** (A) and its inclusion derivative with y-CD (B). Ta —
green, Br — purple, O —red, C — grey.

The formation of the complex was also confirmed by 'H NMR titration. However, unlike

polyoxometalates, for which signals were shifted upon increasing amount of guest (a labile

system, i.e. dynamic equilibrium between the free and complex identified as fast on the NMR

time scale), new broad signals related to the inclusion complex were observed with decreasing
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of the signals of free CD (frozen system, slow exchange system between free and complexed
forms on the NMR time scale). Moreover, analysis of the NMR spectra is consistent with a 1:2
stoichiometry. ITC data confirmed the formation of a very stable complex — K;.; and K., were
1.5-10° and 1.3-10° M %, respectively. In addition, the formation of the supramolecular adduct
strongly influenced the redox properties, evidenced by a significant shift towards positive
potentials in the presence of y-CD. The first one-electron oxidation process shifted by +0.13 VV
while a small shift of the second oxidation potential (+0.03 V) was observed. The resulting
inclusion complex was one of the strongest compounds with y-cyclodextrins described in the
literature.
1.2.4.5. Three-component systems with cyclodextrin

Based on the above-described results of host-guest interaction of cluster complexes or
polyoxometalates with CD, the involved authors report on combination of the three
compounds cluster/POM/CD to obtain new functional materials.>> On the one hand, the
tantalum complex [{TagBry.}(H,0)s]** forms a highly stable complex with y-CD, interacting
with the secondary face of CD, on the other hand, Dawson-type POM [P,W;504,]%" also forms
a complex with y-CD and interacts with the primary face of the CD. Besides, importantly, It
must be worth mentioning that these compounds have opposite charges. Mixing agqueous
solutions of complex and POM in the presence of CD, fast hydrogel formation was observed
within few minutes, and composition of the dried gel (after centrifugation and washing)
according to elemental analysis was found to be Ky{TagBri}(H,O)e][y-
CD],[P,W150¢,]-nH,0. At the same time, mixing compounds without CD does not lead to any
changes, which indicates the significant role of CD. Using slow diffusion method in an H-
shaped tube, single crystals suitable for X-ray diffraction were obtained. According the
analysis, the structure of the compound contained chain formed by the inclusion complex of a
tantalum cluster interacting with the POM, which have four different positions along the 4-
order axis (Fig. 18). Also, short O---O contacts between aqua-ligands of the cluster complex
and POM’s oxygen with a distance of 2.64-2.83 A were found in the structure. The elemental
composition of crystalline three-component system was in good agreement with that obtained
earlier for the dried hydrogel, which indicates the realization of the 1D supramolecular
polymer when mixing two solutions. Such a combination of POMs and cluster supramolecular

complexes in one compound is a promising strategy for obtaining new functional materials for
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catalysis, which will be discussed in more details in Chapter 3.2. Three-component systems

with polyoxometalate.

Figure 18. Chains observed in the polymeric structure in a three-component system [{Ta¢Bri,}(H.O)e][y-

CD]2[P,W150s;] (bottom) and various positions of the Dawson-type anion along the c-axis(top).

In another article 3’

, the authors extended the concept of the “chaotropic effect as an
assembly motif” to the possibility of inclusion of conventional POM and CD systems in giant
POM macrocycle. Thus, the interaction of the supramolecular adduct based on the Dawson
anion [P,W;s0¢]°> and the y-CD with the large molybdenum “blue wheel”

[M01540462H14(H20)70]** (hereinafter {Moys,}) (Fig. 19) was studied.

Figure 19. Structure of three-component system [{[P,W1506,] @2y-CD}@{M015:}]%".
The complex was synthesized in one-pot procedure. Sodium molybdate was dissolved in

water, sodium dithionite (to reduce partially molybdenum from VI to V oxidation state) and
1M HCI tto promote the self-condensation process) was added. Solution of POM-CD was

added to the resulting solution and left to stay in air until the formation of crystals. According
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to XRD data on single crystals, the compound was built from molybdenum wheel {Mo0154}
containing the inclusion complex of the Dawson type anion in two y-CD (Fig. 19). In such an
arrangement, the inclusion complex of the POM-CD appears deeply and firmly located in the
cavity of {Mo1s,}, which indicated a good size-matching between the dimensions of the cavity
and the outer diameters of the y-CD. The structure contained also additionally two outer y-CD
molecules that appear grafted on the {Mo.s,} external surface. The formation of such a three-
component system was also studied by *H NMR spectroscopy. Broadening of all signals and a
strong shift of the signals of the protons H1 and H2 were observed in the spectra, which
indicated the host-guest interaction of cyclodextrin with the big "wheel”. More interestingly,
significant changes were also found in *'P NMR spectra. Thus, NMR spectra of the individual
POM, the POM complex with the CD and the mixture of POM + {Mo;54} have only one signal
at about —12.35 ppm. However, in the spectrum of the three-component system, new signals
appeared at —12.43, —12.53 and —12.69 ppm related to different three-component forms in the
POM / cyclodextrin / {Mo1s4} system in aqueous solution. Thus, these results showed for the
first time that y-CD themselves can be used as guest using size-matching macrocycles such as
the giant molybdenum blue ring-shaped POM.
Conclusion

To sum up, we can conclude that metal cluster complexes are very promising compounds
in various fields, especially in biology and medicine, due to their luminescent and X-ray
contrast properties. However, most of the known compounds are either insoluble or unstable in
water and, especially, at physiological pH, which limit their use for applications in biology or
medicine. Literature describes some ways to solve this problem: (1) the inclusion of cluster
complexes in various organic and inorganic materials, acting as protecting shell; and (2) the
preparation of complexes with organic ligands that can increase solubility and improve
stability in water. On the other hand, cyclodextrins well-known as vectorisation agent for drugs
delivery could to solve the problem of the stability and solubility in aqueous solutions using
the supramolecular approach (3), namely the formation of inclusion complexes as it was shown
for borate clusters and polyoxometalate described in the literature. Moreover, it could be
expected that the inclusion of already studied water-soluble OMCCs into cyclodextrin may
increase their biocompatibility. On the other hand, electron-rich phosphorescent OMCC with
cyclodextrins can be combined with electron-poor polyoxometalates to produce new
multifunctional materials relevant for photocatalysis.
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CHAPTER 2. EXPERIMENTAL PART

2.1. Materials and methods

Initial reagents. As{ResQs}CN)s] (A = K, Na, Q = S, Se, Te)202989.91318319
Ka[{ResQs}(OHe]-8H,0 (Q = S, Se),"™ (H30)[{MeClg}Cle]-nH,0 (M = Mo (n=6),
W(n=7)),”"* (TBA);[{Mels}(NO3)] (M = Mo, W),"** (TBA),[{MoeBrs}(NO3)s]"™ and
Kg[P2,W1506,]-19H,0%* were obtained according to the literature procedures. All other
reagents and solvents were commercially available and used without additional purification.

Single-crystal X-ray Diffraction analysis (XRD). Crystals of compounds were selected
under polarizing optical microscope and glued in paratone oil to prevent any loss of
crystallization water. X-ray intensity data were collected at low temperature on a Bruker D8
VENTURE diffractometer equipped with a PHOTON 100 CMOS bidimensional detector
using a high brilliance IuS microfocus X-ray Mo K, monochromatized radiation (A = 0.71073
A). Data reduction was accomplished using SAINT V7.53a. The substantial redundancy in
data allowed a semi-empirical absorption correction (SADABS V2.10) to be applied, on the

2322 the structure was

basis of multiple measurements of equivalent reflections. Using Olex
solved with the ShelXT>% structure solution program using Intrinsic Phasing and refined with
the ShelXL3** refinement package using Least Squares minimization. The remaining non-
hydrogen atoms were located from Fourier differences and were refined with anisotropic
thermal parameters. Positions of the hydrogen atoms belonging to the cyclodextrins were
calculated. Crystallographic data for single-crystal X-ray diffraction studies are summarized in
Table S1.

Fourier Transform Infrared spectroscopy (FTIR). Fourier Transform Infrared (FTIR)
spectra were recorded on a 6700 FT-IR Nicolet spectrophotometer using the ATR mode in the
range 400-4000 cm™.

Thermogravimetric analysis (TGA). Analysis was performed on Mettler Toledo
TGA/DSC 1, STARe System apparatus under oxygen flow (50 mL min") at a heating rate of
5°C min* up to 700°C.

Nuclear magnetic resonance spectroscopy (NMR). All NMR spectra were measured in
D,0 at 27 °C. "'Se, *P, **Cl and *Te NMR spectra were measured on a Bruker Avance 400
spectrometer at Larmor frequencies of 76.3, 162.0, 39.2 and 126.3 MHz. Chemical shifts were
referenced using standards, 85 wt% HPO, for *'P and 2 M KCI aqueous solution for **Cl, or

using H,SeO; in alkaline solution (1272.6 ppm) for "’Se and aqueous HsTeOg (713 ppm) for
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%Te as external secondary references. The W NMR spectra were measured on a Bruker
Avance 500 spectrometer at a resonance frequency of 20.8 MHz equipped with a specific low-
gamma nuclei 10 mm probe head. "H NMR spectra were recorded on a 300 MHz spectrometer.
Chemical shifts were referenced to TMS. The transverse and longitudinal relaxation times, T,
and T,, of CD protons in the studied solutions were measured using the classical Carr-Purcell-
Meiboom-Gill (CPMG) and inversion recovery pulse sequences. The inversion-recovery
method using 180°-t-90° pulse sequence was performed to determine T;. T, was measured
with CPMG sequence employing a 90°-180° pulses train. The 90° pulse was 8.5 us in length.
One scan was acquired for each measurement. For each experiment, 12 data points were
collected for fitting. The repetition delay was chosen to be at least five times T;. The dead time
was 75 ps.

Elemental analysis. Energy-dispersive X-ray spectroscopy EDX measurements were
performed using a SEM-FEG (Scanning Electron Microscope enhanced by a Field Emission
Gun) equipment (JSM 7001-F, Jeol) and JSM-6700F. Elemental CHNS analysis was
performed on a EuroVector EA3000 CHNS analyzer.

Electronic absorption spectrophotometry. Electronic absorption spectra (EAS) were
recorded for solutions of compounds in an appropriate solvent on a spectrometer Perkin-Elmer
Lambda-750 and Ultrospec 3300 pro.

Isothermal titration calorimetry (ITC). Formation constants and inclusion enthalpies
were simultaneously determined for systems by the use of an isothermal calorimeter (ITC200,
MicroCal Inc., USA).

Mass-spectrometry (ESI-MS). Electrospray ionization mass spectra were collected using
a Q-TOF instrument supplied by WATERS.

Luminescent measurements. Luminescence properties were monitored on a Fluorolog 3
spectrometer equipped with a cooled TBX-05-C photon detection module (Horiba Jobin
Yvon). The same instrument was used for luminescence lifetime experiments using an
excitation at 390 nm (SpectraLED-390, Horiba Scientific). The decay curves were fitted to
exponential functions by the iterative reconvolution procedure of the DAS6 software (v. 6.8,
Horiba Jobin Yvon). Absolute photoluminescence quantum yields were measured using a
Quantaurus QY C11347-1 spectrometer (Hamamatsu). Oxygen was removed by saturating the

solutions with a continuous flow of argon.
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Also, the absolute quantum yields were measured using a C9920-03 Hamamatsu system
equipped with a 150 W xenon lamp, a monochromator, an integrating sphere and a red-NIR
sensitive PMA-12 detector. Lifetime measurements and TRPL mapping were performed using
a picosecond laser diode (Jobin Yvon deltadiode, 375 nm) and a Hamamatsu C10910-25 streak
camera mounted with a slow single sweep unit. Signals were integrated on a 30 nm bandwidth.
Fits were obtained using ORIGIN software and the goodness of fit was judged by the reduced
% value and residual plot shape. Steady state O, (1Ag) measurements were realised with a
Hamamatsu H12397-75 NIR-PMT unit mounted on an IHR3 spectrometer. Excitation of
samples was realised with a 375 nm laser pulsed diode (Jobin Yvon deltadiode). The system
was also equipped with a TCSPC unit to measure the emission lifetime.

Electrochemistry. Cyclic voltammetric (CV) experiments were carried out with a
Methrom Autolab PGSTAT?230 driven by a computer using NOVA software. Measurements
were performed at room temperature in a conventional single compartment cell. A glassy
carbon (GC) electrode with a diameter of 3 mm was used as the working electrode. The
auxiliary electrode was a Pt plate placed within a fritted-glass isolation chamber and potentials
are quoted against a saturated calomel electrode (SCE). The solutions were deaerated
thoroughly for at least 10 minutes with pure argon. The solution was prepared in aqueous
solution of 2.5 or 25 mM HCIQO,.

Circular dichroism (CDC). Circular dichroism spectra were recorded in the range 200-
350 nm with a home-made spectropolarimeter. The principle relies on direct measurements of
the CDC signals, which corresponds to the differential absorbance between left- and right-
circularly polarized light: CD = A, — Ag. To this end, fast modulation of the light was
achieved by a photo-elastic modulator (PEM) coupled with a phase sensitive detection. CDC
investigations have been carried out on solutions containing large excess of CDs (100 mM for
a- and y-CD, and 14 mM for B-CD). For these measurements, the sample absorbance was
adjusted to about 1 (for 1 mm optical path) at the absorption maximum. The cluster
concentration was fixed at 0.3, 0.18 and 0.06 mM for S-, Se- and Te- derivatives, respectively.
The CDC signals can be also correlated to the sample ellipticity 6 expressed in degrees, as
follow: 6~ 32.9 x (A, — Ag).

Cell cultures. HelLa cancer cell line (cervical carcinoma) was obtained from the ATCC
(ATCC number CCL-2). Immortalized human fibroblasts (IHF) used as normal cells were
kindly provided by Alexander G. Shilov (Institute of Cytology and Genetics SB RAS). The

53



cells were maintained in DMEM plus 10% FBS (Gibco), under 37 °C, atmosphere of 5% of
CO, and 90% humidity.

MTT assay. MTT test was performed according to a standard.**® Cells were seeded in a
96-well plate with a density of 3 x 10° cells/well and after 24 h of adherence, the cells were
treated with different concentration of compounds and incubated for 72h at 37 °C in an
atmosphere of 5% CO, in air. Untreated cells were used as negative control and doxorubicin
was used as a positive control. After the incubation period, 10 ul MTT reagent solution
(3 mg/ml of PBS) was added to each well followed by incubation for 3 h under the same
conditions. Then, the MTT-containing medium was removed and the formazan crystals were
dissolved in 100 pl of isopropanol. Absorbance was measured at 620 and 570 nm using a
microplate reader (Thermo Scientific, Waltham, MA). The cell viability percentage was
calculated using the following formula: Viability (%)=0D (treated cells)/OD (untreated
cells) x 100, where OD was an optical density of solution.

Confocal microscopy. The samples for confocal microscopy were prepared as follows: a
cover slip was placed into the bottom of each well of a 12-well plate. Cells were seeded in with
a density of 5 x 10 cells/well. The cells were incubated for 24 hours, and then washed with
PBS. After that, to each well solutions of compounds at different concentration were added.
After 24 h of incubation the cover slips were removed from the plate, carefully washed with
PBS and put into paraformaldehyde overnight. Subsequently, each coverslip was placed on a
slide with antifade containing DAPI (Invitrogen). The sample was dried with filter paper and
the edges of the coverslips were sealed to the slides with lacquer. Microscopic examination
was carried out on LSM 510 META (Carl Zeiss) confocal scanning microscope at the Center
for Microscopic Analysis of Biological Objects of the Institute of Cytology and Genetics SB
RAS. Standard filters were used for clusters (408 nm for excitation and 650 nm for emission).
The results were processed using Zen (Carl Zeiss) software.

Flow cytometry. For flow cytometry analysis cells were seeded with a density of 10°
cells/well in a 6-well plate. The cells were incubated for 24 hours, and then washed with PBS.
After that, to each well the solutions of studied compounds were added. After 24 h of
incubation cells were harvested with trypsin (Capricorn), washed with PBS twice and
immediately analyzed on a BD FACSCanto Il cytofluorimeter. Compounds Na-MX-2CD were
analysed in APC channel (Exitation 595, 633, 635, and 647 nm; Emission 660 nm) forming
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APC-positive P5 population. Compounds Na-WX-2CD were analysed in PE-Cy7 channel
(Exitation 488 and 532 nm; Emission 785 nm) forming PE-Cy7 -positive P6 population.

Photoinduced cytotoxicity study. The HelLa and IHF cells were seeded in 96-well plates
at a density of 7x10° cells/well and cultured for 24 h. The medium was then replaced with a
fresh medium containing Nax{[{MeXg}Clg]@(y-CD),}-nH,O (M = Mo, W, X = Br, I) in
concentration of 31.25-125 pM and incubated for 24 h. Cells were then illuminated with
500W halogen lamp (A>400 nm) for 30 min. The cells cultured in the free medium were used
as a control. Cell viability was assayed after irradiation using MTT-assay. 10 uL of the MTT
solution (5 mg-mL ") was added to each well, and the plates were then incubated for 4 h. The
resultant formazan was then dissolved in DMSO (100 pL). The optical density was measured
with a plate reader Multiskan FC (Thermo scientific, USA) at a wavelength of 620 nm.

2.2. Syntheses of cluster compounds

Synthesis of {[{RegSg}(H,0)s]@y-CD}NO3),-12H,0.

K4[{ResSg}(OH)e]-8H,0 (0.485 g ;0.27 mmol) was dissolved in 20 mL of water, after that
0.5 M HNO; was added dropwise under stirring until pH reached 1.5 producing a clear yellow
solution. 0.704 g (0.54 mmol) of solid y-CD was added directly to this solution under stirring.
After dissolution of the macrocyclic cavitand the reaction mixture was allowed to slowly
evaporate in air to leave a very small volume of a concentrated solution. A crop of yellow
crystals was collected by filtration from the very small amount of remaining mother liquor and
dried in air. Crystals typically contained KNO3, and were twice recrystallized from water.
Yield: 425 mg (50%) based on cluster complex. Anal. Calcd for C4gH116N2OgsRe6Ss: C, 18.5;
H, 3.7; N, 0.9; S, 8.2. Found: C, 18.5; H, 3.6: N, 0.9; S, 8.2. EDS shows Re : Sratio=6.0: 7.9
and confirms the absence of K. TGA revealed a weight loss of about 9% from 50 to 150 °C
(the calculated weight loss of 12 H,O is 8.9%).

Synthesis of {[{ResSeg}(H,0)s]@7-CD}(NO3),-10H,0.

The same procedure was applied as for {[{ReSg}(H,0)¢]@y-CD}(NOs),-12H,0, but
using 0.584 g (0.27 mmol) of K,;[{ResSeg}(OH)s]-8H,0. When the solution was concentrated,
the product started to decompose, therefore, the complex was isolated only as several crystals.
Yield: a few crystals. EDS shows Re : Se ratio = 6.0 : 8.2 and confirms the absence of K.

Synthesis of K {[{Re¢Ss}(CN)¢]@(a-CD),}-15H,0.

Ka[{ResSs}(CN)g] (0.15 g; 0.089 mmol) and a-CD (0.259 g; 0.266 mmol) were dissolved

in 2 mL of deionized (DI) water. The slow evaporation of the resulting solution gave small
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orange crystals of K,;{[{RegSs}(CN)s]@(a-CD),}-15H,0. Yield 0.26 g (75%) based on cluster
complex. EDS shows Re : S : Kratio = 6.0 : 7.8 : 3.9. Anal. Calcd for C;gH150K4NgO75RegSs:
C, 23.97; H, 3.87; N, 2.15. Found: C, 23.9; H, 4.0; N, 2.2. TGA revealed a weight loss of about
6.8% from 50 to 200 °C (the calculated weight loss of 15 H,0 is 6.9%).

Synthesis of K;[{ResSeg}(CN)¢]-(a-CD)-6H,0.

Ka[{ResSes}H(CN)e] (0.15 g; 0.072 mmol) and a-CD (0.211 g; 0.217 mmol) were dissolved
in 2 mL of deionized (DI) water. Crystals of K;[{RegSeg}(CN)g]-(a-CD)-6H,0 were obtained
by slow ethanol vapour diffusion into water solution (10 mL vessel containing 2 mL of water
solution was placed into a 250 mL vessel with a tight-fitting lid containing 50 mL of ethanol)
after two days and were collected, washed with mixture water/ethanol and dried in air. Yield
0.148 g (65%) based on cluster complex. EDS shows Re : Se : K ratio = 6.0 : 8.2 : 4.0. Anal.
Calcd for C4H7oK4NgO3zsRegSes: C, 15.98; H, 2.30; N, 2.66. Found: C, 16.1; H, 2.2; N, 2.7.
TGA revealed a weight loss of about 3.6% from 50 to 200 °C (the calculated weight loss of 6
H,0 is 3.4%).

Synthesis of K[{RegTeg}(CN)g]-2(a-CD)-20H,0.

The same procedure was applied as for Ky{ResSeg}(CN)¢]-(a-CD)-6H,O but using
K4[{ResTeg}(CN)g] (0.15 g; 0.061 mmol) and o-CD (0.177 g; 0.182 mmol). Yield 0.209 g
(72%) based on cluster complex. EDS shows Re : Te : K ratio = 6.0 : 8.0 : 4.1. Anal. Calcd for
C.gH160KsNsOgoRe6 Teg: C, 19.60; H, 3.38; N, 1.76. Found: C, 19.4; H, 3.5; N, 1.8. TGA
revealed a weight loss of about 7.5% from 50 to 200 °C (the calculated weight loss of 20 H,O
is 7.6%).

Synthesis of K {[{ReeSs}(CN)c]@(B-CD),}-2(p-CD)-25H,0.

The same procedure was applied as for K;[{RegSeg}(CN)e]-(a-CD)-6H,O but using
K4[{ResSg}(CN)e] (0.074 g; 0.044 mmol) and B-CD (0.15 g; 0.132 mmol). Yield 0.171 g
(58%) based on cluster complex. EDS shows Re : S : K ratio = 6.0 : 8.2 : 4.1. Anal. Calcd for
C17aH330K4NgO165Re6Ss: C, 31.27; H, 4.98; N, 1.26. Found: C, 31.4; H, 5.0; N, 1.3. TGA
revealed a weight loss of about 6.9% from 50 to 200 °C (the calculated weight loss of 25 H,O
is 6.8%).

Synthesis of K {[{ResSeg}(CN)s]@(B-CD),}-2(p-CD)-21H,0.

The same procedure was applied as for K;[{RegSeg}(CN)e]-(a-CD)-6H,O but using
K4[{ResSes}(CN)g] (0.091 g; 0.044 mmol) and B-CD (0.15 g; 0.132 mmol). Yield 0.169 g
(55%) based on cluster complex. EDS shows Re : Se : Kratio =6.0: 7.9 : 3.8. Anal. Calcd for
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C174H320K4NgO161Re6SEs: C, 29.88; H, 4.64; N, 1.20. Found: C, 30.0; H, 4.5; N, 1.1. TGA
revealed a weight loss of about 5.4% from 50 to 200 °C (the calculated weight loss of 21 H,O
is 5.4%).

Synthesis of K {[{ResTeg}(CN)s]@(B-CD),}-2(p-CD)-25H,0.

The same procedure was applied as for K,[{ResSeg}(CN)¢]-(a-CD)-6H,O but using
Ks[{ResTeg}(CN)e] (0.109 g; 0.044 mmol) and B-CD (0.15 g; 0.132 mmol). Yield 0.178 ¢
(54%) based on cluster complex. EDS shows Re : Te : K ratio = 6.0 : 8.1 : 3.9. Anal. Calcd for
C174H330K4NgO1g5Re6Teg: C, 27.99; H, 4.46; N, 1.13. Found: C, 28.0; H, 4.5; N, 1.1. TGA
revealed a weight loss of about 6.0% from 50 to 200 °C (the calculated weight loss of 25 H,O
is 6.0%).

Synthesis of Cs;Kg{[{ReeSs}(CN)e]@[y-CD]}-2[{ResSg}H(CN)g]-2(y-CD)-49H,0.

0.1 g (0.059 mmol) of K4[{ReeSg}(CN)e] was dissolved in 1 mL of water, after that 0.25 g
(0.178 mmol) of y-CD was dissolved in 1 mL of water and added to cluster solution. After that
0.05 g (0.297 mmol) of CsCl was added to the solution. Then ethanol vapor was allowed to
diffuse: a 10 mL vessel containing 2 mL of the final solution of the complex in water was
placed into a 250 mL vessel with a tight-fitting lid containing 50 mL of ethanol. The crystals
obtained after two days were collected, washed with mixture water/ethanol and dried in air.
Yield: 0.15 g (66 %) based on cluster complex. Anal. Calcd for C,19H418CS4KgN180200R€18S,4:
C, 21.92; H, 3.66; N, 2.19; S, 6.69. Found: C, 22.0; H, 3.8; N, 2.1; S, 6.6. EDS shows Re : S :
K: Csratio=18:23.8:7.9:3.8. TGA revealed a weight loss of about 7.7% from 50 to 200
°C (the calculated weight loss of 49 H,0 is 7.67%).

Synthesis of K {[{ResSeg}(CN)s]@(y-CD),}-(y-CD)-40H,0.

0.082 g (0.042 mmol) of K4[{ResSeg}(CN)g] was dissolved in 10 mL of distilled water,
after that 0.163 g (0.126 mmol) of y-CD was added under stirring. Final solution was allowed
to slowly evaporate which gave orange cubic crystals of K;{[{ResSes}(CN)g]@(y-CD),}-(y-
CD)-40H,0. Yield 0.229 g (82 %) based on cluster complex. Anal. Calcd for
Ci50H290NgK4O145RE6SE5: C, 28.14; H, 4.56; N, 1.31. Found: C, 28.2; H, 4.4; N, 1.4. EDS
shows Re : Se : Kratio =6 : 8.2 : 3.9. TGA revealed a weight loss of about 7% from 50 to 200
°C (the calculated weight loss of 40 H,O is 7.3%).

Synthesis of Nas{[{ResSeg}(CN)s]@(y-CD),}-(y-CD)-21H,0.

Similar procedure than compound K {[{ResSes}(CN)s]@(y-CD),}-(y-CD)-40H,0, except
using Nay[{ResSes}(CN)s] instead of K,{ReegSes}(CN)e¢]. Anal. Calcd for
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Cis0H280NgNa,O141Re6Ses: C, 28.74; H, 4.54; N, 1.34. Found: C, 28.9; H, 4.4; N, 1.4. EDS
shows Re : Se : Naratio = 6 : 7.9 : 4.0. TGA revealed a weight loss of about 6% from 50 to
200 °C (the calculated weight loss of 21 H,0 is 6.04%).

Synthesis of Nas{[{ResTeg}(CN)eg]@(y-CD),}-(y-CD)-30H,0.

0.1 g (0.042 mmol) of Nay[{ResTeg}(CN)e] was dissolved in 10 mL of distilled water, after
that 0.163 g (0.126 mmol) of y-CD was added under stirring. Final solution was allowed to
slowly evaporate which gave orange cubic crystals of Nas{[{ResTes}(CN)¢]@(y-CD),}-(y-
CD)-30H,0. Yield 0.245 g (86 %) based on cluster complex. Anal. Calcd for
Cis0Ha00NgNasO150Res Teg: C, 26.42; H, 4.44; N, 1.23. Found: C, 26.5; H, 4.2; N, 1.3. EDS
shows Re : Te : Naratio =6 : 7.8 : 3.9. TGA revealed a weight loss of about 8% from 50 to
200 °C (the calculated weight loss of 30 H,O is 7.93%).

Synthesis of K/ {[{ResTeg}(CN)s]@(y-CD),}-(y-CD)-25H,0.

Similar procedure than compound Nas{[{Res¢Teg}(CN)¢]@(y-CD),}-(y-CD)-30H,0,
except using K;[{ResTeg}(CN)g] instead of Nay[{ResTeg}(CN)¢]. Anal. Calcd for
C150H200NgK4O145RE6 TEg: C, 26.52; H, 4.30; N, 1.24. Found: C, 26.7; H, 4.2; N, 1.2. EDS
shows Re : Te: Kratio=6: 7.8 : 4.1. TGA revealed a weight loss of about 6% from 50 to 200
°C (the calculated weight loss of 25 H,0 is 6.6%).

Synthesis of K;[{RegSeg}(CN)¢]-EtOH.

10 ml of a Br, solution in acetonitrile (~ 0.2 M) was added to the powder
K4[{RegSeg}H(CN)g] (0.3 g, 0.145 mmol) and reaction mixture was stirred for 30 minutes. The
dark green powder was separated from the solution on a porous filter and washed several times
with acetonitrile. Then, the resulting complex was dissolved in 50 ml of ethanol, filtered and
evaporated to dryness on a rotary evaporator. Yield: 0.286 g (95 %). EDS shows Re : Se : K
ratio = 6 : 7.9 : 3.1. TGA revealed a weight loss of about 2.2% from 40 to 100 °C (the
calculated weight loss of 1 EtOH is 2.2%).

Synthesis of Kx{[{ResSeg}(CN)g]@(y-CD),}-(y-CD)-33H,0.

Complex was obtained by two ways:

1) K3[{ResSeg}(CN)g]-EtOH (0.202 g, 0.097 mmol) and y-CD (0.407 g, 0.289 mmol) were
dissolved in 5 mL of water. Final solution was allowed to slowly evaporate which gave green
crystals of Ks{[{ResSeg}(CN)g]@(y-CD),}-(y-CD)-33H,0,;

2) Ky[{ReegSegH(CN)e] (0.2 g, 0,097 mmol) and y-CD (0.407 g, 0.289 mmol) were

dissolved in 5 mL of water. Then, few drops of KBr/Br, solution in water (~ 0.2 M) were
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added to reaction mixture resulting in dark green solution Final solution was allowed to slowly
evaporate which gave green crystals of Kz{[{ResSeg}(CN)s]@(y-CD),}-(y-CD)-33H,0.

Yield 0.51 g (81 %) based on cluster complex. Anal. Calcd for C;50H306K3NgO153Re6SES:
C, 27.62; H, 4.73; N, 1.29. Found: C, 27.5; H, 4.5; N, 1.3. EDS shows Re : Se : K ratio = 6 :
8.1 : 3.0. TGA revealed a weight loss of about 9.0% from 50 to 160 °C (the calculated weight
loss of 33 H,0 is 9.1%).

Synthesis of Ks{[{ResSeg}(CN)e]@(y-CD),}-K;s[{ResSeg}(CN)g]-23H,0

Complex was obtained by two ways:

1) K3[{ResSeg}(CN)g]-EtOH (0.202 g, 0.097 mmol) and y-CD (0.136 g, 0,097 mmol) were
dissolved in 5 mL of water. Final solution was allowed to slowly evaporate which gave green
crystals of Ks{[{ResSeg}(CN)s]@(y-CD)2}-Ks[{ResSes}(CN)s]-23H,0;

2) Ky[{ReeSeg}H(CN)e] (0.2 g, 0,097 mmol) and y-CD (0.136 g, 0,097 mmol) were
dissolved in 5 mL of water. Then, few drops of KBr/Br, solution in water (~ 0.2 M) were
added to reaction mixture resulting in dark green solution Final solution was allowed to slowly
evaporate which gave green crystals of Ks{[{ResSeg}(CN)s]@(y-
CD)2}- Ks[{ResSegH(CN)g]-23H,0.

Yield 0.25 g (73 %) based on cluster complex. Anal. Calcd for C1ogH206KegN120103R€1,S€16:
C, 18.32; H, 2.93; N, 2.38. Found: C, 18.5; H, 3.0; N, 2.4. EDS shows Re : Se : Kratio =6 :
8.1 : 3.0. TGA revealed a weight loss of about 6.0% from 50 to 160 °C (the calculated weight
loss of 23 H,0 is 5.9%).

Synthesis of (TBA),[{WeBrg}(NOs)g].

Complex was obtained according to unpublished procedure, developed in NIIC SB RAS
by PhD student Evtushok D.V. (TBA),[{WeBrg}Brg] (0.5 g ; 0.186 mmol) is placed in a
Schlenk flask covered by aluminum foil and dissolved in 30 mL of dichloromethane. The
resulting solution was degassed for 30 minutes with argon. Silver nitrate (0.188 g, 1.114
mmol) was added to the solution under vigorous stirring. Then, the reaction mixture was
stirred for three days without heating and once a day was additionally degassed with argon to
maintain an inert atmosphere. Then, the solution was separated from the precipitate (AgBr),
evaporated to dryness on a rotary evaporator (most often forms an oil) and treated with diethyl
ether to form a yellow crystalline substance. The resulting complex is sensitive to light and
oxygen in the air. Yield 0.31 g (64%). Anal. Calcd for C3,H;,BrgNgO1sWs: C, 14.82; H, 2.8; N,
4.32. Found: C, 14.6; H, 2.6; N, 4.3. EDS shows W : Brratio=6: 8.1.
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Synthesis of (TBA),[{Moglg}Clg].
The complex was obtained using a modified published procedure.’
(TBA),[{Moglg}(NO3)s] (1 g, 0.407 mmol) was dissolved in 100 mL of acetone and 1 mL of

concentrated hydrochloric acid was added. The resulting solution was boiled for several hours.

7

An orange precipitate occurred during the reaction, and its dissolution indicated that the
reaction was complete. The resulting solution was evaporated to a minimum volume and the
complex was precipitated by diethyl ether. The resulting crystalline powder (sometimes oil)
was washed several times with water, dried, dissolved in 150 ml of acetone and evaporated to
dryness to form red crystals of (TBA),[{Moglg}Cl¢]. Yield 0.84 g (90%). Anal. Calcd for
C3oH7,ClglgMogN,: C, 16.71; H, 3.16; N, 1.22. Found: C, 16.6; H, 3.2; N, 1.3. EDS shows Mo :
|:Clratio=6:8.1:6.1.

Synthesis of (TBA),[{MogBrg}Clg].

Similar procedure than compound (TBA),[{Moglg}Clg], using (TBA),[{Mo¢Brg}(NOs)e] (1
g, 0.482 mmol). Precipitation stage was not observed during the reaction, so the reaction was
carried out for 2 hours. Yield 0.848 g (92%). Anal. Calcd for C5,H7,ClgBrgMogN,: C, 20.07; H,
3.79: N, 1.46. Found: C, 20.1; H, 3.8; N, 1.3. EDS shows Mo : Br: Clratio=6: 7.8 : 6.1.

Synthesis of (TBA),[{WeBrg}Clg].

Similar procedure than compound (TBA),[{Moglg}Clg], using (TBA),[{WeBrg}(NO3)s] (1
g, 0.386 mmol). Precipitation stage was not observed during the reaction, so the reaction was
carried out for 2 hours. Yield 0.797 g (85%). Anal. Calcd for C5,H7,Cl¢BrgWgN,: C, 15.81; H,
2.99; N, 1.15. Found: C, 15.9; H, 2.8; N, 1.2. EDS shows W : Br: Clratio=6: 7.9 : 6.0.

Synthesis of (TBA),[{Wslg}Clg].

Similar procedure than compound (TBA),[{Moglg}Cl¢], using (TBA),[{Wslg}(NO3)s] (1 g,
0.336 mmol). Sometimes, after the stage of dissolving the precipitate, a small amount of
insoluble powder remained in the reaction mixture. This powder was separated from the
reaction before evaporation of the solution. Yield 0.756 g (80%). Anal. Calcd for
C3oH7,ClglgWgN,: C, 13.65; H, 2.58; N, 1.00. Found: C, 13.7; H, 2.6; N, 1.1. EDS shows W : |
:Clratio=6:8.0:5.9.

Synthesis of Na,[{MogBrg}Clg]-Me,CO.

(TBA),[{MogBrg}Clg] (0.2 g, 0.105 mmol) was dissolved in 40 mL of dichloromethane.
NaBPh, (0.143 g, 0.418 mmol) was added under vigorous stirring to the solution of the

complex. The process of precipitating the reaction product was accelerated by placing the
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reaction mixture in an ultrasonic bath for 10 minutes. The resulting powder was separated from
the solution, washed several times with dichloromethane and dissolved in a minimum amount
of acetone (~ 10 mL). The solution was filtered from insoluble compounds and added under
stirring to 50 mL of diethyl ether. The resulting complex Na[{Mo¢Brg}Clg]-Me,CO was
separated from the solution, washed with diethyl ether and dried in air. The resulting
compound was sensitive to air water. Yield 0.144 g (90%). EDS shows Mo : Br: Cl : Na=6:
7.9 : 6.0: 2.1. TGA revealed a weight loss of about 2.8% from 30 to 100 °C (the calculated
weight loss of acetone molecule is 3.8%).

Synthesis of Nay[{Moglg}Clg]-2Me,CO.

Similar procedure than compound Na,[{MogBrg}Clg]-Me,CO, using (TBA),[{Moglg}Cl¢]
(0.2 g, 0.087 mmol) and NaBPh, (0.119 g, 0.348 mmol). Yield 0.155 g (90 %). EDS shows
Mo :1:Cl:Naratio=6:8.0:6.1: 1.9. TGA revealed a weight loss of about 5.0% from 30 to
100 °C (the calculated weight loss of 2 acetone molecules is 5.9%).

Synthesis of Na,[{WBrg}Cl¢]-2Me,CO.

Similar procedure than compound Nay[{MogBrg}Clgs]-Me,CO, using (TBA),[{WsBrs}Clg]
(0.2 g, 0.082 mmol) and NaBPh, (0.113 g, 0.329 mmol). Yield 0.156 g (90 %). EDS shows W
:Br:Cl:Naratio=6:8.1:5.8:1.9. TGA revealed a weight loss of about 4.6% from 30 to
100 °C (the calculated weight loss of 2 acetone molecules is 5.5%).

Synthesis of Nay[{W5lg}Clg]-Me,CO.

Similar procedure than compound Nay[{MogBrg}Cls]-Me,CO, using (TBA),[{Wels}Clg]
(0.2 g, 0.071 mmol) and NaBPh, (0.097 g, 0.284 mmol). Yield 0.156 g (90 %). EDS shows W
:1:Cl:Naratio=6:8.0:5.8: 2.0. TGA revealed a weight loss of about 1.5% from 30 to 100
°C (the calculated weight loss of acetone molecule is 2.3%).

Synthesis of (H30){[{MosCls}Cls]@(y-CD),}-16H,0.

(H30),[{MogClg}Clg]-6H,0 (0.2 g, 0.163 mmol) was dissolved in 10 mL of ethanol under
heating with the addition of 1 mL of concentrated hydrochloric acid. y-CD (0.46 g, 0.327
mmol) was dissolved in 1 mL of water. An aqueous solution of y-CD was added to the
complex solution under stirring. The precipitate of the product (H3O){[{Mo¢Clg}Cls]@(y-
CD),}-16H,0 was separated from the solution, washed with an water-ethanol solution, and
dried in air. When standing, yellow crystals of another compound (H3O),{[{M0sClg}Clg] @(y-
CD),}-2((H30)2[{M0gClg}Clg])-15H,0 were obtained from the mother liquor. Yield 0.36 ¢
(55 %) based on cluster complex. Anal. Calcd for CggH19sCl14M0gOgs: C, 28.83; H, 4.99.
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Found: C, 28.5; H, 5.0. EDS shows Mo : Cl ratio = 6 : 14.1. TGA revealed a weight loss of
about 8.4% from 50 to 130 °C (the calculated weight loss of 16 H,0 is 8.1%).

Synthesis of (H30),{[{WClg}Cls]@(y-CD),}-13H,0.

Similar procedure than compound (HsO),{[{MosClg}Cls]@(y-CD),}-16H,0, using
(H30),[{WsClg}Clg]-7H,O (0.2 g, 0.114 mmol) and y-CD (0.32 g, 0.228 mmol). When
standing,  yellow crystals of another compound  (H3O){[{WsCls}Cls]@(y-
CD),}-0.5((H30),[{WClg}Clg])- 15H,0 were obtained from the mother liquor. Yield 0.25 g
(50 %) based on cluster complex. Anal. Calcd for CogH19,Cl1sWsOgs: C, 25.84; H, 4.34. Found:
C, 25.6; H, 4.3. EDS shows W : Cl ratio = 6 : 14.2. TGA revealed a weight loss of about 6.0%
from 50 to 130 °C (the calculated weight loss of 13 H,0 is 6.1%).

Synthesis of Na,{[{Mo¢Brg}Cls]@(y-CD),}-15H,0.

Na,[{MogBrg}Clg]-Me,CO (0.15 g, 0.098 mmol) and y-CD (0.275 g, 0.196 mmol) were
dissolved in 3 mL of water under stirring. During the slow evaporation of the solution, crystals
of the compound Nay{[{Mo¢Brg}Cls]@(y-CD),}-15H,0 were formed after a day, which were
separated from the solution, washed with a small amount of cold water and ethanol, and dried
in air. Yield 0274 g (65 %) based on cluster complex. Anal. Calcd for
CosH190BrsClsMogNa,Ogs: C, 26.56; H, 4.41. Found: C, 26.6; H, 4.3. EDS shows Mo : Br : ClI:
Naratio=6:8.2:6.0:1.9. TGA revealed a weight loss of about 6.0% from 50 to 150 °C (the
calculated weight loss of 15 H,0 is 6.2%).

Synthesis of Nay{[{Mo¢Brg}Cls]@(y-CD),}-(y-CD)-10H,0.

Similar procedure than compound Nay,{[{Mo¢Brg}Cls]@(y-CD),}-15H,0, using
Na,[{MogBrg}Clgs]-Me,CO (0.15 g, 0.098 mmol) and y-CD (0.412 g, 0.294 mmol). Yield
0.404 g (75 %) based on cluster complex. Anal. Calcd for Ci44H260BrsClsMogNa,Oq39: C,
31.17; H, 4.73. Found: C, 31.2; H, 4.8. EDS shows Mo : Br: Cl: Naratio=6:8.0:6.1:1.9.
TGA revealed a weight loss of about 3.0% from 50 to 150 °C (the calculated weight loss of 10
H,O is 3.2%).

Synthesis of Na,{[{Moglg}Cl¢]@(y-CD),}-11H,0.

Similar procedure than compound Na,{[{Mo¢Brg}Cls]@(y-CD),}-15H,0, using
Na,[{Moglg}Clg]-2Me,CO (0.15 g, 0.076 mmol) and y-CD (0.213 g, 0.152 mmol). Yield
0.225 g (64 %) based on cluster complex. Anal. Calcd for CggH1g,15ClsM0gNa,Oq;: C, 24.78;
H, 3.95. Found: C, 24.8; H, 3.8. EDS shows Mo : | : Cl: Naratio=6:7.9:6.0: 21 TGA
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revealed a weight loss of about 4.2% from 50 to 150 °C (the calculated weight loss of 11 H,O
is 4.3%).

Synthesis of Nay{[{Moglg}Cls]@(y-CD),}-(y-CD)-14H,0.

Similar procedure than compound Nay{[{Mo¢Brg}Cls]@(y-CD),}-15H,0, using
Na,[{Moglg}Clg]-2Me,CO (0.15 g, 0.076 mmol) and y-CD (0.320 g, 0.228 mmol). Yield
0.387 g (85 %) based on cluster complex. Anal. Calcd for Cy44H65lgClsM0gNa,O134: C, 28.80;
H, 4.50. Found: C, 28.7; H, 4.6. EDS shows Mo : | : Cl: Naratio =6 : 7.8 : 6.0 : 2.0. TGA
revealed a weight loss of about 4.4% from 50 to 150 °C (the calculated weight loss of 14 H,O
is 4.2%).

Synthesis of Na{[{WBrg}Clg]@(y-CD),}-9H,0.

Similar procedure than compound Nax{[{Mo¢Brg}Clg]@(y-CD),}-15H,0, using
Na,[{WsBrg}Clg]-2Me,CO (0.15 g, 0.071 mmol) and y-CD (0.200 g, 0.142 mmol). Yield
0.242 g (72 %) based on cluster complex. Anal. Calcd for CggH178BrsClgWeNa,Ogo: C, 24.27;
H, 3.78. Found: C, 24.3; H, 3.8. EDS shows W : Br : Cl: Naratio=6:7.8:59:2.1. TGA
revealed a weight loss of about 3.2% from 50 to 150 °C (the calculated weight loss of 9 H,O is
3.4%).

Synthesis of Nay{[{W¢Brg}Clg]@(y-CD),}-(y-CD)-15H,0.

Similar procedure than compound Nax{[{Mo¢Brg}Clg]@(y-CD),}-15H,0, using
Na,[{WsBrg}Clg]-2Me,CO (0.15 g, 0.071 mmol) and y-CD (0.300 g, 0.214 mmol). Yield
0.374 g (85 %) based on cluster complex. Anal. Calcd for Cy44H,70BrgClgWsNa,O435: C, 28.01;
H, 4.42. Found: C, 28.0; H, 4.6. EDS shows W : Br : Cl: Naratio=6:7.9:58:21 TGA
revealed a weight loss of about 4.5% from 50 to 150 °C (the calculated weight loss of 15 H,O
IS 4.4%).

Synthesis of Nay{[{Wlg}Clg]@(y-CD),}-13H,0.

Similar procedure than compound Nax{[{Mo¢Brg}Clg]@(y-CD),}-15H,0, using
Na,[{W;sl}Clg]-Me,CO (0.15 g, 0.062 mmol) and y-CD (0.173 g, 0.124 mmol). Yield 0.259 g
(81 %) based on cluster complex. Anal. Calcd for CggHyg6lgClsWgNa,Og3: C, 22.14; H, 3.60.
Found: C, 22.3; H, 3.8. EDS shows W : | : Cl: Naratio =6 : 8.0 : 5.9 : 2.0. TGA revealed a
weight loss of about 4.7% from 50 to 150 °C (the calculated weight loss of 13 H,O is 4.5%).

Synthesis of Na{[{Welg}Cls]@(y-CD),}-(y-CD)-16H,0.

Similar procedure than compound Nay,{[{Mo¢Brg}Cls]@(y-CD),}-15H,0, using
Na,[{W5ls}Clg]-Me,CO (0.15 g, 0.062 mmol) and y-CD (0.260 g, 0.185 mmol). Yield 0.283 g
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(70 %) based on cluster complex. Anal. Calcd for C144H»7,13ClgWgNa,O454: C, 26.37; H, 4.18.
Found: C, 26.2; H, 4.2. EDS shows W : | : Cl: Naratio =6 : 7.8 : 6.2 : 2.0. TGA revealed a
weight loss of about 4.5% from 50 to 150 °C (the calculated weight loss of 16 H,0 is 4.4%).

Synthesis of K;[{ResSg}(H20)s]2{[P2W18062] @(y-CD),}-55H,0.

K4[{ResSg}(OH)e]-8H,O (0.072 g, 0.04 mmol) was dissolved in 2 mL of 2M H,SO,.
Kg[P.W1506¢,]-19H,0 (0.1 g, 0.02 mmol) and y-CD (0.057 g, 0.04 mmol) were dissolved in 1.5
mL of water. The resulting solutions were mixed and left to stay on the air. After short time,
crystalline compound K;[{RegSg}(H»0)e]A[P2W1506,]@(y-CD),}-55H,0 were formed and
separated from the solution, washed with cold water and dried in air. Yield 0.17 g (72 %)
based on cluster complex. Anal. Calcd for CgogH94K>0509P2RE1,S16W1g: C, 10.48; H, 2.69; S,
4.65. Found: C, 10.6; H, 2.8; S, 4.5. EDSshowsRe : S: K:P:Wratio=12:159:2.1:2.0:
17.9. TGA revealed a weight loss of about 9.1% from 50 to 110 °C (the calculated weight loss
of 55 H,0 is 9.0%).

Synthesis of K;[{ResSeg}(H20)e]2{[P2W1506.] @(y-CD),}-42H,0.

Similar procedure than compound K;[{RegSg}(H>0)s]{[P.W1506,]@(y-CD),}-42H,0,
using K4[{ResSeg}(OH)e]-8H,O (0.088 g, 0.04 mmol) instead of K4[{ResSg}(OH)e]-8H,0.
Yield 0.164 g (70 %) based on cluster complex. Anal. Calcd for CggH,65K50196PoRE1,S€16W1g:
C, 9.99; H, 2.34. Found: C, 10.0; H, 2.4. EDS shows Re : Se : K: P: Wratio=12:16.0:2.2:
2.1:18.0. TGA revealed a weight loss of about 6.4% from 50 to 110 °C (the calculated weight
loss of 42 H,0 is 6.4%).

Synthesis of K/ {[{ResSes}(CN)g]@(y-CD),}-Kg[P,W1504,]-33H,0.

K4[{ResSes}(CN)s] (0.129 g, 0.062 mmol) was dissolved in 1 mL of water.
Ks[P,W1506¢,]-19H,0 (0.3 g, 0.062 mmol) and y-CD (0.174 g, 0.124 mmol) were dissolved in
3 mL of water. The resulting solutions were mixed and left to stay on the air. During the slow
evaporation of the solution, crystals of the compound Ky{[{ResSes}(CN)c]@(y-
CD),}-Kg[P,W150¢,]-33H,0O were formed after a day, which were separated from the
solution, washed with cold water and dried in air. Yield 0.454 g (74 %) based on cluster
complex. Anal. Calcd for Cy9oH26K10NgO175P-ResSegW1g: C, 12.41; H, 2.31; N, 0.85. Found:
C,126;H,24;:N,09. EDSshowsRe:Se:K:P:Wratio=6:79:9.8:2.1:18.0. TGA
revealed a weight loss of about 6.0% from 50 to 150 °C (the calculated weight loss of 33 H,O
is 6.0%).

Synthesis of K {[{ResTes}(CN)e]@(y-CD),}-Kg[P,W150¢,]-33H,0.
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Similar procedure than compound K, {[{ResSeg}(CN)e]@(y-CD),}-Ke[P,W1506,]-33H,0,
using K4[{RegTeg}(CN)e] (0.153 g, 0.062 mmol) instead of K;[{ResSeg}(CN)g]. Yield 0.482 g
(76 %) based on cluster complex. Anal. Calcd for CpH»sK19NgO175PRegTegWsg: C, 11.93;
H, 2.22; N, 0.82. Found: C, 12.0; H, 2.2; N, 0.8. EDS shows Re : Te : K: P: Wratio=6:8.0:
9.9:2.0:18.1. TGA revealed a weight loss of about 6.0% from 50 to 150 °C (the calculated
weight loss of 33 H,0 is 5.8%).

Synthesis of K;NaysH{{[{ResSes}(CN)s]@(y-CD)2}@[MO01540462H14(H20)70]}- 160H,0.

Na,Mo0,4-2H,0 (1.5 g, 6.15 mmol) was dissolved in 5 mL of water. Solution of Na,S,0,
(0.1 g, 0.575 mmol) in 1 mL of water and 14 ml of 1 M HCI were added to the resulting
solution to form dark blue solution. K;[{ResSeg}(CN)e] (0.085 g, 0.041 mmol) and y-CD
(0.115 g, 0.082 mmol) dissolved in 2 mL of water were added to the resulting solution. The
reaction mixture was filtered and left to stand in a 50 mL Erlenmeyer flask. The resulting
crystals of the substance were separated from the solution after a few days and dried in air.
Yield 0.980 g (76 %) based on cluster complex. EDS shows Re : Se : K : Na : Mo ratio = 6 :
8.2 :21:13.8:154.4. TGA revealed a weight loss of about 9.1% from 50 to 150 °C (the
calculated weight loss of 160 H,O is 9.1%).

Synthesis of
KaNayHA{{[{Res TesH(CN)e]@(y-CD)2}@[M01540462H14(H20)70]}-Nas{[{Res Tes}(CN)s ] @ (¥
-CD),}-240H,0.

Similar procedure than compound
KaNagHA{[{ResSes}(CN)s] @ (y-CD)2}@[M01540462H14(H20)70] }- 160H,0, using
K4[{ResTeg}(CN)g] (0.100 g, 0.041 mmol) instead of K4[{ResSeg}(CN)g]. Yield 1.1 g (71 %)
based on cluster complex. EDS shows Re : Te : K: Na: Mo ratio =12 :16.1:19:18.2:
154.2. TGA revealed a weight loss of about 11.2% from 50 to 150 °C (the calculated weight
loss of 240 H,0 is 11.3%).
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CHAPTER 3. RESULTS AND DISCUSSION

The previous review corresponding to the first chapter gives a clear insights about the high
potential of metal cluster complexes to be used in various fields, especially in biology and
medicine. However, OMCC are usually weakly soluble or unstable in aqueous solutions.
Therefore, numerous studies report on stabilization of cluster compounds in solutions through
their inclusion in various organic or inorganic matrices. On the other hand, stable water-
soluble OMCCs are also known, for which a large number of studies have been carried out,
which demonstrate their low toxicity both in vitro and in vivo.

This PhD thesis proposes a different way to improve the solubility and stability of cluster
complexes in aqueous solutions using the supramolecular approach. The basic idea is to
incorporate OMCC into easily available, cheap and non-toxic molecules that have proven
themselves in biology and medicine, namely cyclodextrins (CD). Thus, a large number of new
compounds of molybdenum, tungsten and rhenium cluster complexes with CD was obtained.
Using a wide range of physicochemical methods, it has been shown that such inclusion
compounds exist both in solution and in solid state. Moreover, a significant effect of
cyclodextrin on the properties of OMCC, in particular, on luminescent and redox, has been
demonstrated. The possibility of the stabilization of molybdenum and tungsten complexes in
agueous solutions was also shown, which made it possible to study their biological properties.
The obtained OMCC@CDs exhibit one of the lowest cytotoxicity and an increased stability in
water beyond the “state-of-the-art” in this field of research.. It was also demonstrated that
inclusion compounds can be combined with other inorganic compounds — herein
polyoxometalates, that is promising for the development of new multifunctional materials

relevant for photocatalysis or optical devices.

3.1. Interactions of cyclodextrins with rhenium cluster complexes

In the frame of the first example reporting the formation of an OMCC inclusion compound
with CD,* namely [{TasBri,}(H,0)s]**, it was proposed to extend the supramolecular system
with the rhenium cluster complexes, namely [{ResQs}(H,0)s]** (Q = S, Se) and
[{ResQs}(CN)]* (Q = S, Se, Te). These aquo or cyano derivatives have been selected for
several reasons, i) their synthesis is straightforward with high yields; ii) They exhibit high
solubility and stability in aqueous solutions, iii) their electronic properties (luminescence and
redox) are well described, iv) previous studies demonstrated their potentialities for application
20,29

in biology and medicine, especially for cyanide complexes.
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3.1.1.  System p-CD and [{ResQs}(H,0)s]*" (Q = S, Se)

Cationic aqua rhenium complexes [{ResQs}(H,0)s]** (Q = S, Se) were the first compounds
studied in this study, since they retain the same cationic charge and similar structure to that of
the tantalum complex [{TagBri2}(H,0)e]**.% The supramolecular adduct was isolated as pure
crystalline solid using the following procedure. K;[{ResQg}(OH)g]-8H,O was dissolved in
water and HNO; was added dropwise until the pH reached 1.5. Under such acidic conditions,
protonation of the terminal hydroxo group convert the anion into the dication
[{ResQs}(H,0)s]**. Mixing of the resulting solutions with y-CD, followed by slow
evaporation, led to the formation of crystalline products {[{ResQs}(H,0)s]@y-
CD}(NOs3),-nH,O (Q =S, n=12 (1) and Q = Se, n = 10 (2)). The composition and structure
was confirmed by elemental analysis and single-crystal X-ray diffraction analysis. The FTIR
spectra contain both vibrations related to cyclodextrin and characteristic vibrations of the Re-S
bond vge.s = 413 cm* (Fig. S1). In the case of the complex [{ResSes}(H,0)e]*, during slow
evaporation of the solution, simultaneously with the crystallization of the inclusion compound,
the OMCC starts to decompose to form dark brown and black insoluble precipitates of
unknown composition. In this regard, this compound was isolated only as several crystals, for

which elemental and X-ray structural analysis was performed.

3.1.1.1. Crystal structures
According to XRD data, compounds 1 and 2 are isostructural (space group 14) and contain
inclusion compound of cationic complexes [{ResQs}(H,0)s]** in y-CD in a 1:1 ratio, in which

the cluster interacts with the secondary face of the CD (Fig. 20A).

Figure 20. Structure of inclusion compounds {[{ResQs}(H.0)s]@y-CD}** (A) and representation showing
hydrogen bonds with aqua ligands and crystallization water molecules(B). Re — green, Q — violet, O —red, C —

gray. Hydrogen atoms are omitted.
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The structures also contain solvate water molecules, some of which have partial occupancy
positions. Nitrate anions were not localized from experimental data and were included in the
formula without refinement. The observed distances (Re-Re, Re-Q, Re-0O) in cluster complexes
are in good agreement with the literature data (Table S2). An analysis of the structures
obtained showed the absence of any strong hydrogen bonds between the complex and
cyclodextrin: the closest distances between ps-Q and H3 were 3.55 and 3.18 A for Q = S and
Se, respectively, and the O---O distances between terminal aqua ligands and OH groups of the
secondary face were about 3.22 A. For comparison, the same distances in the case of the
tantalum complex [{TasBri,}(H,0)s]*" were about 2.83 (between p,-Br and H3) and 2.83
(between H,0 ligand and OH) A. Such a difference is well explained by the difference in size
of cationic complexes, one containing twelve bulky Br atoms while the other contains eigth Q
atoms (Q = S or Se) as inner groups. Besides, the distance between apical aqua-ligands
measured and the center of the cluster core (the width of the complex) is 8 A for rhenium
compounds and 8.75 A for tantalum one. Also, solvate water molecules were found in
structure of 1 and 2, which are located both in the y-CD cavity and outside. These water
molecules are involved in hydrogen bonds with apical aqua-ligands of the complexes (Fig.
20B), as well as with other cyclodextrin molecules in the solid-state packing (O---O distances
were 2.57 A and 2.71 A for hydrogen bonds with water molecules in the CD cavity and in the

equatorial plane, respectively).

3.1.1.2. "H NMR studies

In addition to the structural characterization in the solid-state, the supramolecular
interaction in aqueous solution was studied by *H NMR titration (Fig. 21). Upon increasing the
concentration of the rhenium complex in solution, NMR spectra of CD doesn’t change, which
indicates negligible host-guest interaction. Such an observation is well correlated with
structural data, which showed only few weak hydrogen bonds between the guests and the host.

Thus, in this system, the formation of inclusion compounds was evidenced only in crystal
structures, and the weak host-guest interactions do not allow the stabilization of the
supramolecular adduct which dissociate in aqueous solution, It is also important to note, that

using smaller CDs, such as a or B, inclusion compounds were not obtained in the solid-state.
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Figure 21. "H NMR spectra of y-CD in presence of different amount of complex [{ResSs}(H20)]**.

Concentration of CD is varied from 0.27 to 10 mM, and concentration of cluster is fixed (3mM).

3.1.2.  System a-CD and [{ResQs}(CN)s]* (Q =S, Se, Te)

Study of interactions of cyanide rhenium cluster complexes with cyclodextrins is
presented. Such cluster complexes exhibit high solubility and stability in aqueous solutions
without any precautions and also exhibit fair luminescent and redox properties. Then, this type
of clusters are excellent candidates for a detailed study of their interaction with cyclodextrins
and their influence on the physical-chemical properties. Also, varying the inner ligands allows
changing the size of the cluster complex, which is also important in the stability of the
resulting inclusion compounds.

When dissolving cluster complexes [{ResQs}CN)e]* (Q = S, Se, Te) and a-CD in water,
followed by evaporation of the solution (Q = S) or diffusion of ethanol vapor into the aqueous
solution (Q = Se, Te), crystalline products K;{[{ReSs}(CN)e]@(a-CD),}-15H,0 (3),
K4[{ResSeg}(CN)g]- (a-CD)-6H,0 (4) and Ky{ResTeg}(CN)e]-2(a-CD)-20H,0 (5) were
obtained. The composition of the compounds was confirmed by elemental analysis and TGA,
and the FTIR spectra contain all a-CD vibrations and vibrations related to cluster complexes
(ven~2100 cm ™) (Fig. S2).

3.1.2.1. Crystal structures

According to single-crystal X-ray diffraction data, only in the case of a smaller S-
containing complex, the formation of the inclusion compound 3 is observed. The compound
crystallizes in the non-centrosymmetric space group C2, and its structure contains two
crystallographically independent rhenium cluster complexes, which are included in two o-CD

interacting with secondary face of CD (Fig. 22A). Equatorial cyanide groups of the complex
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are located parallel to the secondary face of cyclodextrin, and the other two are located in the
cavities of CD.

Figure 22. Structure of cluster anion {[{ResSs}(CN)s]@(a-CD),}* (A). Bamboo-like structures (B) and their
packing along b axis (C). Re — green, S — yellow, O —red, C — gray, N — blue. Potassium, hydrogen and water

molecules are omitted.

Such an organization is stabilized by a multitude of hydrogen bonds, distributed as i)
equatorial cyanide groups with OH groups of the secondary face (N---O distances are 3.04 A,
ii) the inner ligands with the H3 hydrogens giving S---C distances in the range of 2.6 — 2.9 A.
In turn, the distances between the OH groups of the secondary face belonging to the a-CDs
involved within the supramolecular adduct reach 5.8 A, which indicates the absence of
interaction. The inclusion compounds are packed through the primary faces of the CD, forming
a bamboo-like structure (Fig. 22B). The three-dimensional structure is achieved by potassium
cations, which are located in the cavities between the inclusion compounds (Fig. 22C).

The other two compounds are cluster complexes co-crystallized with cyclodextrin
molecules. Compound 4 crystallizes in the space group P2;, and its structure contains one
crystallographically independent rhenium cluster complex and one a-CD. [{ResSes}(CN)s]*
complexes are located in the center of the rectangle defined by four CDs oriented in the bc
plane (Fig. 23A). The C3 axis of the octahedral cluster complex is oriented perpendicularly to
the a-CD plane. In this configuration, the OMCC weakly interacts with the outer wall of the a-
CD.
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Figure 23. Fragments of structure of 4: sheets along bc plane (A) and packing of sheets (B). Re — green, Se —
orange, O —red, C — gray, N — blue. Potassium, hydrogen and water molecules are omitted.

Three cyano groups are involved in three hydrogen bonds with the nearest OH groups of the
primary CD face with N---O distances of 2.75-3.04 A. These weak interactions between cluster
complexes and a-CD contribute to the formation of two-dimensional hybrid organic-inorganic
layers (Fig. 23B). Hybrid layers have alternating orientation, where the primary faces of the
layer face the primary faces of the adjacent one. The three-dimensional structure is provided
by potassium cations, which are located between the planes.

Compound 5 crystallizes in the space group P2,2,2,, and its structure contains one
crystallographically independent rhenium cluster complex and two independent a-CD. The
structure of the compound is in many things similar to 4, since the structure also contains
layers of cyclodextrins along the ab plane, at the center of which the complex is located (Fig.
24A).

Figure 24. Fragments of structure of 5: sheets along ab plane (A) and packing of sheets (B). Sheets of free a-CD
are presented by purple color. Re — green, Te —brown, O —red, C — gray, N — blue. Potassium, hydrogen and

water molecules are omitted.
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Stronger hydrogen bonds are observed between the two cyano groups and the nearest OH
groups of the secondary face (N---O distances about 2.72 A). Two additional weak hydrogen
bonds between the two cyano groups and the hydroxyl group of the primary faces (N---O = 3.1
A) contribute to the stabilization of the layers. Each layer is associated with an adjacent layer
through interactions with the primary face of the CD, forming “double layers”. An additional
layer of a-CD without cluster complexes is located between these “double layers”, creating a
packing of two types of layers located in the z direction (Fig. 24B). The three-dimensional

structure is formed by hydrogen bonds between CD molecules, as well as potassium cations.

3.1.2.2. 'H NMR studies

Two types of interactions were found in the crystal structures: the formation of a 1:2
inclusion compound for Q = S and co-crystallization for other complexes (Q = Se, Te). 'H
NMR titration in D,O also confirmed these observations. Thus, in the case of the complex
[{ResTes}(CN)s]* and o-CD, no changes in the spectrum were observed (Fig. S3). Weak
signal shifts were detected when a Se-complex was added (Fig. S4). However, in the case of
the S-containing complex, a significant shift of the proton H3, H5 and H6 signals and a slight
shift of H2 and H4 were observed, which indicates interaction in the solution and the formation
of an inclusion compound (Fig. S5). For comparison results, Figure 25 shows the *H NMR
spectra with the addition of four equivalents of each complexes.

It is also important to note that in these systems only a gradual shift of the resonance was
observed, which indicates a labile system and fast exchange in the solution on the NMR time

scale.
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Figure 25. "H NMR spectra of o-CD in D,O in presence of 4 equivalents of different cyano cluster complexes.

Concentration of CD = 2mM.
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3.1.2.3. Electrochemistry

The formation of inclusion compounds, as is known from the literature, could affects
significantly the properties of guest molecules, including the redox one. Therefore, this method
was used as a complementary method to confirm the interaction in aqueous solution. It is well
known that rhenium cluster complexes undergoes reversible single-electron oxidation, namely,
the transition from 24 to 23 CVE. However, these properties before this present work were
investigated only in organic solvents. For rhenium cyanide complexes, the redox properties
were studied only for tetraphenylphosphonium salts in acetonitrile with TBA)PFg as
supporting electrolyte).” The half-wave potentials were 0.60, 0.37, and 0.11 V for
[{ResQsHCN)e]* Q =S, Se, Te, respectively, vs Ag/AgCl electrode.

First of all, conditions to obtain good quality CV curves in aqueous solutions were
selected. A glassy carbon electrode with a diameter of 3 mm was used as a working electrode,
a Pt plate was used as a counter electrode, and the reference electrode was a standard calomel
electrode. The measurements were carried out in a 0.025 M solution of perchloric acid
(HCIO,4), which acts as supporting electrolyte, and the scan rate was 50 mV/s. The
concentration of the cluster complex was 0.5 mM. Before measurements, the solutions were
degassed for at least 10 minutes with pure argon and the argon atmosphere was maintained
throughout the experiment. Thus, CV curves in aqueous solution were measured for all
rhenium cyanide complexes [{ResQs}(CN)s]* Q = S, Se, Te (Fig. 26); the half-wave potentials
were 0.82, 0.58 and 0.29 V, respectively, and are in good agreement with the published data

with a shift in the curves due to a change of the solvent and reference electrode (A ~ 0.2 V).
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Figure 26. CV curves of cluster complexes K;[{ResQs}(CN)e] Q = S, Se, Te (0.025 M HCLO, aqueous solution,

scan rate 50mVs™, potential was referenced to the Ag/AgCl reference electrode).
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In addition, the variation of the current of the anode (Ea) peak has a linear dependence on the

square root of the scan rate (v'SR), according to kinetics controlled by electron diffusion (Fig.
S6). The next step was to study the effect of a-CD on the properties of the complexes. The
required amount of cyclodextrin was added to the solution under stirring and the solution was
degassed before measurement. Since it is well known from the literature that both o-CD and p-
CD form complexes with perchlorate ion (CIO,), experiments were carried out at different
concentrations of electrolyte for the S-containing complex, because, as established by NMR,
only in this case interaction with CD was observed (Fig. 27). It was shown that addition of
cyclodextrin causes a shift in the CV curve towards lower potentials. Moreover, as expected,
the shift depends on the electrolyte concentration (high concentration decrease the magnitude
of the variation), which confirms competition process between perchlorate and cluster ions for
the macrocyclic host. Therefore, for further studies the electrolyte concentration was reduced

to the minimum possible, at which the effect of CIO, become negligible (C = 0.0025 M).
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Figure 27. CV curves of water solution of cluster complex K4[{ResSg}(CN)¢] in presence of a-CD at different
concentration of electrolyte (HCIO,): 0.0025 M (A), 0.025 M (B) and 0.25M (C).

Figure 28 shows all the data obtained by adding different amounts of a-CD to all cyanide
cluster complexes. Thus, in the case of complexes with selenium and tellurium in the cluster
core, no noticeable changes were observed in the CV curves. In turn, a decrease of E;, and a
weak decrease in signal intensity were observed for the S-containing complex, which
correlates well with the formation / dissociation of the inclusion compounds through the

electron transfer, as well as with the slow diffusion of the inclusion compounds.
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Figure 28. CV curves of K4[{ResQs}(CN)g], where Q = S (A), Se (B), Te (C), in presence of different amount of

a-CD in 0.0025 M HCIQ,.
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Moreover, the decreasing of the half-wave potential indicates that the system with CD is easier
to oxidize, which, could result from the greater affinity of the oxidized complex to CD than for
reduced one. The linear dependence of the current of the anodic (Ea) and cathodic (Ec) peaks
on the square root of the scan rate confirms the absence of CD influence on the fast electron
transfer kinetics (Fig. S7). Unexpectedly, the change in the CV curve continued, even beyond
addition of 50 equivalents of a-CD to [{ResSs}(CN)e]* aqueous solution (Fig. 29A),
indicating that cyclodextrin is constantly involved in the redox reaction. Such a process can be
described by two consecutive reactions (given the formation of only 1:1 inclusion compound
according to ITC data, which will be described later in chapter 3.1.5.2. Isothermal titration
calorimetry):
{Res}ed’ + CD = [{Res}ox@C D]* + & (Equation 3.1.1)
[{Reg}ea-CD]* + CD = [{Reg}ox@2CD]* + & (Equation 3.1.2).
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Figure 29. CV curves of K,;[{ResSg}(CN)¢] in excess of a-CD (A), speciation in solution at different amount of
a-CD (B) and linear dependence of half-wave potential vs p(CD) (C).

However, using Ky.; = 730 M determined by ITC, it is possible to calculate the predominance
of one or another form in the solution. Then, using more than 20 equivalents, the main species
in the solution correspond to the 1:1 complex (Fig. 29B). Thus, only Equation 3.1.2 describes
the redox process with a large excess of CD. Using the Nernst equation and pCD = —Ig[CD],
one can obtain Equation 3.1.3, which describes the linear dependence of the half-wave
potential vs pCD, where Ef/DZ is the half-wave potential of the redox pair [{Reg},x@2CD]*

I[{Reg}rea-CD]* from Equation 3.1.2.
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ESPS = ES), + 0.059 pCD (Equation 3.1.3)
For this system, a linear relationship is experimentally observed with the expected slope close
to the value theoreticall value of 59 mV/pH unit (Fig. 29C). Besides, the value E77), is 609 mV.
The data obtained can be used in Equation 3.1.4, which can be easily obtained from the
process in Equation 3.1.2, where K., is the formation constant of the 1:1 inclusion compound,
and B, is the global constant obtained from Equation 3.1.5, and E? /2 is the half-wave potential

of redox process without CD.
EY, = Ef/% + 0.059 LogKB—2 (Equation 3.1.4)
1:1

{Res}ox> + 2 CD = [{Reg}x@2CD]*  (Equation 3.1.5)
So, using Ef,,= 0.82 V, Ky.; = 730 M and EfP, = 0.609 V, B; was calculated giving 5=
2.3 10° M2, which confirms the formation of a strong inclusion compound from the oxidized
form of the complex.
Thus, using CV, the effect of a-CD on the redox properties of cyanide cluster complexes
was evidenced, highlighting the influence of ionic charge of the host-guest stability. Moreover,
the analysis of the electrochemical data allow us to estimate the binding constant between the

oxidized cluster complex and CD.

3.1.3.  System g-CD and [{ResQs}(CN)e]* (Q = S, Se, Te)

This part is dedicated to the investigation of the interactions involving p-CD and cyano
derivatives of rhenium cluster. Since B-CD has a significantly lower solubility in water and
evaporation of solutions containing B-CD and cluster complex, often led primarily to
crystallization of CD, all crystalline products based on supramolecular adducts were obtained
by diffusion of ethanol vapor into an aqueous solution of reagents. So, crystals of compounds
K4{[{ResQs}(CN)e]@(B-CD),}-2(B-CD)-nH,0, where Q = S (n = 25, 6), Se (n = 21, 7), and
Te (n = 25, 8) were obtained. The composition of the compounds was confirmed by elemental
analysis, TGA and FTIR spectroscopy (Fig. S8), and is in good agreement with the X-ray

diffraction data. a detailed description of which is given below.

3.1.3.1. Crystal structures

Single-crystal XRD analysis of complexes 6, 7 and 8 (space group P1) is consistent with
isostructural crystalline phases that contain the cluster complex [{ResQs}(CN)s]* included in
two B-CD molecules (Fig. 30A), where both interact through their primary face (an opposite

situation has been observed for compound 3). The equatorial plane of the octahedral
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complexes defined by four cyano groups is not parallel to B-CD, and only half of these groups
participate in the interactions with the primary faces through hydrogen bonds (N---C = 2.8-3.0
A). The two remaining cyano groups are located in the B-CD cavity and weakly interact with
the inner surface of the host (N---C = 3.0-3.2 A). Also, the structure contains two co-
crystallized cluster-free 3-CD molecules that interact with the secondary face of the inclusion
compounds (O---O = 2.7-3.2 A), forming the typical tubular structures running along the [011]
direction (Fig. 30B).

Figure 30. Structure of inclusion compounds {[{ResQs}(CN)s]@(B-CD),}* (A) and their packing in 6, 7 and 8
(B). Re —green, Q — violet, O —red, C — gray, N — blue. Potassium, hydrogen and water molecules are omitted.

Each tubular structure is stacked leading to a pseudo hexagonal network maintained through a
complex network of hydrogen bonds, including primary faces (O---O = 2.7-2.9 A). In addition
to this network of hydrogen bonds, the K* cations and water molecules intercalated between
tubular structures contribute also to the supramolecular stabilization of the hybrid architecture.
Thus, according to single-crystal XRD analysis, the interaction of all the complexes
[{ResQs}(CN)e]* (Q = S, Se Te) with B-CD looks quite similar.
3.1.3.2. 'H, ""se and **Te NMR studies
Using "H NMR spectroscopy, the interaction of all cyanide rhenium cluster complexes with B-
CD was studied. Thus, an increase amount of the complex in solution leads to a significant
shift of the signals of the protons H3, H5 and H6 of cyclodextrin (a labile system), as well as
minor changes of the protons resonance H2 and H4 (Fig. S9-S11). Moreover, as shown in
Figure 32, the nature of the inner ligands (Q = S, Se or Te) within the rhenium cluster
complexes affects NMR spectrum differently (Fig. 31). It appears most informative to examine
the changes in the signal of protons H3, for which a strong shift was observed in the presence
of the complex [{ResSes}(CN)g]*, a smaller shift for [{ResSs}(CN)s]*. In addition, the
weakest shift was observed in the case of the complex based on tellurium cluster core. Such a
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difference in the effect of complexes on CD indicates a different degree of guest inclusion in

the host, which indicates the importance of size-matching between guest and host.
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Figure 31. "H NMR spectra of B-CD in D,O in presence of different rhenium cyano cluster complexes.
Concentration of CD = 2mM.

In addition, we also demonstrated the ability to study this process from the guest side, i.e.
using "’Se and *Te NMR. However, in these NMR spectra, only a slight shift of signals was
observed in the presence of B-CD, depicted as 4 ppm for "’Se and 0.4 ppm for *Te (Fig. 32).

Thus, in contrast to XRD analysis, NMR spectroscopy, from both the host and the guest
sides, indicates contrasted magnitude in the strength of host-guest interactions. The strongest
interaction is observed for the complex with Q = Se, while the weakest corresponds to the
tellurium containing complex.
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Figure 32. Fragments of "’Se (left) and *Te (right) NMR spectra of [{ResQs}(CN)e]* (Q = Se, Te) in D,O in

presence of different amount of 3-CD.
3.1.3.3. Electrochemistry
Influence of B-CD on the Electrochemical properties were studied using the same

conditions than those applied with a-CD. Thus, upon increasing the number of 3-cyclodextrin,

a variation of the CV curves towards lower potentials was observed for the [{ResQs}(CN)e]*™

complexes in the case of Q = S, Se while for Q = Te no effect was detected (Fig. 33) that
correlates well with the 'H NMR data.
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Figure 33. CV curves of K4[{ResQs}(CN)s], where Q = S (A), Se (B), Te (C), in presence of B-CD in 0.0025 M
HCIO,.

Also, in the absence of CD, fast kinetics of the electron transfer process was confirmed by
the linear dependence of the current values of the anodic (Ea) and cathodic (Ec) peaks vs the
square root of the scan rate (Fig. S12). Dependence of the signal was observed even at 30
equivalents of B-CD (maximum possible concentration) (Fig. 34A and C), indicating that CD
is always involved in the redox reaction on this composition range. By analogy with a-CD, the
dependence of the observed half-wave potential vs pCD (Fig. 34B and D) was built using data
obtained with excess of CD (> 15 equivalents). As seen on the graph (Fig. 35B), the vatiations
are linear and the slope is close to 59 mV, which allows using the same model to describe the
redox behavior. Thus, the stability constant S, related to the formation of inclusion compound
from the oxidized complexe with p-CD were calculated and corresponding to 8, = 3 10° and
By = 1.6 10° M2 for Q = S and Se, respectively. The values obtained are close to those
calculated for the system [{ResSs}(CN)s]* and a-CD, which indicates also a stronger binding
of the oxidized complexes to -CD than their reduced homolgues.

Thus, electrochemical methods were able to evidence the weak effect of B-CD on the
complex with tellurium in the cluster core and a stronger effect in other cases was confirmed.
It should worth mentioning that electrochemical data correlate well with NMR studies,

indicating the existence of guest-host systems in aqueous solution.
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Figure 34. CV curves of K,[{ResQs}(CN)g] in presence of different amount of B-CD (A and C) and linear

dependence of half-wave potentials vs p(CD) (B and D) (Q = S top, Q = Se bottom).

3.1.4.  System y-CD and [{ResQs}(CN)s]* (Q = S, Se, Te)

Then, the interaction with the largest cyclodextrins, namely y-CD, was studied. When
mixing aqueous solutions of cluster complex [{ResQs}(CN)s]* (Q = Se, Te) and y-CD,
following by evaporation of the solution, crystals of compounds M{[{Re¢Qs}(CN)c]@(y-
CD),} (y-CD) nH,O (M = Na, K, n depends on chalcogen and cations) were obtained. In turn,
crystals of the inclusion compounds Nas{[{ResTeg}(CN)s]@(y-CD),}-(y-CD)-30H,0 (9) and
K4 {[{ResSes}(CN)s]@(y-CD),} -(y-CD)-40H,O (10) were suitable for XRD analysis. In the
case of a S-containing complex, a similar reaction led to the formation of colorless
cyclodextrin crystals, therefore the corresponding inclusion compound was obtained by
diffusion of ethanol vapor into an aqueous solution of the reaction mixture upon addition of
potassium and cesium chloride. The resulting crystals Cs;Kg{[ResSg(CN)g]@(y-
CD),}2[RegSg(CN)e]-2(y-CD)-49H,0 (11) were also suitable for single crystal X-ray
diffraction analysis. All compounds were characterized by elemental analysis, TGA and FTIR

spectroscopy (Fig. S13) showing consistency with the structural analysis.

3.1.4.1. Crystal structures
Compounds 9 and 10 are isostructural (space group 1422) and represent a cyanide rhenium
cluster complex, which is closely included in two y-CDs through their secondary face of CD
(Fig. 35A).
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Figure 35. representations of structure of 9 and 10. (A) Inclusion compounds, where the orange dotted line
indicates hydrogen bonds N--- O. (B) Top view showing close contacts between H3 (blue) and Q. (C) Tubular

structures formed by inclusion compounds and free CD. Re — green, Q — violet, O —red, C — gray, N — blue.

The distances between the cyclodextrins of a same inclusion compound are in the range of 2.8-
3.1 A (O---0). The structure is formed by a set of hydrogen bonds between guests and the host:
each cyanide group in the equatorial plane participates in hydrogen bonds with OH groups of
the secondary face of CD (N---O = 2.8-3.0 A) (Fig. 35A), and apical ligands interact with
protons H3 which are located in the cavity of CD (H---Se = 3.2-3.5 A and H---Te = 3.1-3.4 A)
(Fig. 35B). Packing results from the interaction of two inclusion compounds through the
primary faces of cyclodextrins along the [001] direction, forming a tubular structure (Fig.
35C). Besides, the structure additionally contain additional complex-free CD (per inclusion
complex), which closes both sides of the tubular structure through their the primary faces (Fig.
35C). Such an organization is very similar to the structure observed for the dodecaborate
cluster [By,Bri,]* with y-CD.?”® As well as for the compound Nay{[B1,Bri,]@(y-CD),}(y-
CD), in our case the crystal packing is mainly dominated by the structural properties of CD,
while water molecules and disordered cations (Na* or K*) are distributed within large voids
between tubular assemblies.

Compound 11 (Q = S) (space group C2) is significantly different from the inclusion
compounds described above for Q = Se or Te. The structure contains two types of cluster

complex (Fig. 36). The first one corresponds to the inclusion compound [{ResSs}(CN)g]* in
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two y-CDs, interacting with the primary face of the CD (Fig. 36A). In such structure, four
cyanide groups lying in the equatorial plane are perpendicular to the CD faces in the inner

cavity, while the remaining cyano groups are sandwiched between the primary faces of CDs.

Figure 36. Main structural fragments, observed in 11. Re — green, S — yellow, O —red, C — gray, N — blue.
The second type of OMCC is part of a layer consisting of a uncomplexed cluster and y-CD,
similar to that observed within the structures [{ResQs}(CN)s]* (Q = Se, Te) with a-CD
(compounds 4 and 5) (Fig. 36B). These two structural motifs are involved in the packing of
compound 11, as shown in Figure 37. The cesium and potassium cations found in the structure
are located predominantly close to the OH groups of cyclodextrin and also participate in the
formation of the supramolecular assembly.

Thus, two inclusion compounds (9 (Q = Te) and 10 (Q = Se)) exhibit the 1:2 stoichiometry,
where the cluster complex interacts closely with the secondary faces of y-CD. Compound 11

(Q =9S) results from weaker supramolecular interactions involving the primary face of y-CD.

Figure 37. Packing of structural fragment in compound 11: along ¢ axis (A) and along b axis (B). Re —green, S

—yellow, O —red, C —gray, N — blue.
3.1.4.2. 'H, "Se and "*Te NMR studies
The next step was to study the interaction in aqueous solution using *H NMR titration.

When adding the complex [{ResSs}(CN)e]* to the y-CD aqueous solution, a significant shift
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of the H3 and H5 proton signals was observed, which confirms the formation of the inclusion
compound (Fig. 38). A shift for the H2, H4 and H6 signals is also observed.
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Figure 38. "H NMR spectra of y-CD in D,0 in presence of different amount of [{ResSs}(CN)s]*". Concentration
of CD = 3mM.

However, although there is a stronger effect on the NMR spectrum (in comparison with
interaction with a- or B-CD), this system is still labile and the signal changes even with the
addition of 12 equivalents of the complex to CD. Besides, the interaction of y-CD with the
[{ResSes}(CN)gs]* complex provokes a *H NMR shift for all CD protons corresponding to a
strong shift for H3 and, to a lesser extent for the others. This observation appears fully
consistent with the structural data which reveals close contacts between inner ligands Q = Se
and H3 (Fig. 39). More interestingly, changes of the ‘H NMR chemical shifts (a labile system)
stops until a 1:1 ratio is reached. This indicates that this 1:1 stoichiometry should correspond

to the predominant species in solution.
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Figure 39. "H NMR spectra of y-CD in D,O in presence of different amount of [{ResSes}(CN)s]*.
Concentration of CD = 3mM.

A completely different situation was discovered in the case of a biggest complex
containing tellurium atoms as inner ligand in a cluster core. Addition of OMCC to the y-CD
aqueous solution led to the appearance of new additional *H NMR signals in agreement to a
“frozen” system. Furthermore, the presence of tellurium containing cluster is featured by a
significant line broadening of the *H NMR resonances (Fig. 40). Moreover, *H NMR changes
occur below the CC: CD = 0.5:1 ratio, that confirm the 1:2 stoichiometry for the inclusion
complexe in solution.
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Figure 40. "H NMR spectra of y-CD in D,0 in presence of different amount of [{ResTes}(CN)e]*.Signals of

protons H3 of inclusion compounds are overlapped with water signal. Concentration of CD = 3mM.
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Further investigations were conducted using NMR probes from the host side, i.e. "’Se or
2Te NMR. (Fig. 41). The NMR data obtained appears highly consistent with the "H NMR
spectra. Thus, the "’Se signals shifted gradually from —389 to -392.6 ppm with increasing CD
concentration (labile system), while in the **Te spectra, a new signal appeared (-1165 ppm vs
—1127 ppm for the initial complex), which are related to the inclusion compound in a “frozen”

situation on the NMR time scale.
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Figure 41. "’Se (left) and *Te (right) NMR spectra of [{ResQs}(CN)e]* (Q = Se, Te) in D,O in presence of
different amount of y-CD.
Thus, using NMR, a stronger interaction of cyanide cluster complexes with y-CD was

demonstrated in comparison with its smaller analogs, which apparently indicates a better host-
guest size-matching between the complexes and the inner cavity of y-CD.

3.1.4.3. Electrochemistry

CV studies were also carried out for the system with y-CD. In particular, a shift in the CV
curve for the S-containing complex was observed (Fig. 42A), and shift significantly larger than
those observed earlier for smaller cyclodextrins. On the other hand, for the other clusters (Q =
Se, Te) a completely different effect of the y-CD was found (Fig. 42B and C). Upon increasing
the concentration of the host, a simultaneous appearance of the complex oxidation signal at
lower potentials (related to the inclusion compound) and a decrease of the free complex signal
were found. Moreover, the oxidation process becomes irreversible, and changes in the curves
stop at 2 equivalents of CD in solution. However, the currents of the anodic peaks linearly
depend on the square root of the scan rate (Fig. S14). This observation indicates that the

oxidation process is still fast in the presence of y-CD and is controlled by diffusion, while the

85



reverse reduction becomes very slow and completely irreversible. Thus, this redox behavior is
in good agreement with a quite strong guest-host interaction.
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Figure 42. CV curves of K4[{ResQs}(CN)¢], where Q = S (A), Se (B), Te (C), in presence of different amount of
v-CD in 0.025 M HCIO,.

These electrochemical data are in good agreement with the NMR studies and give a
complementary insight especially showing a labile system for Q = S and a fully “frozen”
system for Q = Te. The complex with selenium in the cluster core in this case combines two
systems: labile according to NMR and “frozen” according to CV, which could be interpreted
by a strong change of the host-guest affinity through the oxidation process from 24 to 23 CVE.

As previously done, the electrochemical data can be used to estimate the binding constants
of the oxidized complexes. Thus, similarly to a- and B-CD systems, in the case of the S-
containing complex, a negative potential shift was observed even upon the addition of 50
equivalents of y-CD (Fig. 43A). The observed half-wave potential varies linearly with pCD
showing a slope close to 59 mV/ApH (Fig. 43B). Using the above mentioned model, the global
complexation constant B, was estimated to 2.2 10’ M, showing an order of magnitude higher

than for complexes with a- and B-CD.
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Figure 43. CV curves of K [{ReSg}(CN)g] in presence of different amount of y-CD (A) and linear half-wave
potentials vs pCD (B).

As shown for Q = Se and Te, the redox process becomes irreversible in the presence of y-

CD, due to the formation of both 1:1 and 1:2 compounds (according to ITC data described
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below). Thus, for the introduction of 0.5 CD equivalents the solution, the new anodic peak

should correspond to the predominant redox process involving the 1:1 adduct (Equation 3.1.6).
[{Rec}es@CD]* = [{Res}ox@CD]* + & (Equation 3.1.6)

Using the Nernst equation, the stability constant (K7.;) can be estimated for the formation of

the inclusion compounds involving the oxidized complex [{ResQs}(CN)s]* (Q = Se, Te) with

y-CD. Equation 3.1.7, where E2 and ESP are the potentials of the anodic peaks in the absence
and presence of CD, and K., is the formation constant of the 1:1 adduct involving the reduced
form of the cluster [{ResQs}(CN)e]* (Q = Se, Te).

!
K1:1

Ky

E? = ESP + 0.059 Log (Equation 3.1.7)

K.., are 2.4-10° and 1.0-10" M for Q = Se and Te, respectively. These binding constants, as
well as the shift of the CV curves towards lower potentials, indicate a higher affinity of the
oxidized complexes toward y-CD leading to significantly higher binding constants with the
oxidized species compared to the reduced homologues.

3.1.4.4. Luminescent properties

As shown with y-CD, the formation of the strongest supramolecular complexes changed
radically the redox properties of the rhenium clusters. Then, the effect of CD on the
luminescent properties in aqueous solution was additionally investigated. The electronic
absorption spectra of cluster complexes slightly changed in the presence of y-cyclodextrin (Fig.

S15), which indicates that the nature of the excited state is unchanged.
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Figure 44. Luminescent spectra of K;[{ResQs}HCN)e] (Q =S (A), Se (B), Te (C)) (C =0.08 mM) in aerated (a)
and deaerated (b) water solution and in presence of different amount of y-CD (5.1 mM (Q = S); 2.8 and 5.4 mM
(Q=Se); 0.1,0.4and 5.0 mM (Q =Te)) (c,d,e).

Rhenium cluster complexes and their inclusion compounds have a luminescence spectrum in
the visible and near FTIR regions (Fig. 44) with almost identical emission maxima (within one

inner ligand). In all cases, an increase in the luminescence intensity and related photophysical
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characteristics was observed with the addition of y-CD (Table 1). The changes were
insignificant for the S-containing complex, consistent with weak host-guest stability as shown
previously by complementary methods. In contrast, for Q = Se or Te, a significant change was
found (see Fig. 44). This observation is primarily interpreted as a protecting effect of the
cyclodextin shell that prevent any contact with water molecules from the solvent. Such an
effect should reduce the energy transfer from the excited states of the cluster to the H,O
vibrational modes, which correspond to one of the main nonradiative deactivation.”® On the
other hand, such an inclusion also protects against other quenching-types such as molecular
oxygen (Table 1).

Tablel

Photophysical characteristics of [{ResQs}(CN)e]* in water at room temperature: @ — luminescent
quantum yield of free cluster, ®“° — luminescent quantum yield in presence of y-CD (> 5 mM), 1, and T —
emission lifetimes, 7,°° and t°° — emission lifetimes in presence of y-CD (> 20 mM).

Q o OEY CPH = s s ™ s !
S 0.009 <0.01 1.17 1.06 1.27 1.15
Se 0.015 0.03 2.12 1.50 4.25 2.53
Te 0.004 0.01 0.43 0.34 0.75 0.69

IDeaerated solution. P Aerated solution.

For a clearer presentation of the shielding effect from molecular oxygen, the values of 1-(t/10)
were compared highlighting the fraction of the triplet state quenched by the presence of
molecular oxygen. For the S-containing complex with CD, this value was 9%, a value similar
to that found for the CD-free complex. For [{ResSes}(CN)s]*", the fraction increased from 29
to 40%, while for [{ResTes}(CN)s]*, a decreased from 21 to 8%. These effects well reflect the
fact that, although the formation of inclusion complexes increases the lifetime of triplet states,
thereby increasing the proportion of their quenching by oxygen, it is also accompanied by
diffusion difficulties, which leads to a decrease in quenching of triplet states by oxygen. In the
case of [{ResSes}(CN)e]*, an increase in the lifetime gives a greater contribution than a
decrease in the diffusion of the inclusion compound. For the complex [{RegTeg}(CN)s]* with-
CD, the increase in lifetime is limited due to the deactivation of excited states due to internal
transformation and cannot compensate slower diffusion. This results of a net decrease of the
fraction of triplet states quenched by oxygen.

Thus, it was shown that the luminescent properties can be altered when the cluster complex
is included in cyclodextrin host. These changes appear highly important for the possible use of
these supramolecular systems as bioimaging agents.
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3.1.5.  Comparative study of the system CD and [{ResQs}(CN)s]* (Q = S, Se, Te)

In addition to the above methods of characterization, other methods or techniques were
used, such as mass spectrometry, isothermal titration calorimetry and circular dichroism.
However, these related results resulting from for all the combinations “cluster — cyclodextrin”

are presented, compiled and discussed in the section below.

3.1.5.1. Mass spectrometry

ESI-mass spectra of crystals of inclusion compounds were obtained from aqueous
solutions. In all cases, signals of 1:1 or 1:2 adducts were found (Fig. S16-S24 and Table S3-
S8), which confirms the existence of inclusion compounds in the solution even at low
concentrations. It is worth noting that the decrease of the ionic charge of the complex in many
cases can be explained by the oxidation of the cluster during the ionization process. However,
the so-called competitive mass spectrometry is a more informative experiment. The literature
describes studies in which two different guests are added to the host’s solution.’*® Based on
these experiments, one can classify the host-guest species as function of their relative stability.

In the present work, a reverse experiment was carried out, corresponding to the addition of
the three cyclodextrins (a, B and y-CD; 2 equivalents) to an aqueous solution of a cyanide
cluster (Q = S or Se or Te). It was found that [{ResSs}(CN)s]* form 1:1 adducts with all CD
({[{ResSs}(CN)sl(a-CD)}* (m/z = 833.93), {[{ResSs}HCN)s](B-CD)}* (m/z = 887.94) and
{[{ResSsHCN)](y-CD)}* (m/z = 941.97)) with approximately same intensity of the signals
(Fig. 45 and Table S9). For the selenium-containing cluster, 1:1 adducts were found only with
B- and y-CD ({[{ResSes}(CN)s](B-CD)}* (m/z = 1013.78) and {[{ResSes}(CN)s](y-CD)}*
(m/z = 1067.79)) with a signal intensity two times larger for y-CD than that observed for -
CD. (Fig. S25 and Table S10). On the other hand, complex [{ResTes}(CN)s]* formed 1:1
adduct only with y-CD ({[{ResTes}(CN)s](y-CD)}* (m/z = 1197.10)) (Fig. S26 and Table
S11). The results indicate the ability of the smaller complex [{ResSs}(CN)e]* to form
inclusion compounds with all cyclodextrins, while complexes [{ResSes}(CN)s]* and
[{ResTes}(CN)g]* interact more preferably with y-CD. These ESI-mass results appear in a
good agreement with those previously reported (X-ray diffraction, NMR spectroscopy and

electrochemical results).
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v). All other adducts are listed in Table SO.

3.1.5.2. Isothermal titration calorimetry

ITC corresponds a very informative method for studying supramolecular host-guest
systems. Thus, thermodynamic parameters: enthalpy (A;H*), entropy (A.S*) and Gibbs energy
(AG*), as well as the binding constant (K) of rhenium cyanide cluster complexes
[{ResQs}(CN)e]* with a, B and v cyclodextrins were determined (Table 2).

Table?2

Binding constants (K, M™) of cluster compounds K,[{ResQs}(CN)s] with cyclodextrins, and related
thermodynamic parameters (kJ/mol) at 298 K.

CD Q Step K AH* TAS* AG*

S 1:1 727 -40.6 -24.3 -16.3
o-CD Se 1:1 - - - -
Te 1:1 - - - -

S 1:1 884 -40.6 -23.8 -16.8

B-CD Se 1:1 749 -27.4 -11.0 -16.4
Te 1:1 - - - -

S 1:1 900 -63.2 -46.4 -16.8

Se 1:1 1500 -30.4 -12.3 -18.1

y-CD 1:2 300 -56.5 —42.7 -13.8

To 1:1 37700 -25.3 +0.8 -26.1

1:2 12700 -51.0 -27.7 -23.4

Note that the data could not be obtained for the following systems: [{ResTes}(CN)e]* and o-
or B-CD, [{ResSes}(CN)g]* and a-CD, because no significant heating was found, which

indicates negligible supramolecular interactions. For systems with y-CD, data processing was
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consistent with the formation model of the inclusion compound in two successive steps (1:1
and 1:2), with the exception for the S-containing cluster, for which the second step (1:2) was
insignificant. In all other cases, thermodynamic parameters related to the first step (1:1) has
been determined.

First of all, the strongest interaction was found for compound [{ResTes}(CN)s]* with y-
CD. Significantly lower constants were obtained for [{ResSes}(CN)s]* and y-CD. All other
systems showed comparable results indicating only weak interaction in solution. It must be
worth remarking that these ITC data give a remarkable relevancy to the previous data and
hypotheses.

All supramolecular interactions are driven by enthalpy, and exhibits negative entropy
changes. Moreover, linear variation of enthalpy versus entropy was observed according to the
well known enthalpy-entropy correlation (Fig. 46). Thus, changes of enthalpy compensate the
entropy penalties. Such thermodynamic features can be interpreted by the removal of the
solvate molecules that surrounded the clusters consecutive to the host-guest inclusion process.
Such an observation prevails with the chaotropic nature of cluster anions, by analogy with the

previously described dodecaborate clusters.?”
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Figure 46. Enthalpy-entropy correlation for the cluster-CD systems, taking into account only formation of 1:1

compound.
Note that the enthalpy of formation of the inclusion compound decreases with the
increasing of the electronic number Z of the inner ligand. However, such a tendency is directly
opposite to that observed for the series [B1,X15]* (X = Cl, Br, 1). ?° Logically explained by

the increase of dispersion interactions in the case of the [Bllez]z’ series, such a clear
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discrepancy points out the influence of the six terminal cyano-ligands in the solvation of the
octahedral rhenium cluster complexes. So, with the increasing of the donor ability of Q ligands
to Re, the Re-C o-bond should weakens leading to the increase the polarity of the {C-N}
bond. Such a situation should enhance the electrostatic interactions with the water molecules of
the solvation sphere and thus preventing partially the chaotropic effect ongoing from S to Te.
On the other hand, the S-containing complex interacts with the three cyclodextrins with
approximately the same binding constant (K4 = 730 — 900 M™). while the other two
complexes (Q = Se or Te) in the cluster core interact preferably with y-CD. Such observations
indicate that geometrical contributor such as hist-guest size-matching should be taken into
account. Then a host-guest fitting geometrical parameter (noted R) can be introduced
corresponding to the ratio between the average outer diameter of one face of the octahedral

{ResQg} core and the average inner diameter of the CD (Fig. 47).
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Figure 47. A) Schematic representation showing the structural parameters used for the calculation of the host-
guest structural fitting parameters R determined from the following equation: R=Dq.o/Dcp. B) Evolution of the

one-site binding constant as a function of host-guest fitting parameter R.
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Depending on the host-guest system, R parameter values spread from 0.82 to 1.5 enclosing the
value R = 1, which is expected to correspond to the best host-guest matching. Actually, the
tellurium-containing cluster/y-CD system is featured by the R value closest to 1 (R = 0.97)
values while this supramolecular system exhibits the highest K,.; value (Fig. 47). It is worth
mentioning that on both side of the R = 0.97 value, all the host-guest systems exhibit very low
or moderate K., values ranging from ~1000 to negligible. For instance, moderate size
matching between B-CD and Se (R = 1.16) and S derivatives (R = 1.10) lead to low Ki;
constant values (Ky.; < 1000). Thus, the existence of inclusion compounds mainly depends on
two factors — the solvent effect and the size matching (that favours the attractive interactions
such as hydrogen bonding, ion-dipole interaction and dispersion forces). Thus, for the S-
containing complex, the solvent effect makes the greatest contribution to the formation of
inclusion compounds and there is no preference for the formation of a complex with a
particular CD. However, due to the size mismatch, in all cases the formation compound
inclusion constants are rather small. On the other hand, less chaotropic complexes with Q = Se
or Te interact only with larger cyclodextrin, which indicates the favorable influence of the

size-matching contributor.

3.1.5.3. Circular Dichroism

Induced circular dichroism is usually observed when the achiral guest interacts strongly
with a chiral host, such as cyclodextrins,®? silica nanoparticles,®*’ or proteins.**® Circular
dichroism studies were carried out in aqueous solutions containing [{ResQs}(CN)s]* and a
large excess of CD. The CDC spectrum of [{RegTeg}(CN)e]* in the presence of y-CD contains
an intense negative Cotton signal at 212 nm, an intense positive signal located at 228 nm, and
two weak and wide negative signals at 248 and 300 nm (Fig. 48). On the other hand, in the
presence of a- and B-CD, no CDC signals were not detected (Fig. 48). In the case of the
complex [{ResSes}(CN)g]*, a similar picture is observed: the absence of signals with the
addition of a- and B-CD and two intense Cotton signals at 215 nm (negative) and 237 nm
(positive) (Fig. S27). A different situation is observed for the S-containing complex, for which
only weak positive signals are observed at 224 and 281 nm (Fig. S28), and in the presence of
a- and B-CD, as well as for Q = Se, Te, signals were not detected.

The study of circular dichroism shows that cyclodextrin-inducing chirality to cluster
clearly is related closely to the strength and specificity of guest-host interactions in aqueous

solution. In fact, chirality transfer requires deep inclusion, and therefore occurs exclusively in
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the presence of the largest cyclodextrin (y-CD). Such an observation may contribute to

potential application in enantioselective catalytic processes, since OMCCs are known to be
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Figure 48. Comparison of CDC spectra of [{ResTeg}(CN)s]* in presence of excess of CD.

3.1.6.  System y-CD and oxidized [{ResSeg}(CN)s]*

The alteration of the redox properties of cluster complexes in the presence of
cyclodextrins was reported previously, which results of the consecutive shift of the redox
potentials toward negative values. Processing the data and carrying out additional calculations
led us to the conclusion that the oxidized complexes have a greater affinity for cyclodextrins
than the reduced ones. Therefore, it was proposed herein to obtain the oxidized complex
[{ResSes}(CN)g]* individually and study directly its host-guest interaction through X-ray
diffraction analysis, NMR and ITC.

Thus, by treating the cluster complex K;[{ResSeg}(CN)e] with a solution of bromine in
acetonitrile, the oxidized complex Ks[{RegSes}(CN)¢] (23 CVE) was obtained. Subsequent
dissolution of the complex in ethanol and evaporation to dryness allows us to obtain the
compound Ks[{RegSeg}(CN)¢]-EtOH in pure form. The composition of the compound was
confirmed by elemental analysis. Moreover, using electrochemical method with a rotating disc
electrode, it was shown that the compound obtained is a fully oxidized complex (Fig. 49).

The next step consisted to get single crystals by mixing the oxidized complex with y-CD in
a ratio of 1:1 and 1:3 in water. The subsequent evaporation of the solutions led to the
crystalline products Ks{[{ResSes}(CN)e]@(y-CD),}-Ks[{ReeSeg}(CN)e]-23H,O (12) and
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Ks{[{ResSes}(CN)s]@(y-CD),} - (y-CD)-33H,0 (13), respectively. The structural description
resulting from the X-ray diffraction analysis will be discussed below. The composition of the
compounds was confirmed by elemental analysis, and the FTIR spectra revealed the expected
vibrations related to the presence of the rhenium cluster and cyclodextrin (Fig. S29). Note that

mixing in the 1:2 ratio most often leads to crystallization of the product 13.
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Figure 49. CV curves of K [{ResSeg}(CN)e] (black) and Ks[{ResSeg}(CN)e]-EtOH (red), using rotating working

electrode.
3.1.6.1. Crystal structure analysis
Compound 13 (space group 1422) is isostructural to the previously described reduced phase
K4 {[{ResSes}(CN)s]@(y-CD),} -(y-CD)-40H,0 (10) and contains the inclusion adduct of the
rhenium cluster with y-CD in the ratio 1:2, as well as one co-crystallized y-CD. However,
carrying out the crystallization process with smaller amount of cyclodextrin led to a new
supramolecular organization. Compound 12 (space group P2,2,2) also contains the inclusion
1:2 adduct (Fig. 50A), but contains co-crystallized oxidized complex, which interacts with the
inclusion compound through potassium cations (Fig. 50B). In the structure, similar hydrogen
bonds between the cluster complex and CD are observed, as well as between the two CDs, as
found in compound 10. The main result of the structural study correspond to the very similar
host-guest interactions depicted in supramolecular adduct built from the reduced or oxidized

clusters.
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Figure 50. Motifs found in crystal structure of 12. A) inclusion compound 1:2; B) packing of inclusion
compounds and free cluster. Re — green, Se — orange, O —red, C — gray, N — blue. Potassium, hydrogen and

water molecules are omitted.
3.1.6.2. Solution studies
The interaction of the oxidized cluster complex with y-CD was studied in solution using ‘H
NMR spectroscopy, isothermal titration calorimetry and electrochemistry. NMR titration of
cyclodextrin with the Ks;[{RegSeg}(CN)g] cluster complex showed distinct results from those
obteained from the reduced form of the cluster K;[{ReeSeg}(CN)¢] anion. (Fig. 51).
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Figure 51. 'H NMR spectra of y-CD in D,O in presence of different amount of K,[{ResSes}(CN)] (left) and
Ks[{ResSes}(CN)g] (right). Concentration of CD =4 mM.

While the signals for the reduced complex were gradually shifted, consistent with a labile

system on the NMR time scale, the '"H NMR spectra of oxidized complex reveals the presence

of new signals related to the formation of inclusion adduct in a frozen situation. Thus, there is

a “transition” from a labile to a “frozen” system, which indicates a stronger association

through the oxidation process. Moreover, all signals of CD protons are strongly affected by the

presence of oxidized complex, through a significant line-broadening. It should be worth noting
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that changes in the spectra stop for the ratio above 1. Thus, 'H NMR titration confirms a
stronger interaction of the oxidized complex with y-CD than that of the reduced one.

The broadening of the lines observed in the spectra can be due to both limited motions in
the “frozen” complex and spin-spin dipolar interaction with the unpaired electron of the
oxidized cluster (CVE = 23). Therefore, measurements of relaxation times (T, and T,) of
cyclodextrin protons were carried out in the presence and without cluster complexes (Table 3).
The relaxation times T, and T, of CD protons decrease slightly when complexing with
K4[{ResSes}(CN)g], whereas adding the paramagnetic oxidized complex leads to a sharp
decrease in the times, especially for the H3 and H5 protons in the inner cavity. It is assumed
that in the inclusion compound, these protons are in close contact with the complex, which

increases their relaxation rate.

Table3
Relaxation times T, and T, (ms) y-CD protons in absence and presence of 4 equivalents of different
clusters.
System Protons of y-CD
H1l H2 H3 H4 H5 H6
Free y-CD 700 1120 1410 650 460 410

T, y-CD + K [{ResSes}(CN)g] 640 | 1100 | 1330 | 680 540 310
y-CD + Ks[{ResSes}(CN)e] 300 120 20 210 32 110

o Free y-CD 291 | 304 | 308 | 299 | 222 | 194
T2 v-CD + Ku[{ResSesH(CN)s] | 255 | 283 | 280 | 248 | 220 | 135
v-CD + Ks[{ResSes}H(CN)s] | 113 54 42 67 44 57

[a] Accuracy was ca. 5-10%; [b] Accuracy was ca. 2-4%.

ITC was used to quantify the thermodynamic parameters of the adduct formation from the
oxidized complex with y-CD (Table 4). It can be seen from the data obtained that when one
electron is removed (from 24 to 23 CVE), the complexation constants significantly increase by
about two orders of magnitude for Ky.; and by one order of magnitude for K;., while the ionic
charge of the cluster is decrease from -4 to -3. The changes of enthalpy and entropy in this
system are larger, which indicates a stronger chaotropic effect. While one electron is removed
from the complex, there is no significant change in the size of the compound, i.e. the size-
matching parameter remains unchanged. However, during oxidation, the decrease of the
electronic charge density of the cluster should plays a predominant role in the hydration
scenario. Lowering the charge density should increase the chaotropic nature of the ion, acting
as the water structure-breaking agent. Thus, a significant increase in the binding constants is

due probably to an increase in the chaotropic nature of the cluster. Contribution of the solvent
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effect to the formation of the supramolecular adduct correspond to one of the main feature of

the host-guest properties of these rhenium ionic cluster in aqueous solution.

Table4d

Binding constants (K, M™) of clusters [{ResSes}(CN)s]* and [{ResSes}(CN)s]* with y-CD, and related
thermodynamic parameters (kJ/mol) at 298 K.

Complex Step K AH* TAS* AG*
11 1500 —30.4 123 ~18.1
Ka[{ResSes}(CN)e] 1:2 300 _56.5 427 ~138

From the ITC bindingt constants, it is possible to calculate the speciation diagram in the solution
for comparison with that obtained from the NMR data. This diagram can also be obtained from
NMR data by plotting the ratio of the integrals of the H1 proton signals of the free cyclodextrin
and inclusion compounds (Fig. 52). From the obtained data it is clearly seen that the results of
ITC and NMR are in a fair agreement, and the NMR signals for the inclusion compound in the

'H NMR spectra refers to both supramolecular forms with CD (1:1 and 1:2 adducts).
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Figure 52. Variation of CD forms in solution as a function of cyclodextrin content in water vs ratio cluster:CD
at fixed concentration of CD (4 mM). Dots represent data using NMR experiments and lines illustrate data

calculated from ITC experiment.

The redox properties of the oxidized complex in the presence of y-CD were studied using
cyclovoltammetry. The data are presented in Figure 53 in comparison with the results for the
reduced complex. By analogy with the reduced complex, when y-CD is added to the solution,
the intensity of the signals of the free complex decreases. However, the appearance of new
signals is practically not observed, since the reduction process of the complex (from 23 to 24
CVE) becomes fully irreversible. This observation confirms the very slow redox process (or

even absence) of the cluster in the presence of y-CD.
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Figure 53. CV curves of K;[{ResSeg}(CN)¢] (left) and K,;[{ResSes}(CN)e] (right) in presence of different
amount of y-CD.

In conclusion, it is worth noting the practical importance of such a difference in the
complex formation processes built from the reduced or the oxidized cluster with y-CD in
aqueous solutions. On the one hand, the oxidized complex (23 CVE) forms a very strong
complex with CD, with very slow exchange between the free and complex forms (“frozen”
system) in solution. On the other hand, the reduced complex (24 CVE) forms a weaker
complex with CD and exists as a labile system in solution, i.e. fast exchange. It is well known
that the oxidized complex is paramagnetic, and the reduced one possesses luminescent
properties. Thus, it is possible to imagine the use of an oxidized complex with y-CD in the pro-
drug concept, which is well known in the literature for platinum compounds.®*® The main idea
of this concept is the transition of a biologically inactive compound into an active one when it
enters the cell by active molecules, as, for example, antioxidants. Thus, in theory, an oxidized
complex with y-CD, entering the cell, will actively interact with antioxidants, forming a
reduced complex, which has been well demonstrated in the literature® to be promising for
PDT, namely able to form singlet oxygen, leading to cell death. Moreover, such an activation
from the oxidized complex to the reduced one will be accompanied by a decrease in the
concentration of antioxidants in the cell, which will increase the generation of reactive oxygen
species, thus enhancing the photodynamic effect. To be able to conduct such an experiment in
the future, it is necessary to demonstrate that the oxidized complex with y-CD can be easily
reduced. For this, an additional experiment was carried out, where the solution of the inclusion
compound Kz{[{ResSeg}(CN)s]@(y-CD),}(y-CD)-33H,0 (13) was exposed to ascorbic acid
(AA, a known antioxidant presented in living organisms). AA was added stepwise, and
changes in the solution were detected using UV-vis spectra by decreasing the signal of the
oxidized complex (Fig. 54). In the presence of AA, cluster complex appears immediately

reduced and changes in the spectra stop upon reaching 0.5 equivalents of acid. This indicates a
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complete reduction of the complex, according to the two-electron exchange process arising
from AA. Thus, this system is a promising candidate fro the concept of pro-drugs and research

in this direction will be carried out in our future works.
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Figure 54. UV-vis spectra of compound 13 in presence of different amount of ascorbic acid.

3.1.7.  Conclusion about the redox influence [{ResQsHCN)s]*" (Q = S, Se, Te)

The supramolecular system CD (a-, - and y-CD) and cyanide rhenium cluster complexes
[{ResQsH(CN)s]*™ (Q = S, Se, Te) was studied in details by various physicochemical
methods. Crystalline products were obtained from aqueous solutions that contained various
motifs featured by cluster-cyclodextrin interactions. Analysis of eleven crystallographic
structures gave a nice insigth about the structural diversity of this OMCC-CD chemical
system. Depending on the chemical systems, no guest-host adduct was evidenced (a-CD and Q
= Se, Te) or typical inclusion adducts involving primary or secondary CD face were found (j3-
CD and all complexes, y-CD/a-CD and Q = S),y-CD and Q = Se, Te). Moreover, similar
behavior was found in aqueous solutions using a wide range of methods such as NMR
spectroscopy (using NMR nuclei from the host or from the guest), ITC, mass spectrometry,
etc. Also, it was demonstrated that inclusion in cyclodextrins strongly affects the properties of

cluster complexes, especially the redox and luminescent ones. Using CDC, it was shown that
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cyclodextrin can transfer chirality in the case of highly stable supramolecular adducts. All the
data obtained by solution methods leads to the assumption of two main factors that favor the
supramolecular interaction, (1) the size-matching of the guest and the host and (2) the solvent
effect arising from the chaotropic nature of the guest. The chaotropic effect (water structure
breaking effect) of the complexes makes a significant contribution to the formation of
inclusion compounds; however, when the size-matching is additionally observed, the
interaction becomes even stronger. The chaotropic effect was also confirmed by studying two
complexes with different charges (24 and 23 CVE), namely [{ResSes}(CN)s]™ (n = 3 and 4).
As the size of these compounds is practically the same, the main effect arises from the
lowering of the ionic charge and consequence on the solvation shell structure. Thus, an
increase in the chaotropic effect without changing the size of the complex led to an increasing
of binding constants in about 1000 times.

As a result, such a detailed study of systems, where both inner ligands and the size of
cyclodextrins varied, provided a large amount of information about the nature of the
interaction and about the behavior of the clusters in aqueous solutions. Moreover, in the future
it is planned to study the biological properties of these supramolecular systems, especially for

PDT, computed tomography, ...etc.

3.2. Three-component systems with polyoxometalates

Undoubtedly, the study of the inclusion of OMCC with cyclodextrins is of practical
interest for the conception of new materials interesting for various biomedical applications.
However, this direction is not the only one for such systems. Thus, it is known in the literature
that polyoxometalates, described as electron-poor species are able to form supramolecular
compounds with CD. Furthermore, this work demonstrated that octahedral rhenium cluster
complexes related to electron-rich cores, also form various complexes with CDs. Moreover,
sepratated study reveals that interaction between POM and OMCC occurs from different CD
faces: primary and secondary, respectively. Therefore, it is of interest to combine such
compounds by cyclodextrin to create new materials for photocatalytic applications since the
cluster moieties could behave as photosensitizing agent and the POM as the catalytic unit.
Such association could be relevant for the water splitting process. The essence of this approach
can be represented as follows (Fig. 55): The presence of the OMCC as component connected
to a POM through CD could be viewed as a photocatalytic system where the cluster complex is

able to transfer one electron through sunlight irradiation to the POM, catalytically able to
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reduced protons from water into molecular hydrogen. Then, the process can be further looped
in the presence of sacrificial reducing agent that will regenerate OMCC. Thus, such a
combination of compounds could be extremely promising for the production of molecular

hydrogen using sunlight as an alternative source of energy.
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Figure 55. Scheme of photocatalytic reactions involving POM-CD-OMCC system.
However, first of all it is necessary to show the possibility of combining OMCC and POM

using cyclodextrin. This part of the thesis manuscript is devoted to these investigations.

3.2.1.  System rhenium complexes / y-CD/ [P,W150g,]>

To illustrate the possibility of combining OMCC and POM, rhenium cluster complexes
were chosen as OMCC and Dawson-type anion as POM. Thus, research in these systems
began with a logical combination of complexes with opposite charges (to favor the
electrostatic interactions). Mixing the solution of the rhenium cluster complex
[{ResQs}(H,0)6]* (Q = S, Se) (obtained by dissolving of K,[{ResQs}(OH)s]-8H,0 in an
acidic medium) in 2M sulfuric acid with aqueous a solution containing Kg[P,W1gOg,] and vy-
CD, in the ratio of CC:CD:POM = 2:2:1 leads to the precipitation of the compounds
K2[{ResSg}(H20)6]2{[P2W1506,] @ (y-CD)2}-55H,0 (14) and
Ky[{RegSeg}(H20)s]{[P2W15062] @(y-CD),}-42H,0 (15). Single crystals of 14 and 15 were
obtained by slowly evaporating a solution containing only one equivalent of OMCC instead of
two. The composition of the compounds was confirmed by elemental analysis, TGA and IR
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spectroscopy (Fig. S30), and is in good agreement with the X-ray diffraction data, a detailed
description of which is given below.

Then, we studied the interaction of anionic rhenium cluster complexes with POM and CD.
When mixing aqueous solutions of K;[{Re¢Qs}(CN)¢] (Q = Se, Te), Ke[P,W1504,] and y-CD
in the ratio CC.CD:POM = 1:2:1 and following by slow evaporation, compounds
Ko{[{ResSes}(CN)e]@(y-CD)2}- Ke[P2W15062]-33H.0  (16) and  K,{[{ResTes}(CN)e]@(y-
CD),}-Kg[P,W1506,]-33H,0 (17) were obtained. In the case of the K4[{ResSg}(CN)s] complex
in a similar reaction, only POM with y-CD inclusion compound crystals were formed. The
composition of the compounds obtained was also confirmed by elemental analysis, TGA and
IR spectroscopy (Fig. S31), and is in good agreement with the results of X-ray diffraction.

Note that all the compounds obtained are not luminescent, and upon prolonged irradiation
by UV light they change color from yellow/orange to blue, which indicates reduction of the
POM. Apparently, in this system, electron transfer from the excited state of the cluster

complex to the POM is observed. Currently, work is underway to study this aspect.

3.2.1.1. Crystal structures

Compounds 14 and 15 are isostructural (space group P1) and contain inclusion compound
of Dawson type anion with two y-CD {[P,W1306,]@(y-CD),}*" interacting with primary face
of CD, while secondary faces of these cyclodextrins interact with two cationic rhenium cluster
complexes [{ResQs}(H,0)s]** (Fig. 56A). Such a fragment is the main structural unit of these
compounds. If we consider separately the interaction of POM with CD or OMCC with CD, it
can be seen that they do not differ from those observed in two-component systems, except for
the fact that the cluster complex appears less strongly associated with CD, probably due to the
interaction of the CD with POM. The Dawson anion forms a strong complex with y-CD, while
OMCC almost does not interact with y-CD. The shortest distance between POM and OMCC in
14 and 15 is 3.3 A, which is close enough to promote an electron transfer from the cluster to
the POM.. Potassium cations (Fig. 56B), which located in the cavities of the CD between CC
and POM, interact with both the rhenium complex (O---K = 2.6-2.7 A) and the Dawson-type
anion (O---K = 2.7-3.2 A), as well as with the CD of the same three-component system (O---O
= 2.8-3.1 A). The packing of the fragments (Fig. 56C) [[{ResQs}(H-0)e]o{[P2W:1506,]@(y-
CD),}]* in the crystal structures 14 and 15 is organized by other potassium cations (Fig. 56B)

and water molecules. All potassium cations in these structures have a 50% occupancy position.
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Figure 56. Fragment [[{ResQs}(H20)e]o{[P.W1506,]@(y-CD),}]* (A) in crystal structures of 14 and 15,
interaction with potassium cations (B, CD are omitted) and packing of fragments (C). Re — green, Q — violet, O
—red, C — gray, K — blue, WOs — cyan octahedra, PO, — purple tetrahedra. Captions CD, W and Re indicate that

oxygen related to CD, POM and CC, correspondingly. Hydrogen and water molecules are omitted.

On the other hand, compounds 16 and 17 have a different structure. The compounds are
isostructural (space group C222) and contain layers along the ac plane, consisting of one
inclusion compound of cyanide rhenium cluster complex with two y-CDs
{[{ResQs}(CN)e]@(y-CD),}*, Q = Se, Te) and two Dawson type anions, in such a way that
each inclusion compound interacts with 8 neighboring POMs, and each POM interacts with 4
neighboring inclusion compounds (Fig. 57). The layers are interconnected with another motifs
{[{ResQs}(CN)s]@(y-CD),}*, which lead to the final OMCC: CD: POM ratio equal to 1:2:1.
The structure of the inclusion compounds is similar to those described earlier in this work
(compounds 9 and 10). POM, in turn, does not form inclusion complexes with CD and
interacts only with the outer surface of CD (O---O = 3.2-3.5 A). Potassium cations and water
molecules are located in the free space between the layers. Thus, the observed situation is
opposite to compounds with cationic complexes, i.e. y-CD forms more stable compounds with
OMCC than with POM. As a consequence, the shortest distance between POM and OMCC is

5.8 A. However, in this case one can also expect electron transfer from OMCC to POM.
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Figure 57. Packing of three-component systems in the crystal structures of 16 and 17 along c axis (left) and a
axis (right). [{ReGQS}(CN)G]Aﬁ —violet ball, O —red, C — gray, WOg — cyan octahedra, PO, — purple tetrahedra.
Hydrogen, potassium and water molecules are omitted.

Thus, three-component systems containing a rhenium cluster complex, cyclodextrin and
polyoxometalate were obtained. It was shown that such systems can be formed with both
cationic and anionic OMCC, and the nature of the interaction strongly depends on the strength
of OMCC or POM compounds with y-CD.

3.2.1.2. NMR studies

In the last paragraph, we have shown that it is possible to obtain three-component systems
in a solid state. However, it is also important to study the behavior and existence of systems in
aqueous solution. In this context, multinuclear NMR (*H, *'P, ""Se, *Te, ¥*W) experiments
were performed in order to describe in detail the interactions between OMCC, POM and CD in
water.

So, for the system [{ResQs}(H20)6]*"/[P.W:1506,]° /y-CD (Q = S, Se), the following
OMCC: CD: POM ratios 1:2:1, 0:2:1, 1:2:0 were studied, as well as each component
separately. Note that with an increasing of the amount of OMCC up to 2 equivalents (2:2:1),

three-component systems precipitate rapidly. According to *H NMR spectra, CD signals are
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influenced only by POM and the addition of OMCC does not lead to significant changes (Fig.
$32-533). In the *'P or ***W NMR spectra, signals of the POM inclusion complex with CD are
mainly observed and the effect of OMCC is insignificant (Fig. S34-S37). The same situation is
observed in the "’Se spectra, where both CD and POM practically do not affect the OMCC
spectrum (Fig. S38). Thus, in this system, the interactions of POM with CD are predominant
and a very weak effect of OMCC is observed, which indicates mainly the formation of a binary
ystem in the solution or only very weak simultaneous interactions between the three
components. This observation is consistent with the crystal structures of the compounds.
However, although the interaction in the solution is weak, the solutions, like solid compounds,
are not luminescent, which indicates a possible transfer of energy or electron from the excited
state of the OMCC to the POM.

For the system [{RegQs}(CN)s]*/[P,W:150¢,]° /y-CD (Q = Se, Te), interactions in the
solution were found, which are consistent with the crystal structures. Thus, according to the
data of "H NMR spectra (Fig. 58) for Q = Se, the signals of cyclodextrin protons are influenced
by both components (OMCC and POM) and balanced between the systems [{RegSes}(CN)]*
/2y-CD and [P,W150¢,]°/2y-CD, while for Q = Te in the three-component system, only
OMCC interaction with CD is observed (Fig. S39). This behavior suggests that in the case of
Q = Se, the inclusion compounds of POM with CD and OMCC with CD exist simultaneously
in solution and a fast exchange of CD could take place between clusters and POMs. On the
other hand, for Q = Te, CD exists mainly as inclusion compound involving OMCC and CD.
Similar results were evidenced in the "’Se and *Te NMR spectra (Fig. S40-S41). However,
studies from Dawson type anion side are more difficult. Actually, the *P NMR reveals to be
nearly insensitive toward the supramolecular interactions. However, in the presence of CD,
new signals appear which most likely relate to reduced forms of polyoxometalate (Fig. S42-
S43). The same tendency is observed in the **W NMR spectra (Fig. S44-S45). Probably, the
presence of could promote the electro transfer from the OMCC to POM anions, owing to the
supramolecular influence of the CD. It should be worth noting that the NMR spectra of the
dissolved crystals of compounds 16 and 17 correlate well with the spectra of three-component
systems in a 1:2:1 ratio (Fig. S46-S50). Also, solutions of three-component systems do not
exhibit luminescent properties, which also could point out an electron transfer from CC to
POM.
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Figure 58. "H NMR spectra of y-CD in D,O in presence and absence of [{ResSes}(CN)g]* and [P,W:504,]° .

Thus, it was shown that three-component systems exhibit very weak interactions between
individual components in aqueous solution and NMR spectra mainly indicate interactions of
the stronger binary system such as CD: POM in the case of a system with a cationic OMCC
and a cyanide complex in the [{ResQs}(CN)e]*/[P2W15062]% /y-CD, and the influence of the
third component is practically absent.

3.2.2.  System rhenium complexes / y-CD/ Mos4 «wheel»

The final part of this work, concerning three-component systems, is devoted to combining
inclusion compounds of rhenium cluster complexes with y-CD with a nanoscale POM unit,
namely the “molybdenum wheel” [Mo1s6" M0sg OusoH14(H20)70]* (hereinafter {Mois4}),
having a free space inside with a diameter of 17A (Fig. 59). {Mo;s:} contains 140 MoOg
octahedra and 14 MoO- pentagonal bipyramids and often crystallizes with {Moys,}, in which
one of the {Mo,} fragments inside the “wheel” is missing.** Since some of the molybdenum

atoms have an oxidation state +V, the solutions of these compounds have a dark blue color.
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[Mo0,540,6,H14(H,0)501**

35 A

Figure 59. Size comparison of rhenium cluster complexes, y-CD and «molybdenum wheel». Re — green, Q —

violet, CN — blue, C — gray, O — red, MoOg octahedra and MoO; pentagonal bipyramids — gray.

In the literature review, a combination of a Dawson-type POM inclusion compound with y-
CD with {Mois,} was shown.*” Taking inti account the supramolecular behavior of the
OMCC with cyclodextrin, we carried out similar experiments with rhenium cluster complexes.
This study demonstrates the possibility to build hierarchiral supramolecular assemblies useful
for the conception of nanostructured multifunctional materials.

Thus, three-component systems KoNayH{{[{ResSes}H(CN)s] @ (y-
CD)2}@[M0154046:H14(H20)70] }- 160H,0 and KoNaysHo{{[{ResTes}(CN)s]@(y-
CD)2}@[M01540462H14(H20)70]}- Nas{[{Res Tes}(CN)e] @ (y-CD)2}-240H,0O were obtained in
situ, namely, adding solutions of the inclusion compounds {{[{ResQs}(CN)s]@(y-CD),}* (Q
= Se, Te) during the synthesis of {Mois,}. When standing after a few hours, crystals of three-
component compounds start to form, which only in the case of Q = Te were found to be
suitable for X-ray diffraction analysis. It should be noted that the crystallization of an
individual {Mo1s,} occurs much slower and most often takes several days to get crystals with
quantitative yields. Such an acceleration of the “wheel” formation and crystallization indicates
probably the template effect of the inclusion compounds, i.e. {Mos,} “wheel” could be
formed around the {{[{ResQs}(CN)s]@(y-CD),}* supramolecular adduct. The composition of
the compounds obtained was confirmed by elemental analysis and IR spectroscopy, and is in

good agreement with the X-ray diffraction data (see below).
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3.2.2.1. Crystal structures

Thus, according to XRD data, the compound KjyNajgH{{[{ResTes}(CN)c]@(y-
CD),}@[M015,0457H14(H20)es]} Ka{[{Res Tes}(CN)s] @ (y-CD),}-240H,0 (18) (space group
C2) contains inclusion compound of cluster complex with two y-CDs, which is included in the
{Mo5,} “wheel” internal cavity (Fig. 60). The structure of the inclusion compound of the
rhenium cluster anion with CD does not differ from that described earlier in this work

(compound 10).

Figure 60. Fragment of crystal structure of 18. Top view (A) and side (B) on a three-component supramolecular
assemble. Re — blue-green, Te — orange, N — blue, C — gray, O — red, Mo — purple.

As depicted in Fig. 61, there is a good size-matching between the three components since the
inclusion adduct compound appears closely embedded within the marge {Moys,} torus. For
comparison, the Dawson type anion with y-CD was not completely located inside the “wheel”
(Fig. 19), due to its larger size than the OMCC-based adduct..**” In compound 18, a large
number of hydrogen bonds are observed between the inner CD and the {Mojs,}unit (C---O =
3-3.5 A) (Fig. 61A). Also, it is worth mentioning that in this case the “wheel” crystallizes with
a {Mo,} defect (Fig. 61A). The packing of the compounds occurs through the presence of a
second inclusion adduct {[{ResTes}(CN)s]@(y-CD),}*", which interacts with four neighboring
three-component systems (Fig. 61B). Note that in this compound the final OMCC: CD: Mogs;
ratio is 2:4:1, while for a compound with Q = Se, a ratio 1:2:1 is always observed, even in the
presence of excess OMCC@2CD.

Thus, we have demonstrated the possibility of the formation of a three-component
supramolecular assemble of the “Russian doll” type, which correspond to an alternative
possibility to assemble OMCC and POM.
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Figure 61. Fragment of crystal structure of 18. A) demonstration of hydrogen bonds (green dotted line) between
CD and {Mos,}, blue circle shows defect (absence of {Mo,} fragment); B) Packing of three-component system
(illustrated only {Moss,}) by free {[{ResTes}(CN)s]@(y-CD).}*". Re — blue-green, Te — orange, N — blue, C —
gray, O —red, Mo — purple. Cations and water molecules are omitted.

3.2.2.2. NMR studies

The three-component system was studied by *H and "’Se or **Te NMR. Thus, in the 'H
NMR spectra, a strong broadening of all proton signals of cyclodextrin is observed (Fig. S51),
indicating interactions with {Mo;s.}. In **Te NMR spectra, signals of the cluster complex are
not observed either for dissolved crystals of compound 18, or for mixture containing individual
components. This could be due to the oxidation of the cluster complex in such solutions
leading to the formation of NMR-silent paramagnetic OMCC, ""Se NMR spectra are more
informative (Fig. 62). Thus, when {Mos,} is added to the solution of the cluster complex
K4[{RegSes}(CN)g] in D,O, no signal changes are observed. However, when two equivalents
of CD are added to this solution, a new broad signal appears, which should refers to the
formation of a three-component system. Furthermore, with two additional equivalents, the
percentage of the three-component system increases, which indicates further the formation of
such a system. There is also a slight shift of the free complex signal due to the fast exchange in
solution between free and complexed form with CD. (Fig. 41). Moreover, the NMR spectrum
of dissolved crystals is close to the spectrum arising from a OMCC: CD: Moz, = 1:2:1 ratio
(Fig. S52), which confirms the presence of three-component systems, as well as the ratio of
components in the resulting crystalline samples.

Thus, it was shown that three-component systems exist not only in solids, but also in

agueous solutions.
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Figure 62. Fragment of "’Se NMR spectra in D,O of cluster using different ratio cluster/cyclodextrin/{Mo;s,}.

3.2.3.  Conclusion for three-component systems

In this part of the work, it was demonstrated that it is possible to combine inclusion
compounds of rhenium cluster complexes with cyclodextrin with other functional inorganic
compounds, namely polyoxometalates. In such three-component systems, cyclodextrin plays
the role of a binding agent. Thus, in the case of a logical connection of the oppositely charged
cationic cluster complex and Dawson-type anion, the system is mainly dominated by the
strong connection between the POM and CD, while OMCC interacts weakly with CD. On the
other hand, anionic OMCC and POM are able also to form three-component systems, which
are mainly based on CC inclusion compounds with CD. Moreover, the OMCC-based inclusion
adducts can participate in the formation of nanoscale supramolecular assemblies with nano
“wheel” {Mojs4}. This system exist both in solid-state and in aqueous solution. The examples
given in this manuscript will serve as a starting points for the creation of new functional

materials that can be used, for example, in photocatalysis.
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3.3. Interactions of cyclodextrins with molybdenum and tungsten cluster
complexes

OMCC:s containing molybdenum and tungsten are most often represented in the literature
as salts with organic cations. Moreover, moving to aqueous solutions, such compounds most
often lead to hydrolysis with the formation of water-insoluble compounds. However,
molybdenum and tungsten cluster complexes exhibit the highest luminescent properties in
comparison with rhenium one, which makes them more promising for applications in biology
and medicine. Therefore, the development of methods for the stabilization of complexes in
aqueous solutions is needed and remains a challenging task.

The most common and easily accessible molybdenum and tungsten compounds are the
halide derivatives (H30),[{MsClg}Clg] and (TBA),[{MsXs}Xs], where M = Mo, W and X =
Br, 1. First of all, in this work, a series of experiments was carried out to solubilize these
compounds into aqueous solutions, as well as precipitate from ethanol by cyclodextrin (a
method well known in the literature for the preparation of inclusion compounds with organic
compounds). Thus, attempts to transfer the complexes to an aqueous solution did not succeed,
while mixing a number of solutions of cluster complexes in ethanol with an aqueous solution
of cyclodextrin lead to precipitation of the complex with the composition Ho[{MgXg}Clg]-2y-
CD-nH,0O (M = Mo, W, X =1, Br, CI).

All the compounds obtained are soluble in water; however, when compounds with X = ClI
are dissolved, they hydrolyze within a few minutes to form insoluble precipitate. Note that
only in the case of complexes with apical chloride ligands, interaction with CD was observed,
while complexes with apical iodide and bromide ligands, apparently, have a much larger size
than the internal cavity of CD, and do not precipitate from solutions. It is also important to
note that in the case of using solutions of (H30),[{MClg}Cls] complexes, the complex is not
completely precipitated by cyclodextrin, and it was possible to obtain inclusion compound
crystals from the mother liquor. Therefore, from the precipitation of such complexes
({MsCl5}Cle]*) with cyclodextrin from ethanol and the apparent weak stability in aqueous
solutions, it can be concluded that the interaction between the guest and the host is very weak
and there is no significant stabilization in aqueous solutions.

On the other hand, the complexes [{MgXg}Cls]> (X = I, Br) interact with CD, which leads
to stable aqueous solutions. In order to study in more detail their interaction with y-CD, the
sodium salts of the cluster anions [{MsXs}Cle]> (M = Mo, W, X = Br, 1) were first obtained.
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The stability of such salts in aqueous solutions in the presence and without y-CD was also
studied.

3.3.1.  Obtaining the cluster complexes as precursors

In the literature, water-soluble salts of halide complexes with alkali metals are very poorly
represented. Thus, the compounds [K(diglyme)(CH3CN)],[{Moglg}Hs] and
[Ko(diglyme)(CH3CN)s][{Moglg}e], obtained from Mo, I, and KI at 650 °C, followed by
extraction in diglyme (diethylene glycol dimethyl ether), were soluble in water, but their
solutions quickly become cloudy and amorphous materials precipitate.”® Besides the
compound Na[{Wslg}¢] is noted to be soluble in water, but there is no information on its
stability in solution.®®,

Thus, the sodium salts of the [{MsXs}Cls]> complexes were obtained by metathesis
between TBA cations and sodium using NaBPh, in dichloromethane. During the replacement
of cations, the sodium salt precipitates, which was then isolated in its pure form after
redissolving in acetone and precipitating by diethyl ether. Note that this method to get the
sodium salts from the TBA derivatives can be applied to other molybdenum and tungsten
complexes. The composition of the complexes Na,[{MogXg}Clg]-nMe,CO (X = Br, n = 1 and
X =1, n=2)and Na,[{WXg}Clg]-nMe,CO (X = Br,n =2 and X = I, n = 1) was confirmed by
elemental analysis, and crystals suitable for X-ray analysis were obtained by diffusion of
diethyl ether vapor into a solution of the complex in acetone. The resulting complexes are
soluble in water, however, as well as the compounds described earlier, they are hydrolytically
unstable. The compounds are also sensitive to air humidity and should be stored in a dry
atmosphere or used immediately in reactions with cyclodextrin.

3.3.1.1. Crystal structures

Diffusion of diethyl ether vapor into acetone solution results in crystals of the compounds
Na,[{MgBrs}Cls]-7Me,CO (M = Mo (19), W (20)) and Nay[{Mogls}Cls]-4Me,CO (21). The
structure of 19, 20 and 21 has been established by XRD. The crystal structures confirm the
replacement of TBA cations by sodium. Thus, compounds 19 and 20 are isostructural (space
group C2/c) and contains the anionic complex [{MgBrs}Clg]*> associated to two sodium
cations and seven co-crystallized acetone molecules that form layers built on hydrogen bonds
network and Na---O interactions (Fig. 63). The cationic part of the structures can be
represented as [(Me,CO),Na(u-Me,CO);Na(Me,CO),]**, with Na---O distances in the range
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from 2.3 to 2.4 A. Also, in the structures, hydrogen bonds between terminal Chloride-ligands
and CHs groups from acetone are observed with Cl---C distances of 2.9-3.3 A.
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Figure 63. Sheets in structure of 19 and 20 along b axis (left) and a axis (right). M — blue, Br — brown, Cl —
green, Na —cyan, O —red, C — gray, H — white.

The structure of compound 21 (space group Ibam) is slightly different from 19 and 20. The
compound consists of the anionic complex [{Mogls}Cls]*", two sodium cations and four co-
crystallized acetone molecules that form layers built on Na---O (~ 2.3 A) and Na---Cl (~ 2.7 A)
interactions (Fig. 64).
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Figure 64. Sheets in the crystal structure of 21 along a axis (left) and b axis (right). Mo — blue, | — purple, CI —
green, Na —cyan, O —red, C — gray, H — white.
The layers are stacked through interactions between apical Cl-ligands and inner I-ligands with
a Cl---I distance of 3.5 A,

3.3.1.2. Stability in water solutions
In order to further analyze the stabilization of molybdenum and tungsten complexes in

aqueous solutions in the presence of y-cyclodextrin, the behavior of Na,[{MgXg}Cl¢]

compounds (M = Mo, W and X = Br, I) in water was studied in details. Thus, with time,
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OMCC aqueous solutions become cloudy, while the rate of turbidity and precipitation differs
with the nature of OMCC. Therefore, kinetics of hydrolysis of the compounds was investigated
by **ClI NMR spectroscopy and UV-vis. Thus, in *Cl NMR spectra, the signals of release
solvated CI™ anions in solution were analyzed over time (Fig. 65, S53-S55). From the spectra
obtained, one can see that with time the intensity of the CI™ signal increases and reaches a
plateau. Quantitative analysis of the chloride release was carried out using calibration method
based on NaCl solutions with a concentration range 1-16 mM (Fig. S56). From the calibration

method, the variation of the CI" concentrations with time was obtained (Fig. 66).
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Figure 65. *CI NMR spectra of solution of Na,[{Mogl}Cls]-2Me,CO in D,O depending on the time.

Concentration of complex ~ 2mM.

The variation of the concentration of CI™ in a solution depends exponentially with time and is
described by Equation 3.2.1 (first order kinetics), where C,.,y is the final concentration of CI~

in solution, and k is the hydrolysis constant.

C = Chpar X (1-e7%)  (Equation 3.2.1)
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Figure 66. Release of CI™ in solution as a function of Ccr/CPuster VS time. The right shows an expanded view of

the left graph in the range of 0—1500 minutes.
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Moreover, the final concentration of CI™ in a solution in all cases is close to twice the initial
concentration of the cluster complex, which indicates the replacement of only two chlorine
ligands within the OMCC (Table 5). For a qualitative comparison of the hydrolysis kinetics,
the values of the half-reaction time 1y, are given in Table 5. From these data it can be seen that

the kinetics of hydrolysis strongly depends both on the metal and on the inner ligands.

Tableb

Concentrations of chlorine anions (C¢)), hydrolysis constants (k) and half reaction time (zy,), obtained
using *CI NMR data of compounds Na,[{MogXs}Cls]-nMe,CO (X =Br,n=1and X =1,n = 2) and
Na,[{WsXg}Clg]-nMe,CO (X =Br,n=2and X=1,n=1) in D,0.

M, X Coclustery mM Cci, MM Cal Cocluster k'106, min& T1/2, min

Mo, Br 1.89 3.91+0.05 2.07 £0.03 51000 + 4000 14+1

Mo, | 2.08 4.04 + 0.08 1.94+0.04 4400 £ 200 158 £ 7

W, Br 1.80 3.50 £ 0.03 1.94 +0.02 4100 + 200 169 +7
W, | 1.79 364+02 | 203+0.03 2743 28097 + 3936
(~19.5 days)

Hydrolysis occurs most rapidly for the Na,[{MogBrg}Clg] complex, then 10 times slower for
Na[{Moglg}Clg] and Na[{WsBrg}Clg], while Na[{Wslg}Clg] was the most stable in the series
studied. We also note that the tungsten OMCC is much more stable than the molybdenum
OMCC, which is consistent with the previously studied hydrolysis of the compounds
[{Mglg}(DMSO)e]** (M = Mo, W) in water.*® Elemental analysis of the powders obtained by
hydrolysis confirms the substitution of two Cl-ligands with the formation of the neutral
derivatives with the apparent [{MgXg}Cl4(H,0),]. Such neutral compounds resulting from the
hydrolysis of apical halide complexes in aqueous solutions of mineral acids, were previously
reported in the literature,*®**33 however, prior to the present work, the kinetics of this process
has never been reported.

A more detailed study of the hydrolysis process has been supported by spectrophotometric
UV-vis data. At first view, the UV-vis results (Fig. 68 left and S57-S59) differ from the NMR
data. Thus, the variation of the OMCC concentration in a solution vs time does not exhibits the
exponential dependence. (Fig. 67 right). However, there are no contradictions, and the UV-vis
data well complement the **CI NMR data (Fig. 69A).
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Figure 67. UV-vis spectra of Na,[{Moslg}Cls]-2Me,CO in water depending on the time (in minutes) (left) and

cluster content in solution vs time (right).
From beginning of the dissolution of the complex in water, the formation of ClI™ anions is
observed, which indicates the beginning of hydrolysis, however, in the UV-vis spectra in the
first 10 minutes, no significant changes in intensity are observed. It is important to note that,
although according to NMR data, hydrolysis is described by first-order Kinetics, this process
should occur in two steps, according to Equations 3.2.2 and 3.2.3.

[{MeXs}Clg]* + HO — [{MgXg}Cls(H,0)] + CI” (Equation 3.2.2)
[{MsXg}Cls(H,0)] + HyO — [{MgXs}Cly(H,0),]| + CI™ (Equation 3.2.3)
Therefore, at the beginning of the dissolution of the complex, there is a transient state
corresponding to the removal of one chloride ion from the six CI ligands complex (hereinafter
Clg) that leads to a complex with five (hereinafter Cls). Experimentally, the UV-vis feature of
both Clg- and Cls-containing species seems very close since in this time interval, no significant
spectral change was found. It can be assumed that the reaction described by Equation 3.2.2 has
a first-order kinetics, which makes it possible to estimate the concentration of the Clg form in
the solution (Fig. 68B). On the other hand, the form with four Cl-ligands (Cl,) can be easily
calculated from the UV-vis spectra, since it precipitates from solution. Using all this data, it is
possible to obtain the distribution of all forms of the complex in solution (Clg, Cls and Cl,) as a
function of time (Fig. 68B and S60-S62). These UV-vis spectra analysis explains the absence
of an exponential dependence of the cluster concentration in the solution vs time and describes

well the hydrolysis of cluster complexes, complementing the data of *>CI NMR.
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Figure 68. Content of [{Mogls}Cls]> and Cl-anions in water solution obtained using UV-vis and *CI NMR data,
correspondingly (A), and calculated speciation in solution, suing them. **CI NMR curve is calculated, using
obtained before data from NMR.

3.3.2. Interactions with y-CD

As it was discovered by preliminary experiments, y-CD is able to stabilize the resulting
cluster complexes in aqueous solutions. By dissolving the Nay[{MgXg}Cls]-nMe,CO
complexes in water containing the required amount of y-CD (2 or 3 equivalents), stable
aqueous solutions of cluster complexes were obtained. During the slow evaporation of the
solutions, crystalline products Na{[{MgXs}Cle]@(y-CD),}-nH,O and Na,{[{MgXg}Cls]@(y-
CD),}(y-CD)-nH,0O were obtained (M = Mo, W, X = Br, I, n depends on M and X, see
Experimental part). Almost all of the mentioned compounds were characterized by XRD, the
results of which will be described below. In turn, (H30),{[{M¢Clg}Cl¢]@(y-CD),}-nH,O (M =
Mo, W) complexes were obtained by adding a solution of y-CD in water to solutions of
(H30),[{MClg}Clg]-nH,0 in ethanol (CC:CD ratio = 1:2). Unfortunately, it was not possible
to obtain crystals of these compounds suitable for X-ray diffraction; however, upon standing
the mother solutions, single crystals of (H30){[{M¢Clg}Clg]@(y-
CD),}-X((H30):[{MeClg}Clg])-15H,0 (M = Mo, x = 2 (22) and M = W, x = 0,5 (23))
complexes were formed on the walls. An increase of the amount of y-CD in these reactions
does not affect the precipitation of complexes from ethanol, but in this case, a new crystals of
(H30){[{MosClg}Cls]@(y-CD),} - (y-CD)-15H,0 (24) were obtained. The composition of all
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the supramolecular adducts was confirmed by elemental analysis and IR spectroscopy (Fig.
S63-S67), which are consistent with XRD data.

3.3.2.1. Crystal structures

Compounds 22 and 23 are not isostructural and have a different organization, although
they contain both the typical supramolecular adduct {[{MeCls}Cls]@(y-CD),}*" with the
participation of the secondary face of CD (Fig. 69A and 70A) co-crystallized with the initial
cluster complex, resulting in the final OMCC:CD ratio = 3:2 for 22 and 3:4 for 23. Thus, in
structure 22, (space group P1), the {[{MogCl5}Cls]@(y-CD),}* adduct contains four terminal
Cl ligands in the equatorial plane parallel to the secondary faces of the CD. The two remaining
chloro ligands are located inside the cavity of the CD. Hydrogen bonds participates to the
cohesion involving terminal Chloro ligands in the equatorial plane and OH groups of CDs with
Cl---O distances of about 3.1 A. Inner CI ligands interact with the H3 proton, and the CI---C
distances fall close to 3.1 A. The packing in the structure involves CD-free co-crystallized
clusters, which form hydrogen bonds with the neighboring cyclodextrins of the inclusion

compounds, as well as water molecules (Fig. 69B, C).

Figure 69. Fragments of crystal structure of 22. A) Inclusion compound {[{Mo¢Cls}Cls]@(y-CD),}*". B)
Packing of compounds with free clusters along b axis. C) Top view on the packing. Mo — blue, Cl — green, O —

red, C — gray. Cluster complex inside CD illustrated as violet ball. Hydrogen and water molecules are omitted.

On the other hand, compound 23 (space group 1422) contains also the archetypical
inclusion adduct {[{WCls}Cls]@(y-CD),}*", but its structure is slightly different (Fig. 70A).
Four terminal Cl-ligands in the equatorial plane are located inside the CD cavities, forming a
plane perpendicular to the secondary face of the CD. The two remaining chloro ligands are

sandwiched between the two secondary faces.
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Figure 70. Motif of the crystal structure in 23. A) Inclusion compound {[{WsCls}Cls]@(y-CD),}*. B) Layers

along c axis. Mo — blue, Cl — green, O —red, C — gray. Hydrogen and water molecules are omitted.

The structure contains hydrogen bonds between apical chloro ligands and the OH groups of the
secondary faces of CD (Cl---O distances ~ 3.4 A). Other terminal ligands also interact with the
H5 protons (inside the cavity), giving Cl--- C distances in the 2.7-2.9 A range. Inclusion
adducts and CD-free clusters are packed in layers along the ¢ axis using hydrogen bonds
between CD and OMCC as well as solvate water molecules. Actually, each CD-free OMCC
interacts with four inclusion compounds, and each inclusion adduct is close to two CD-free
OMCCs (Fig. 70B).

Compound 24 (space group. P2,2,2) exhibits the same inclusion compound
{[{MosCls}Cls]@(y-CD),}* as in 22 (Fig. 71). However, it also contains co-crystallized
cyclodextrin (Fig. 71). The tubular organization of inclusion compounds and free cyclodextrin
is similar to that of compounds 9 and 10 (Cat,{[{ResQs}(CN)¢]@(y-CD),}-(y-CD)-nH,0).
(Fig. 71), Otherwise, the water molecules and the H;O" cations are distributed inside large

voids between the tubular assemblies.

Figure 71. Tubular structures in 24. Mo — blue, CI — green, O —red, C — gray. Hydrogen and water molecules

are omitted.
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Mixing an aqueous solution of y-CD (3 equivalents) and Nay[{MgXg}Clg], new
structures based on supramolecular adducts Na{[{MogBrg}Cls]@(y-CD),}-(y-CD)-10H,O
(25), Na{[{Moglg}Cls]@(y-CD)2}-(y-CD)- 14H,0  (26), Na{[{WsBrs}Cls]@(y-CD)2} (v~
CD)'15H,0 (27) and Nay{[{Wsls}Cls]@(y-CD),}-(y-CD)-16H,O (28) were obtained.
According to XRD data, the compounds are isostructural (space group 1422) to the previously
described 9 and 10 (Caty{[{ResQs}(CN)s]@(y-CD),}-(y-CD)-nH,0) and exhibit the same
organization. (Fig. 72). A large number of hydrogen bonds between the cluster anions
[{MeXg}Cls]> and CD are also depicted in the structures.

Figure 72. Tubular structures constructed from inclusion compounds and free CD in compounds 25-28. Mo/W —

blue, Br/l — violet, Cl — green, O —red, C — gray. Hydrogen, cations and water molecules are omitted.

Thus, Cl-ligands in the equatorial plane form hydrogen bonds with protons H3 with Cl---C
distances of 2.8-2.9 and 2.7 A for X = Br and I, respectively. Inner ligands also participate in
hydrogen bonds involving the protons H3 of cyclodextrin within X:--C contacts (~3.2-3.3 and
2.9-3.4 A for X = Br and 1, respectively), as well as the H5 protons (X---H-C = 3.3-3.4 A) in
the case of X = I. Moreover, the host-guest distances do not depend on the metal in the cluster
core and they were found close to those previously observed for the rhenium complexes and
then consistent with deep inclusion adducts. Closer distances in the case of complexes with
iodine in a cluster core may indicate the formation of compounds with y-CD stronger than for
bromo derivatives.

Changing the ratio of reagents (OMCC:CD) to 1:2, the compounds Na,{[{M¢Xs}Clg]@(y-
CD),}-nH,O were obtained but resulting single crystals were unsuitable for X-ray diffraction
analysis. However, it was found that presence of improved the quality of the crystals allowing
to perform XRD analysis of the compounds Nay{[{MogBrg}Cls]@(y-CD),}-2NaCl-15H,0
(29),  Na{[{Moglg}Clg]@(y-CD).}-2NaCl-11H,0  (30) and  Nay{[{Wsls}Cls]@(y-
CD),}-2NaCl-13H,0 (31). The structures of the compounds (space group P2,) also contain the
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inclusion compound {[{MeXs}Cls]@(y-CD),}* as in 25-28, however, the location of the
cluster complex inside the CD is different (Fig. 73A). Such a motif has already been described
in compound 23 ((H30)2{[{MsCls}Cle]@(y-CD)2}-(H30)2[{M6Clg}Cl]-nH,0).

Figure 73. A) Structure of inclusion compound {[{MgXs}Cls]@(y-CD),}*". B) Tubular structures constructed
from inclusion compounds in 29-31. Mo/W — blue, Br/I — violet, Cl — green, O —red, C — gray. Hydrogen,

cations and water molecules are omitted.

The structure also contains a large amount of hydrogen bonds between the guest and the host.
In addition to the above-described interactions between protons H3 and apical CI ligands with
the same distances, bonds of Cl ligands with protons H5 (X---C = 2.7 A) were observed. Also,
in the case of a complex with X = I, the hydrogen bonds between the inner ligands and the H5
protons become shorter (X:--C = 3.2-3.3 A). However, only half of the p3-X remains bound to
the H3 protons. The different arrangement of the complexes found in the structures could be
related to the relative degree of freedom of the OMCC within the cavity of CD. Inclusion
compounds in 29-31 are packed through hydrogen bonds between the primary faces of CD into
tubular structures, as shown in Figure 73. The organization of such structures is achieved by
water molecules and sodium cations located in the space between the tubular assemblies.

Thus, a large series of crystal structures of molybdenum and tungsten complexes with y-
CD was obtained. In all cases, formation of 1:2 inclusion compounds was observed through
interactions with the secondary face of CD. The bond strength, especially of hydrogen bonds,
decreases in the series I, Br, Cl, which act as inner ligands. In turn, a significant difference
between molybdenum and tungsten complexes was not found.

3.3.2.2. "H NMR studies

Using 'H NMR titration, the interaction of Na,[{MgXg}Cls]-nMe,CO (M = Mo, W, X =
Br, 1) with y-CD in aqueous solutions was studied. In all cases, when adding a complex, the
appearance of new signals related to the inclusion compounds and a decrease in the intensities
of the signals of free cyclodextrin were observed, i.c. this system is “frozen” (Fig. 74 and S68-
S70).
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Figure 74. 'H NMR spectra of y-CD in D,O in presence of different amount of Na,[{Mo¢Brs}Clg]-Me,CO.
Concentration of CD =2 mM.

In the case of complexes with X = 1, the signals were additionally strongly broadened,
especially protons H3 and H5, which are involved within short hydrogen bonds with inner and
apical ligands. Also, such a strong broadening of the signals of the protons H3 and H5 may
indicate a high mobility of the complex inside the CD, for example, between two positions
found in structures with and without co-crystallized CD. Besides, for the bromo derivative no
broadening occurs, probably due to weaker hydrogen bonds or even to the possible rotation of
the embedded cluster. It is important to note that changes in the spectra in the presence of all
complexes stop when the stoichiometry OMCC:CD ratio = 1:2 is reached. Similar changes in
the spectra were previously observed in the case of strong interactions with rhenium
complexes Ky[{ResTes}(CN)g] and Kz[{ReeSes}(CN)e], which also indicated quite strong
supramolecular interactions. Figure 75 shows *H NMR spectra of y-CD in the presence of 0.5
equivalents of each complex for comparison. As shown, replacing molybdenum by tungsten in
a cluster core does not change significantly the spectra. On the other hand, inner ligands play
an important role in the interaction of complexes with y-CD.

Thus, the *H NMR spectroscopy data appears in fair agreement with the structural data and

confirm the existence of OMCC-CD supramolecular assembly in aqueous solutions.
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Figure 75. 'H NMR spectra of y-CD in D,O in presence of 0.5 equivalents of each cluster
Na[{MeXg}Cle]-nMe,CO. Concentration of CD = 2 mM.

3.3.2.3. Electrochemistry

Prior to this work, the study of the redox properties of molybdenum and tungsten cluster
complexes in organic solvents has been reported in the literature. Most often, the cluster
complexes in these works were present as salts with organic cations, such as, for example,
TBA. Moreover, the half-wave potentials of the oxidation of OMCC (from 24 to 23 CVE) are
featured by values higher than 1 V, which makes impossible to investigate redox properties in
aqueous media (water oxidation occurs in these potential range > 1V). However, formation of
inclusion compounds, as was shown earlier for rhenium complexes, significantly decreases the
redox potentials. Due to this, we were able for the first time to study the redox properties of
molybdenum and tungsten complexes in aqueous solution as supramolecular adduct involving
v-CD.

Using the same conditions as for the rhenium complexes, the CV of solutions of
Na {[{M0gls}Cls]@(y-CD),}-11H,0 and Na2{[{Wsls}Cls]@(y-CD),}-13H,0 in 0.025 M
HCIO, (Fig. 76) were obtained. Table 6 shows the main electrochemical potentials of the
studied compounds in comparison with the initial cluster complexes (TBA salts in organic

solvents).
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Thus, inclusion compounds demonstrate a reversible oxidation process with an Ey;, of 1.0

and 0.7 V for M = Mo, W, respectively.
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Figure 76. CV curves of Nay{[{Moslg}Cls]@(y-CD),}-11H,0 (A) and Nay{[{W;ls}Cls]@(y-CD),}-13H,0 (B)
in 0.025 M HCIO,. Concentration of compounds = 1.0 and 0.5 mM, correspondingly.

Tableb6

Main electrochemical potentials (V vs SCE™) of cluster compounds (TBA)2[{MgXs}Cl¢] and
Na{[{MXg}Cls] @(y-CD),}-nH,0O (water, 0.025M HCIO,4) (M = Mo, W, X = Br, I).

Compound E. Ex E1p
(TBA),[{MogBrg}Clg]™ 23 1.45 1.38 1.41

Naz{[{MOGBrg}C|6]@(’Y-CD)Q}'15H20 — - — - E)j 03

1.13 1.07 1.10

(TBA)[{MOsl5}Cle] 1.281 1.15 1,290 197

Naz{[{M05|3}C|6]@(’Y-CD)z}11H20 1.04 0.96 1.00
[c,d] [c,d] [c,d]
(TBA){W:Brs}Cle] e 2 05319 1
Nax{[{WeBrs}Cls] @(y-CD),}-9H,0 - - -

(TBA),[{Wsl}Cle]* 1.00 0.92 0.97
Na{[{Wsls}Cls]@(y-CD),}-13H,0 0.74 0.66 0.70

[a] literature data for (TBA).[{MsXg}Clg] were recalculated vs SCE; [b] 0.1M (TBA)PFs in acetone;
[c] 0.15M (TBA)CIO, in acetone; [d] unpublished data, obtained in NIIC SB RAS (Evtushok D.V. and
Novozhilov I.N.); [e] 0.1M (TBA)PF in acetonitrile.

As expected, the half-wave potential strongly moves towards lower potentials relative to the
cluster complexes: AE =0.22 or 0.1 (depending on literature data) and 0.27 V for M = Mo, W,
respectively. Such a variation is larger than that observed with rhenium OMCCs, where the
maximum shift did not exceed 0.15V with [{ResTes}(CN)s]* anion. However, due to the
change of solvent, it remains difficult to estimate the true shift due to the sole presence of the
CD. It is important to note that the addition of excess cyclodextrin did not affect the redox
features (Fig. 76). Besides, the inclusion compounds of [{MgBrs}Cls]>” complexes does not
allow evidencing anyelectron transfer, probably due the out-of-range of the related Eij,

(probably greater than 1 V), consistent with the high positive potentials of the initial cluster
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complexes and also in relationship with the weaker expected interaction with y-CD leading to a
moderate potential shift.

Thus, for the first time, the redox properties of molybdenum and tungsten cluster
complexes were evidenced in aqueous solutions. Moreover, it was shown that CD significantly

affects the redox properties of OMCC, resulting of a significant decrease of the potentials.

3.3.2.4. Luminescent properties

One of the main properties of molybdenum and tungsten cluster complexes corresponds to
luminescence in the near IR region. Therefore, optical property has been studied for all
inclusion compounds in both solid-state and aqueous solution. Since the initial complexes have
low hydrolytic stability and are sensitive to air humidity, the properties of TBA salts of the
precursors ((TBA)2[{MsXs}Cls]) or (H30),[{MgClg}Cls]-nH,O were studied in the solid-state or
in acetone. To simplify the presentation of results, we introduce the following abbreviations:
(TBA)2[{MsXg}Clg] = TBA-MX, (H30),[{M¢Clg}Clg]-nH,0 = H-MCI,
(H30){[{MsClg}Cl]@(y-CD),}-nH,0 = H-MCI-2CD, Na{[{MeXzs}Cls]@(y-CD),}-nH,0
= Na-MX-2CD u Na{[{MsXs}Clg]@(y-CD),}-y-CD-nH,0 = Na-MX-3CD.

Thus, Table 7 summarizes main photophysical characteristics (emission maximum — A,
lifetime — t and quantum yield — ®) of the precursor and inclusion complexes, and Figures
77 and S71-S83 show the luminescence spectra upon excitation with a laser diode at a
wavelength of 375 nm. In some cases, two emission lifetimes were observed, which is usual
for the cluster complexes, therefore, for a clearer comparison, Table 7 shows the average
lifetimes (t = ). 7,, X 4,, where A is the amplitude), and the full optical data are presented in
Table S12.

First of all, we note that the photophysical characteristics of the precursors are in good
agreement with the literature data.’®'"?% Thus, for solid-state samples, a decrease in the
lifetime and quantum yield is observed for y-CD-containing systems, which can be explained
by the presence of luminescence quenching molecules such as CD or to water molecules
providing non-radiative deactivation pathways.

Besides, inclusion in y-CD affects significantly the properties of the [{WgXg}Cls]*
complexes (X = Br, Cl). Also, the emission maximum of the inclusion compounds is shifted
towards shorter wavelengths, with the exception of H-MoCI-2CD and Na-WBr-nCD. The
quantum vyields decrease in the series Mol> WI> MoBr> MoCIl> WBr> WCI, which

corresponds to order of the starting compounds with the exception of WBr, which is initially
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located after WI. The lifetimes of molybdenum compounds (~ 100 us) are on average longer

than tungsten one (~ 10 ps).

Table7

Main photophysical characteristics of cluster compounds (TBA),[{MgXs}Cls], (H30)2[{M¢Clg}Clg]-nH,O
and inclusion compounds (H3;0){[{M¢Clg}Cls]@(y-CD),}-nH,0, Nax{[{MsXs}Cls]@(y-CD),}-nH,O or
Na{[{MeXs}Clg]@(y-CD),}-y-CD-nH,O (M = Mo, W, X = Br, 1) in solid state and in solution (acetone or
water).

In acetone (for initial compounds) or in water

In solid state (for inclusion compounds)
Compound Aerated Deaerated
A, nm | T, S ) A, nm | T, US () T, US )
H-MoCl 760 52 0.10 — — — — —
H-MoCl-2CD 760 61 0.08 — — — — —
TBA-MoBr 740 110 0.23 745 — 185 0.26

Na-MoBr-2CD 720 67 0.07 710 31 0.04 70 0.05
Na-MoBr-3CD 720 79 0.09 710 24 0.02 48 0.04

TBA-Mol 710 163 0.56 700 — — 192 0.47
Na-Mol-2CD 690 103 0.29 690 43 0.08 119 0.16
Na-Mol-3CD 690 79 0.20 690 41 0.09 117 0.25

H-WCI 770 3.5 0.05 — - — — _
H-WCI-2CD 740 14 0.01 — — — — _
TBA-WBr 740 13 0.28 760 13 0.19

Na-WBr-2CD 755 1.9 0.03 730 2.1 0.02 2.0 0.01
Na-WBr-3CD 755 2.9 0.03 740 1.6 0.02 1.6 0.01

TBA-WI 695 | 143 | 030 | 700 | - - 20 | 0.38

Na-WI-2CD | 665 | 9.4 | 0.6 | 665 | 49 | 008 | 12 | 0.1l

Na-WI-3CD__ | 665 | 60 | 018 | 665 | 49 | 008 | 10 | 0.0
A B |“hetorzeo

= Na-WBr-2CD
— TBA-Mol —Na-WI-2CD
—— Na-Mol-2CD
— Na-Mol-3CD
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Wavelenth, nm Wavelenth, nm

Figure 77. Normalized emission spectra of initial cluster and inclusion compound in deaerated solutions (A) or

comparison of inclusion complexes spectra in solid state (B).

A similar trend is observed in solutions. In comparison with the initial complexes in

acetone, the optical characteristics of the inclusion compounds in water are much lower.
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However, this distinction is not surprising, since for OMCC can be the strongly quenched by
nonradiative energy transfer from the excited state of the complex to the H,O vibrational
modes.”*?® An additional experiment for compounds with the best photophysical
characteristics in D,O confirmed this observation (Table 8). Moreover, the luminescence
lifetime in deaerated D,O is significantly longer than that of the initial complexes in deaerated
acetone, which indicates an improvement in the properties of the complexes upon formation of
host-guest arrangement. On the other hand, it can be noted that the influence of oxygen is also
observed for inclusion compounds, which indicates energy transfer from the triplet excited

state of the complex to triplet oxygen with the formation of *O..

Table8

Comparison of emission lifetimes of Na{[{Mogl}Cls]@(y-CD),}-11H,0 and Na{[{Wsls}Cls] @(y-
CD)2}13H20 in H,O and D,0.

Compound Solvate T, US
Aerated Deaerated
Na-Mol-2CD H,O 43 119
D,O 46 374
Na-WI-2CD H,O 49 12
D,0O 7,3 29

Furthermore, spectra in the IR region were recorded, since it is known that the deactivation of
singlet oxygen is accompanied by phosphorescence at a wavelength of ~ 1270 nm (Fig. 78 and
S84-P89). Thus, the formation of singlet oxygen for powder samples was not detected for both
the precursors and the inclusion derivatives (Fig. S84-S86). However, the generation of 'O, is
well detected in the spectra of the initial TBA-MX complexes in aerated acetone (Fig. 78A).
On the other hand, the spectra of aerated Na-MX-nCD aqueous solutions indicate the absence
of the formation of singlet oxygen (Fig. S87-S88), which seems unconsistent, since the

influence of oxygen is clearly seen in measurements of the quantum yield and lifetimes.
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Figure 78. Emission spectra of *O,, registered after irradiation of clusters (A) and inclusion compounds (B) with
excitation wavelength 375 nm in aerated acetone and D,0O, correspondingly.

Therefore, this experiment was also carried out in D,O (Fig. 78B and S89) to reduce the effect
of luminescence quenching by water molecules. As shown on the spectra, the formation of
singlet oxygen were evidenced showing signal intensity strongly dependent on the luminescent
properties of the compounds. Then, in aqueous solutions, detection of singlet oxygen turned
out to be difficult due to its rapid interaction with various molecules in solution, such as CD of
inclusion compounds. Otherwise, the photophysical characteristics of the compounds Na-MX-
2CD and Na-MX-3CD in aqueous solutions are close from each other that indicates the
existence of the the main host-guest form {[{M¢Xg}Cls]@(y-CD),}*", and the addition of CD
does not affect the properties.

Several examples of studies dealing with luminescent properties of molecular compounds
of molybdenum and tungsten in aqueous solutions are described in the literature:
[{Wels}(DMSO)e](NOs)s (t; = 6.61 and 1, = 185 ps, @ = 0.02, aerated solution),'*
Nao[{Mogls}(N3)e] (t = 108 ps, @ = 0.20, deaerated solution) 2** and Nay[{Mogls}(NCS)g] (t =
38 us, ® = 0.07, deaerated solution).””® Hence, the photophysical features of the
supramolecular adducts are not worse compare to those of the reference complexes and in
some cases could be even better.

Thus, it was shown that inclusion compounds have relatively fair photophysical
characteristics with quantum yields up to 25%. Moreover, it was demonstrated that inclusion in
CD does not affect the ability of clusters to photosensitize the formation of singlet oxygen,

which is promising for their use as PDT agents.
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3.3.2.5. Stability in water solutions

Investigations of the hydrolytic stability of molybdenum and tungsten complexes in the
presence y-CD have been carried out in aqueous solutions. Thus, in addition to **CI NMR and
UV-vis experiments, *"H NMR experiments were additionally performed, since the hydrolysis
of the compounds should be accompanied by the release of cluster-free cyclodextrin. Only
hydrolytic of Na,{[{MeXg}Clg]@(y-CD),}-nH,O (M = Mo, W, X = Br, I) was studied since
the Na[{W;slg}Clg] (Na-WI) complex showed fair stability over almost 3 months ageing (Fig.
S90). Therefore, influence of the y-CD for this system were not conducted.

The results of *CI NMR (Fig. S91-593) summarized in Table 9 are consistent with a first-
order kinetics approximation (Fig. 79), are shown in Table 9 in comparison with the data of the
precursors (Table 5). The Na,[{MogBrg}Clg] (Na-MoBr) complex exhibits the lowest stability
but in the presence of y-CD, hydrolysis is slowered significantly by a six-fold rate. while for
Na[{Moglg}Cle] (Na-Mol) and Na,[{W¢Brg}Cls] (Na-WBr), addition of CD reduces the rate
of hydrolysis by 30-fold order. It is important to note that for Na-Mol-2CD and Na-WBr-
2CD, the final concentration of CI™ in the solution lower than twice the concentration of the
OMCC, as observed for complexes without CD (section 3.2.1.2). Then, the presence of y-CD
reduces the extent of the hydrolysis process leading to the partially hydrolyzed compounds
[{MeXs}Cls(H,0)] which remain protected within the CD supramolecular shell. For a more
detailed understanding, the UV-vis and *H NMR spectra should be considered. Thus, in the 'H
NMR spectra, the *H NMR signals related to the inclusion compounds decrease for the benefit
of new signals attributed to cluster-free cyclodextrin (Fig. S94-S96). It is also important to
note that, in addition to the appearance of free cyclodextrin signals, significant changes in the
inclusion compound signals, especially those assigned to the H3 protons, was found. Such an
observation confirms the formation of hydrolyzed cluster complex, which exhibits different
host-guest features. From the integrated ratio of the protons H1 between free and complexed
CD, the content of free CD can be calculated.

Table9

Concentration of chlorine anions (Cc)), hydrolysis constants (k) and half reaction time (t1,), obtained
from *CI NMR data of initial compounds in inclusion complexes in D,0O.

Compound | Cllugter, MM | Cco, mM Car/ Couster k-10° min! Ty, MiN
Na-MoBr 1.89 3.91+0.05 2.07 £0.03 51000 + 4000 14+1
Na-MoBr-2CD 1.99 3.87 £ 0.05 1.94 +0.03 8000 + 500 87+5
Na-Mol 2.08 4.04 +0.08 1.94 +£0.04 4400 + 200 158 +7
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Na-Mol-2CD 2.09 1.71+0.08 0.82 £ 0.04 130 + 30 5530 + 1060
Na-WBr 1.80 3.50 £ 0.03 1.94 +0.02 4100 + 200 169+ 7
Na-WBr-2CD 2.83 3.20+0.2 1.13+0.07 140 + 40 4950 + 1420
2,0 w® = - -

[ ]
b5 1,5

9_8 1,0 . o .
0,5 =  Na-MoBr-2CD

e Na-Mol-2cD

o A Na-WBr-2cD

i) 50000 100000 150000 200000 o 500 1000 1500 2000
Time, min Time, min

Figure 79. Release of CI” in solution as a function of Cc//C%,user VS time. The right figure shows an enlarged

fragment of the left graph in the range of 0-2000 minutes.

Moreover, this process also is still consistent with a first-order kinetics model, and the value of

free CD reaches a plateau which depends on the host-guest complex (Fig. 80A). The results of

such data processing are summarized in Table 10. On the other hand, UV-vis data are also in

good agreement with these observations (Fig. S97-S99). Moreover, the concentration reaches a

plateau, and changes are also described by first-order Kkinetics (Figure 80B). The results

obtained correlate with the *H NMR spectra showing similar kinetics (see Table 10).

A 8 B 100
. 100 »
\° 80 50 \o 60
POSLY I . 80 w .
C 60 20 c 2
2 10 2
g 50 0 1000 2000 3000 4000 5000 g 60 6" tobo " 26h0 " a0bo " acho " oo
O 40 (8}
o L 40
o 30 9 m Na-MoBr-2CD
(2} Na-Mol-2CD
g 20 e NaMoBr2CD 3 ] § \22-ton
= 10 = Na-Mol-2CD (&)
0 A Na-WBr-2CD 0
0 50000 100000 150000 200000 0 50000 100000 150000
Time, min Time, min

Figure 80. Variation of cluster-free cyclodextrin and cluster complex in solution vs time using ‘H NMR (A) and

UV-vis (B) data, correspondingly. Inserts show an enlarged area in the range of 0-5000 minutes.

Tablel0

Content of free cyclodextrin (Acp) or inclusion compound (Acmp) in solution, constants of release of free

CD or of hydrolysis (k) and half reaction time (ty,,), obtained using ‘"H NMR and UV-vis data of
Naz{[{MGXg}Cls]@(’Y'CD)Z}nHzo (M = MO, X= Br, I, M= W, X= Br)
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Compound Method Acp 0r Acomp, % k-10° min?t Ty, MiN
Na-MoBr-2CD 'H NMR 77+3 1400 + 100 495 + 35
UV-vis 38+3 3600 + 500 193 + 27
Na-Mol-2CD 'H NMR 51+ 4 11+2 63000 + 11000
UV-vis 53+ 2 42 +5 17000 + 2000
Na-WBr-2CD 'H NMR 14 +2 130 + 40 5300 + 1600
UV-vis 64 + 3 77 +15 9000 + 2000

Moreover, the fraction of cluster-free cyclodextrin according to NMR data and the fraction of
the remaining inclusion compound according to the *H NMR and UV-vis data are in good
agreement showing that both methods describe the same process. Depending on the cluster, the
hydrolysis leads to different yield corresponding to 38, 53, and 64% of the compound
remaining in solution for Na-MoBr-2CD, Na-Mol-2CD, and Na-WBr-2CD, respectively. The
CI™ anions released during hydrolysis, as well as the CD molecules should affect the
equilibrium in the solution, featured by a partial hydrolysis. Although *H NMR and UV-vis
data are in good agreement with the **ClI NMR data, the rate constants estimated from
different methods (*H NMR, **CI NMR and UV-vis) are slightly different depending upon the
methodology. For instance, *H NMR requires less than one minute for spectrum acquisition
while about eleven minutes is needed for **Cl NMR spectra. Furthermore, UV-vis method was
applied with 100 times diluted solutions..

Thus, it was shown that cyclodextrin contributes significantly to the stabilization of cluster
complexes in aqueous solution but cannot fully cancelled the process. In the case of the Na-
WI-2CD complex, stabilization was observed for more than 3 months, which makes it the most
promising candidate for further biological study.

3.3.2.6. Biological properties

The results described above demonstrate well that cyclodextrin significantly stabilizes the
complexes in aqueous solution. Therefore, the next step was to study biological properties.
Water-soluble compounds Na{[{MXg}Clg]@(y-CD),}-nH,O and Nay{[{MeXs}Cle]@(y-
CD),}y-CD-nH,0 (M = Mo, W, X = Br, ) were selected.

First, the cytotoxicity of the compounds was estimated using the MTT test on HelLa

(cervical epithelioid carcinoma) and IHF (immortalized human fibroblasts) cell lines (Fig. 81).
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Figure 81. Effect of inclusion compounds Na,{[{MeXs}Cls]@(y-CD).}-nH,O (Na-MX-2CD) and
Nax{[{MeXs}Clg] @(y-CD),}-y-CD-nH,0 (Na-MX-3CD) on cell viability: HeLa (A, C) and IHF (B, D).

Two types of cells, namely cancer cells and normal healthy cells,were used to compare the
cytotoxicity ofhost-guest compounds. The 1C50 values are given in Table 11. So, basically, in
the concentration range, IC50 was never reached. Tungsten compounds in general exhibit
weaker cytotoxicity (Fig. 81 C, D) than molybdenum homologues (Fig. 81 A, B). The toxicity
of the compounds Na-WX-2CD and Na-WX-3CD slightly depends on both the halogen in the

cluster core and the host-guest stoichiometry.

Tablell

IC50 values for Na,{[{MeXgs}Clg] @(y-CD),}-nH,0 (Na-MX-2CD) and Na{[{MsXs}Cls]@(y-CD)2}-y-
CD-nH,0O (Na-MX-3CD) in comparison with literature data.

Compound 1C50, uM
HelLa IHF
Na-MoBr-2CD 600+100 > 625
Na-MoBr-3CD 600+100 > 625
Na-Mol-2CD 6004200 400+100
Na-Mol-3CD > 625 > 625
Na-WBr-2CD > 625 > 625
Na-WBr-3CD > 625 > 625
Na-WI-2CD > 625 > 625
Na-WI-3CD > 625 > 625
Na[{Mogls}(NCS)s]™™ 48 —
Nao[{Mogls}(N3)e]™* 183 -
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Wel-2(DMSO)1(NO-), 1 199 > 1060 (fresh) -
[{Wels}( )61(NOs)4 890 (4-days old)

[{M0gls}(OCOC,HgPPhs)s]Br, ™ 2 : ;
[{Moglg}(OCOCsH4NMe)s]1Cly [6] 202 >0 -
[a] MTT-test on Hep-2 cell line, instead Hela; [b] insoluble in water, the solution is prepared by

adding a concentrated solution of the complex in DMSO to water;

On the other hand, these complexes have different effects on cell cultures: the death of 30-40%
of cells at maximum concentration in the case of HeLa and 20-25% in the case of IHF, which
indicates a selective effect of the toxicity mostly against cancer cells.

The cytotoxicity of molybdenum compounds appears slightly different. Increasing of CD
amount lead to lower toxicity while the effect of inner ligands does not exhibits a clear effect.
Note that the increasing of the cell viability with an increasing of the concentration of Na-
MoBr-2CD and Na-MoBr-3CD for the IHF line (Fig. 81B) seems to be due to the overlap of
absorption of formazan (formed after addition of MTT reagent) and due in part to the cluster
precipitation.

As shown in Table 11, the IC50 values appear significantly higher than the values reported
in the literature for the azide and thiocyanate molybdenum complexes Na;[{Moglg}Ls] (L = N3~
and NCS), as well as cationic complexes [{Moglg}(OCOC,HgPPh3)s]Br, and
[{Moglg}(OCOCsH4sNMe)s]Cl,.  Besides, they are similar to those measured for
[{WelsH(DMSO)6](NO3)4, which is also hydrolyzed in water (11, = 5.9 days).

Thus, inclusion compounds have one of the lowest cytotoxicity among the molybdenum
and tungsten complexes. Moreover, taking into account the significantly better stability of their
aqueous solutions, especially in the case of Na-WI-2CD, and the fair luminescent
characteristics, these compounds are the more promising candidates for various biomedical
applications.

The next step consists of a cell penetration study. According to confocal microscopy (CM),
only the Na-WI-2CD compound (only the Na,{[{M¢Xg}Cls]@(y-CD),}-nH,O — NaMX-2CD
were studied) penetrated into the IHF cells and appears mainly localized in the cytoplasm (Fig.
82).
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colored by DAPI; B) under irradiated with a laser with a wavelength of 408 nm; C) under sunlight; D) overlay
of the images A, B and C.
For all the other cases, luminescence of cluster complexes inside the cells was not detected

(5100-S101). However, a more sensitive method such as the flow cytometry (FACS) showed
that all OMCC complexes penetrate HeLa cells (Fig. S102) and only Na-WI-2CD penetrates
IHF (Fig. S103). The degree of penetration of the complex is approximately the same and
corresponds to 35-42% for HeLa and 24% for IHF. Such a difference in the penetration into
cells of different lines is extremely important for the further applications of the OMCC-based
complexes. They are promising candidates for the PDT since the compounds penetrate
exclusively into the cancer cells and not into healthy cells and are also able to photosensitize
the generation of singlet oxygen. Furthermore, they are also good candates for computed

tomography and angiography, because i) they exhibit X-ray contrast properties (due to heavy
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elements in the cluster core), ii) they do not penetrate into healthy cells, and iii) therefore they
will be rapidly eliminated from the body and have less toxicity.

Since, inclusion compounds has been shown to gather all the prerequite as PDT agent, the
final stage of this work was the study of photoinduced cytotoxicity. Thus, HeLa and IHF cells
were incubated with cluster complexes at a non-toxic concentration (31.25-125 uM) for 24
hours and irradiated with light with a wavelength of > 400 nm for 30 minutes. Viability after
irradiation was assessed using the MTT test. Thus, only in the case of incubation of Na-Mol-
2CD and Na-WBr-2CD with HelLa, a weak but promising photodynamic effect was found
giving a decrease in cell survival from 99 to 90% and from 96 to 91%, respectively (Fig. 83).
In all other cases, photo-induced cytotoxicity was not observed (Fig. S104-S105). This weak
PDT effect could be due to the shielding effect of the cyclodextrin, which could significantly
reduces the amount of generated singlet oxygen generated, or which could lead to its possible

quenching of the cluster luminescence.

115 4 Na-Mol-2CD 115 1 Na-WBr-2CD
110 - 110 -
105 - 105 -

ES E

= 100 = 100

= 95 4 = 95 -

3 2

s 90 - s 90 -

T 851 3
80 ~8—Light ON 80 4 ~8—Light ON
75 1 ~+=Light OFF 75 4 ~+=Light OFF
70 T . 70

control 31.25 62.5 125 control 31.25 62.5 125

concentration, pM concentration, uM

Figure 83. Cell viability of HeLa cells, incubated with inclusion compounds, after irradiation with light with

wavelength A > 400 nm.

Thus, it was demonstrated that the inclusion compounds of molybdenum and tungsten
cluster complexes with y-CD possess one of the lowest cytotoxicity effects and exhibit ability
to penetrate into the cells. Moreover, selective penetration into cancer cells and not into
healthy ones was found. Thus, these systems are promising candidates in biology and medicine
and, in the future, it is planned to carry out an additional research in these areas.

3.3.3.  Conclusion for the systems y-CD and Mo- or W-containing complexes

It was demonstrated that, using the supramolecular approach, hydrolytic stability of
molybdenum or tungsten clusters can be significantly enhanced in aqueous solutions. Water-
soluble complexes Na,[{MgXs}Cle] (M = Mo, W, X = Br, 1) were obtained for the first time
and the kinetics of their hydrolysis in water was studied in details. Adding y-CD to the system

leads to the formation of strong inclusion compounds in the 1:2 ratio with the participation of
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the secondary face of cyclodextrin. Moreover, inclusion in y-CD significantly reduces the rate
of hydrolysis and allows to obtain solutions that are stable for at least several months, as, for
example, in the case of Na,[{Wqlg}Clg]. The resulting compounds have the best photophysical
luminescence characteristics in agueous solutions among the molybdenum and tungsten cluster
complexes. Also, inclusion in the CD allowed for the first time to study the redox properties of
the complexes in water. At least, it was demonstrated that such systems have the lowest
cytotoxicity effects which makes them promising for further research for the biomedical

applications.
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CONCLUSION
1. Methods and conditions of formation of the OMCC inclusion complexes of
molybdenum and tungsten [{MsXs}Clg]> (M = Mo, W, X = CI, Br, 1) and rhenium
[{ResQs}Le]" = S, Se, Te, L = CN, H,0) with a-, B-, y-cyclodextrin, as well as their three-
component systems with polyoxometalates are proposed. 31 compounds were structurally

characterized.

2. It is shown that supramolecular inclusion compounds exist in both solid-state and in
agueous solutions. Depending on the cluster complex, different types of interaction are
depicted spreading from very weak binding through the primary or secondary face of
cyclodextrin to very strong supramolecular interactions with the participation of their

secondary face.

3. It is shown that the formation of inclusion compounds with cluster complexes is due to
two main factors — size-matching between the guest and the host and the chaotropic effect of
cluster anions occurring in aqueous solution. The presence of the chaotropic effect is
confirmed by isothermal titration calorimetry based on negative entropy changes and the
existence of enthalpy-entropy correlation, as well as the influence of the ionic charge that

change the supramolecular behavior of the oxidized cluster complex [{ResSes}(CN)e]*".

4. When studying the luminescent and redox properties of molybdenum, tungsten and
rhenium cluster complexes in the presence of cyclodextrin, it was revealed a significant change
of their properties. It has been demonstrated that the formation of inclusion compounds
contributes to an increase in the photophysical characteristics in aqueous solution by shielding
luminescence from quenching molecules. It is also shown that the addition of cyclodextrin into
aqueous solutions of cluster complexes shifts the half-wave potential of redox complex
towards lower values and in some cases provokes the irreversibility of the redox process for

the strongest supramolecular host-guest interactions.

5. It has been shown that hydrolysis of molybdenum or tungsten cluster complexes
Nay[{MeXs}Clg] (M = Mo, W, X = CI, Br, 1) proceeds through to the substitution of two
chloride ligands by aquo ligands to form a neutral insoluble compound. The kinetics of this
process was studied in detail using a set of complementary methods such as *H and **CI NMR
and UV-vis spectroscopy. It was shown that y-cyclodextrin significantly stabilizes

molybdenum and tungsten cluster complexes in aqueous solutions, decreasing the hydrolysis
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rate of apical ligands. The larger effect is observed for Na,[{Wqlg}Clg], which gave aqueous

solutions stable for several months.

6. It is shown that the inclusion compounds of molybdenum and tungsten cluster
complexes with y-cyclodextrin exhibit the lowest cytotoxicity among the known water-soluble
molybdenum and tungsten cluster compounds. It was demonstrated that the supramolecular
adducts penetrate preferentially into the cancer cells and are localized in the cytoplasm, while
no penetration into healthy cells was detected. In this way, such a cell selectivity is of practical

importance for further biological applications.

7. It has been demonstrated that cyclodextrin can be used as supramolecular linker to
combine rhenium cluster complexes and polyoxometalates into three-component
supramolecular assemblies. The nature of the resulting interaction between the components
depends on the strength of interaction of each individual component with the cyclodextrin. It is
also shown that the inclusion compounds of rhenium complex with the y-cyclodextrin can be
even embedded within a molybdenum blue nano “wheel” {Mojss}, Which leads to the

formation of a spectacular supramolecular three-component hierarchiral organization.
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SUPPORTING INFORMATION

Table S1

Selected crystallographic parameters of the single-crystal X-ray diffraction structural analysis for
{[{ResSs}(H20)6]@y-CD}(NOs3),-12H,0 (1), {[{ResSe}(H20)s] @y-CD}NO3)2- 10H,0 (2),
KA{[{ResSs}(CN)s]@(a-CD)}-15H,0 (3).

Compound
Empirical formula
Formula weight
Temperature, K
Crystal system
Space group

a, A

b, A

c, A

o

a!

o
’

o

Vs

v, A®

YA

Peate glem?
L, mm™

F (000)
Crystal size

20 range for data collection °

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Ry / WR,(I > 20(I))

R, / wR; (all data)
Apmax/Aprin (€°A7)

1
CasHs60s8Re6Sg
2934.60
130(2)
Tetragonal
14
16.8415(4)
16.8415(4)
15.3787(5)
90
90
90
4362.0(3)

2
2.234
8.589
2772
0.15x0.10 x 0.08
3.422 t0 29.428
-16<h<21

-14<k<23

“1a<1<21
6544
3902 [Riy = 0.0261. Ryjgma
= 0.0569]
3902/1/280
1.12
0.0648/0.1845
0.0917/0.1980
1.824/-2.312

2
CasHs60s8ResSes
3309.80
200(2)
Tetragonal
14
16.9560(5)
16.9560(5)
15.4234(5)
90
90
90
4434.3(3)

2
2.479
11.544
3060
0.22 x 0.2 x0.05
3.396 to 56.62
—22<h<22

-17<k<22

~20<1<20
43294
5532 [Riy = 0.0585. Ryjgma
=0.0417]
5532/1/263
1.095
0.0704/0.2063
0.1209/0.2517
2.24/-3.90

3
C77.52H83K4N5.52080ReGS7.O4
3855.31
200(2)
Monoclinic
C2
27.0619(14)
19.4425(11)
27.667(2)

90
119.1047(18)
90
12718.8(14)

4
2.013
6.043
7430
0.12 x 0.1 x 0.06
4.512 to 55.904
-35<h<33

-25<k<25

-36<1<36
137103
30435 [Riy = 0.0865. Rigna
= 0.0686]
30435/1/1600
1.059
0.0537/0.1225
0.0820/0.1394
2.60/-2.14

S1




Table S1 Continuation

Selected crystallographic parameters of the single-crystal X-ray diffraction structural analysis for
Ka[{ResSes}(CN)e]-(a-CD)-6H,0 (4), Ks[{ResTesH(CN)s]-2(a-CD)-20H,0 (5), Ka{[{ResSs}(CN)e]@(B-
CD),}-2(p-CD)-25H,0 (6).

Compound
Empirical formula
Formula weight
Temperature, K
Crystal system
Space group

a, A

b, A

c, A

v, A®

z

Pealc, glem®
L, mm’™*

F (000)
Crystal size

20 range for data collection °

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Ry / WR,(I > 20(I))

R; / wR; (all data)

Apma/ Apmin (€-A7)

4
Ca2Ha0.75K4NO35ResSeg
3046.83
200(2)
Monoclinic
P2,
17.3713(5)
14.1422(4)
17.5226(5)

90
107.2500(10)

90
4111.1(2)

2
2.461
12.617
2778
0.16 x0.11 x 0.1
2.434 10 56.71
—23<h<23

-18<k<18

—23<1<23
166060
20481 [Riy; = 0.0466. Ryigna
= 0.0286]
20481/25/902
1.085
0.0563/0.1575
0.0838/0.1871
5.72/-3.35

5
CrsHssKaNsO73ResTeg
4566.90
200(2)
Orthorhombic
P2,2,2,
13.6983(2)
18.6798(4)
56.0376(10)
90
90
90
14339.0(5)

4
2.115
6.849
8476
0.2x0.2x0.06
1.454 t0 56.718
-18<h<18

—24<k=<22

—74<1<74
306909
35786 [Riy = 0.0855. Ryigma

= 0.0520]

35786/3/745
1.065

0.0566/0.1282
0.0714/0.1398

2.54/-3.14

6
C174H196KNgO175Re6Sg
6584.14
200(2)
Triclinic
P1
15.3162(11)
15.4391(11)
35.640(3)
100.770(3)
93.838(3)
103.099(3)
8011.0(10)

1
1.365
2.420
3279
0.18 x 0.17 x 0.02
1.17 t0 57.036
-20<h<20

-20<k=<20

47 <1<47
215931
78797 [Rin = 0.0795. Ryigma
= 0.1539]
78797/3/3001
1.025
0.1115/0.2830
0.1925/0.3432
2.18/-2.54

S2




Table S1 Continuation

Selected crystallographic parameters of the single-crystal X-ray diffraction structural analysis for
Ki{[{ResSesHCN)s] @ (B-CD).}-2(B-CD)-21H.0 (7), Ki{[{ResTes}(CN)s]@(B-CD),}-2(B-CD)-25H,0 (8),

Ka{[{ResSes}(CN)s]@(y-CD)2}(y-CD)-40H,0 (9).

Compound
Empirical formula
Formula weight
Temperature, K
Crystal system
Space group
a, A
b, A
c, A

v, A®
z
Peaic, glem’
L, mm™
F (000)
Crystal size
20 range for data collection °

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
Ry / WR,(I > 20(I))

R; / wR; (all data)
Apmasd/ Apmin (€-A7)

7
C174H196K4NgO165 sRESEg 5
7012.12
200(2)

Triclinic
P1
15.290(2)
15.473(2)
36.745(5)
78.101(4)
79.353(4)
77.107(4)

8204(2)

1
1.419
3.290
3445
0.16 x 0.14 x 0.08
2.74 10 50.306
-18<h<18

-18<k<18

-43<1<43
177395
55334 [Riy = 0.0530. Rsigma
=0.0766]
55334/3/1363
1.075
0.1074/0.2874
0.1444/0.3175
3.45/-1.93

8
Ci174H196KoNgO1635RecTeg
7203.56
200(2)
Triclinic
P1
15.3642(9)
15.4585(9)
37.377(2)
100.608(3)
94.231(3)
103.145(3)
8434.8(9)

1
1.418
2.935
3494
0.24 x 0.2 x0.15
2.234 10 50.33
-18<h<18
-18<k<18

—44<1<44
213403
60032 [Riy = 0.0376.
Reigma = 0.0427]
60032/41/2810
1.055
0.0763/0.2077
0.0920/0.2225
2.31/-2.21

9
Cis0H168Ns0150 sRegSeg
6507.97
130(2)
Tetragonal
1422
23.8608(2)
23.8608(2)
57.4481(9)
90
90
90
32707.4(8)

4
1.322
3.188
13036.0
0.1 x0.08 x 0.08
6.514 to 50.696
-19<h<28
—27<k<21

—69<1<66
40700
14796 [Rin = 0.0411.
Ryigma = 0.0660]
14796/18/775
1.146
0.0534/0.1622
0.0877/0.1759
1.26/-0.97

S3




Table S1 Continuation

Selected crystallographic parameters of the single-crystal X-ray diffraction structural analysis for
Nas{[{ResTes}(CN)s]@(y-CD)2} - (y-CD)-30H,0 (10), CssKe{[{ResSsH( CN)e]@[y-CD]2}-2[{ResSg}(CN)s]-2(y-
CD)-49H0 (11), Ks{[{ResSesH(CN)s]@(y-CD).}-Ks[{ResSesH( CN)g]-23H20 (12).

Compound
Empirical formula

Formula weight
Temperature, K
Crystal system
Space group

a, A

b, A

c, A

a°

B, °

o

14
v, A3
Z
Peatc, glem’
W, mm™
F (000)
Crystal size
20 range for data
collection °

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
R1 / WR,(I > 26(1))

Ry /wR; (all data)
Apuax/Apimin (€A

10
Ci40.76H160N5 760150Res Teg

6880.02
130(2)
Tetragonal
1422
23.8046(2)
23.8046(2)
57.1588(7)
90
90
90
32389.5(7)
4
1411
3.027
13560.0
0.12 x 0.05 x 0.05

6.652 t0 51.362

—28<h<14
—22<k<29
—69<1<60

39815
15244 [R;y, = 0.0336.
Ryigma = 0.0573]
15244/12/782
1.100
0.0479/0.1460
0.0747/0.1572
1.38/-1.19

11
Ci30.73H148.67CS2.67Ks5 33
N11.73012333R€12515
7258.98
200(2)
Monoclinic
C2
63.823(4)
17.8218(11)
17.7578(11)

90
104.248(2)

90
19577(2)

3
1.847
6.205
10354.0
0.2x0.15%0.8

4.572 t0 56.024

-84<h<84

—23<k=<23

-23<1<23
461174

47105 [Ri; = 0.0926. Ryigma =

0.0461]

47105/55/2014
1.034
0.0545/0.1267
0.0840/0.1482
2.24/-3.52

12
Ci11H109K2 5N150g0Re 155629

7403.08
200(2)
Orthorhombic
P2,2,2
35.247(4)
35.747(4)
17.7344(17)
90
90
90
22345(4)

4
2.201
11.467
13490
0.12 x 0.11 x 0.04

1.622 to 52.856

—44<h<44
—44<Kk<44

—22<1<22
512434
45816 [Riy = 0.1199. Ryjgma
=0.0741]
45816/0/891
1.034
0.0819/0.1885
0.1377/0.2308
4.64/-5.08

S4




Table S1 Continuation

Selected crystallographic parameters of the single-crystal X-ray diffraction structural analysis for
Ks{[{ResSes}(CN)s|@(y-CD)2} - (y-CD)-33H,0 (13), Ka[{ResSg}(H20)s]{[P2W1s062] @(y-CD),}-55H,0 (14)

and K;[{ResSeg}(H,0)s]{[P2W1506,] @(y-CD),}-42H,0 (15).

Compound
Empirical formula
Formula weight
Temperature, K
Crystal system
Space group
a, A
b, A
c, A
a°
B,

o

14
v, A®
z
Peae, glem®
W, mm™
F (000)
Crystal size

20 range for data collection °

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?
R, / WR,(I > 20(1))
R; / wR; (all data)
Apmax/ApPmin (e'A_S)

13
Cis0H156N6s0146RE6SES
6127.78
200(2)
Tetragonal
1422
23.8167(14)
23.8167(14)
57.132(4)

90
90
90
32408(3)

4
1.2558
3.211
11937.7
0.15x0.15x0.1
4.28 t0 50.26
—28<h<28

—28<k<28

-68<1<68
282952
14454 [Riy = 0.0799.
Reigma = 0.0314]
14454/6/707
1.109
0.0521/0.1645
0.0697/0.1872
2.07/-1.67

14
Cy70161P2Re1,516Wag
9859.57
200(2)
Triclinic
P1
23.1142(13)
27.1278(16)
29.2881(15)
64.6700(17)
68.7600(17)
70.8520(19)
15141.8(15)

2
2.163
11.778
8776
0.15x0.11 x 0.08
3.882 to 54.398
-29<h<29

~34<k<34

—37<1<37
580984
132077 [Rin = 0.1123.
Raigma = 0.1019]
132077/5/2604
1.023
0.1010/0.2419
0.1530/0.2880
14.88/-8.21

15

CosH1120210.88P2Re15S€16W1g

11508.85
200(2)
Triclinic
P1
23.2084(13)
27.1510(16)
29.2780(15)
64.5210(17)
68.9970(17)
70.9010(19)
15217.0(15)
2
2.512
13.545
10362
0.27 x 0.26 x 0.16
4.334 10 56.726
-30<h<31

-36<k<36

-39<1<39
914629
149689 [Rin = 0.1081.
Ryigma = 0.0793]
149689/3/3293
1.055
0.0681/0.1532
0.1110/0.1834
5.47/-3.23

S5




Table S1 Continuation

Selected crystallographic parameters of the single-crystal X-ray diffraction structural analysis for
K{[{ResSes}(CN)s]@(y-CD)2}- Ks[P2W15062] -33H20 (16), Ki{[{ResTesH(CN)s]@(y-
CD)Z}-KG[P2W18062]-33H20 (17) and KzNalgH2{{[{R€5Teg}(CN)5]@(’Y-
CD)z}@[M0154O462H14(H20)70]} K4{[{R€6Teg}(CN)6]@("{'CD)z}240H20 (18)

Compound
Empirical formula

Formula weight
Temperature, K
Crystal system
Space group

a, A

b, A

¢, A

@ °

B,

o

Vs
v, A®
Z
Peate glem?
W, mm™*
F (000)
Crystal size
20 range for data

collection °

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameter
s
Goodness-of-fit on F?
Ry / WR,(I > 20(I))

R, / wR; (all data)
Apmad Apmin (€-A%)

16
Ci101K4.5N40144P,Re6SesW,
8
8869.12
293(2)
Orthorhombic
F222
37.560(2)
41.429(3)
69.418(6)

90
90
90
108018.6
16
2.181
11.550
63288
0.15x0.15x 0.1

4.032 to 56.678

-50<h<27
-53<k=<43

—62<1<92
74485
54048 [Rin = 0.0716. Rsigma
=0.1701]

54048/6/693

1.044
0.1271/0.3049
0.2294/0.3907

8.15/-4.12

17
C102K3.75N6O146 75P2Res TegWy
8
9312.94
200(2)
Orthorhombic
C222
36.931(1)
71.415(7)
20.696(9)

90
90
90
54584.1
8
2.267
11.190
33018
0.16 x 0.1 x 0.05

4.432 t0 56.73

—43<h<43
—95<k<95

27<1<27
349326
67802 [Riy = 0.1006. Ryigra =
0.0857]

67802/6/740

1.038
0.0843/0.2011
0.1400/0.2418

5.53/-3.90

18
C2026M0152N11 6O0g92 sR€12T€15
2
35632.54
200(2)
Monoclinic
Cc2
70.096(6)
29.531(3)
55.917(5)

90
110.615(2)
90
108337(16)

4
2.185
3.536
66045
0.35x0.2x0.1

4.264 t0 56.128

-92<h<92
-39<k<39

~73<1<73
1371517
261897 [Rin = 0.1132. Ryigrna =
0.1225]

261897/1/5122

1.008
0.1062/0.2429
0.1992/0.3149

3.91/-3.44
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Table S1 Continuation

Selected crystallographic parameters of the single-crystal X-ray diffraction structural analysis for
Naz[{M05Br8}CI5]'7M92CO (19), Nag[{VVe,Brg}Cle]'7MEQCO (20) and Nag[{M05|g}Cle]'4Mezco (21)

Compound
Empirical formula
Formula weight
Temperature, K
Crystal system
Space group
a, A
b, A
c, A
a°
B,°

o

7:
v, A3
Z

Pealc, glem’
W, mm™*

F (000)
Crystal size

20 range for data collection °

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F
Ry / WR,(I > 20(I))

R, / wR; (all data)
Aprmax/ Apin (8A%)

19
C,1H4,BrgClgMogNa, O,
1880.14
200(2)
Monoclinic
C2lc
23.5923(12)
10.5883(5)
22.9960(13)
90
115.9669(19)
90
5164.5(5)

4
2.418
7.962
3520
0.21 x 0.16 x 0.09
3.84 10 57.488
-31<h<31

-11<k<14

-31<1<31
88608
6711 [Rine = 0.0371. Rsigma
=0.0189]
6711/0/234
1.183
0.0312/0.0596
0.0579/0.0733
1.50/-0.68

20
Cy1H4:BrgClsNa,O, Wy
2407.60
200(2)
Monoclinic
C2lc
23.5708(11)
10.6210(5)
22.8935(12)
90
115.6569(18)
90
5166.2(4)

4
3.095
19.852
4288
0.1 x 0.08 x 0.05
3.834 t0 56.836
-31<h<31

-12<k<14

~30<1<30
50471
6471 [Rin = 0.0919. Ryigma
=0.0629]
6471/0/234
1.132
0.0491/0.1148
0.0936/0.1430
2.21/-2.76

21
C12H24ClglsMogNa,O,
2081.83
200(2)
Orthorhombic
Ibam
18.8911(12)
11.7933(8)
18.5794(13)
90
90
90
4139.3(5)

4
3.341
8.158
3712
0.6x0.15x0.1
5.946 to 57.55
-25<h<25

-15<k<15

—25<1<25
67307
2770 [Rin; = 0.0592. Ryigma
=0.0216]
2770/0/95
1.272
0.0410/0.0992
0.0456/0.1046
1.25/-1.84
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Table S1 Continuation

Selected crystallographic parameters of the single-crystal X-ray diffraction structural analysis for
(H30)A[{M05Clg}Cls] @(y-CD)2}-2((H30)2[{M0sCls}Cle])- 15H,0 (22), (H30)A[{WeClg}Cls]@(y-
CD),}0.5((H30)2[{WeCls}Cle])- 15H,0 (23) and (H30)A[{M0sCls}Cls]@(y-CD)2} - (v-CD)-15H,0 (24).

Compound
Empirical formula
Formula weight
Temperature, K
Crystal system
Space group
a, A
b, A
c, A
a°
B,

o

Iz
v, A®
z

Peaic, glem’

W, mm™

F (000)
Crystal size

20 range for data collection °

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
R / WR,(I > 25(I))

R; / wR; (all data)
Aprmax/ Apin (8A%)

22
CugH51Cl1M0gO4s 5
3011.79
130(2)
Triclinic
P1
17.8167(3)
17.9076(3)
19.7519(4)
116.936(2)
116.807(2)
90.0120(10)
4846.01(19)

2
2.064
1.791
2924
0.22 x0.12x 0.12
or 6.492 o 59.352
—24<h<24

—24<k<24

-26<1<25
85506
44746 [Riy = 0.0228. Ryigma
=0.0423]
44746/766/2191
1.089
0.1431/0.3112
0.1475/0.3134
4.87/-3.50

23
CugHs6Cl105047.4W,y 5
2590.87
130(2)
Tetragonal
1422
35.7254(5)
35.7254(5)
34.3472(12)
90
90
90
43837(2)

16
1.570
5.035
19755
0.25 x 0.25 x 0.25
6.65 t0 47.634
-40<h<40
-30<k<38
-30<1<39
45883
16744 [Rin = 0.0763. Rsigma
=0.1181]
16744/55/958
1.026
0.0657/0.1563
0.1326/0.1922
3.18/-1.56

24
C144Clg ;M0g0126H0 5
4647.72
200(2)
Orthorhombic
P2,2,2
23.8055(11)
23.8055(11)
22.8312(12)
90
90
90
12938.5(11)
2
1.193
0.464
4562
0.3x0.25x0.1
4.84 10 50.134
-28<h<28

—-28<k<28

27<1<27
257159
22945 [Rip, = 0.1185. Rejgma
=0.0512]
22945/0/1345
1.056
0.1071/0.2983
0.1177/0.3089
3.56/-1.34

S8




Table S1 Continuation

Selected crystallographic parameters of the single-crystal X-ray diffraction structural analysis for
Nax{[{MosBrg}Cls] @(y-CD)2}+(y-CD)-10H,0 (25), Nax{[{Mogls}Cls] @(y-CD).}+(y-CD)-14H,0 (26) and

Na{[{WsBrg}Cls]@(y-CD)2}+(y-CD)-15H,0 (27).

Compound 25 26 27
Empirical formula C144H165BrsClgMogNa, O35 C144H165Clg1sM0gO 135 C144H165BrgClgOq20Ws
Formula weight 5626.35 5910.31 5604.77
Temperature, K 150(2) 200(2) 200(2)
Crystal system Tetragonal Tetragonal Tetragonal
Space group 1422 1422 1422
a, A 23.715(5) 23.7708(16) 23.705(2)
b, A 23.715(5) 23.7708(16) 23.705(2)
c, A 56.802(2) 57.456(4) 56.755(5)
a, ° 90 90 90
b, ° 90 90 90
7, ° 90 90 90
v, A 31944.9(1) 32465(5) 31892(6)
Z 4 4 4
Peate, g/cm’ 1.170 1.209 1.167
p, mm™ 1.362 1.111 3.276
F (000) 11256 11656 10601
Crystal size 0.09 x 0.07 x 0.03 0.25 x 0.22 x 0.15 0.3x0.25x0.15
20 range for data collection ° 1.86t0 54.134 1.418 to 53.016 1.436 to 52.956
-30<h<20 -29<h<29 -29<h<29
Index ranges -15<k<30 -29<k<29 -29<k<29
-65<1<72 -71<1<72 -71<1<71
Reflections collected 68002 477901 301619
. 17521 [Rin = 0.1861. Rigma | 16718 [Rin; = 0.1173. Rigma | 16467 [Rint = 0.1601. Rsigma
Independent reflections
=0.2521] =0.0384] =0.0703]
Data/restraints/parameters 17521/54/683 16718/25/692 16467/0/314
Goodness-of-fit on F? 0.993 1.811 1.112
Ry / WRy(I > 26(1)) 0.0984/0.2558 0.1254/0.3575 0.0937/0.2426
R; / wR; (all data) 0.2288/0.3388 0.1633/0.4104 0.1659/0.3223
APmax/Apmin (€:A) 2.5/-2.35 2.05/-2.55 8.87/-3.85
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Table S1 Continuation

Selected crystallographic parameters of the single-crystal X-ray diffraction structural analysis for
Nag{[{WeIg}CIG]@(’Y'CD)z}'(’Y'CD)‘16HQO (28), Nag{[{MOGBrg}CIG]@(’Y'CD)g}2NaC|15H20 (29) and

Naz{[{MOG|3}C|6]@('\{-CD)2}2NaC| : 11H20 (30)

Compound
Empirical formula
Formula weight
Temperature, K
Crystal system
Space group
a, A
b, A
c, A
a°
B,

o

14
v, A®
z
Peae, glem®
W, mm™
F (000)
Crystal size

20 range for data collection °

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?
R / WR,(I > 25(I))

R; / wR; (all data)
Aprmax/ Apin (8A%)

28
C144H164Clgl50120Wg
6145.74
230(2)
Tetragonal
1422
23.691(3)
23.691(3)
57.095(9)

90
90
90
32047(10)

4
1.274
3.035
11832
0.35x0.24 x 0.08
4.4 t0 57.448
-31<h<31

-31<k<31

-715<1<76
527648
20223 [Rin; = 0.2424. Rgigma
=0.0835]
20223/2/354
1.747
0.1485/0.3805
0.2229/0.4540
12.20/-4.07

29
CosH112BrsClsMogNasO1z 5
4519.32
150(2)
Monoclinic
P2,
15.8501(17)
32.821(4)
17.405(2)

90
93.734(4)

90
9035.4(18)

2
1.661
2.402
4462
0.32 x 0.24 x 0.03
4.184 to 55.05
-18<h<20

—42<k<42

—22<1<22
113359
40804 [Riy = 0.0347. Ryigma
= 0.0565]
40804/31/2109
1.036
0.0592/0.1697
0.0711/0.1813
2.57/-1.38

30
CosH112ClglgMO0gNay 50147
4955.74
293(2)
Monoclinic
P2,
15.8187(9)
32.856(2)
17.4013(11)
90
93.728(2)

90
9025.0(9)

2
1.824
2.004
4811
0.2x0.16 x0.03
3.598 to 54.284
-20<h<14

—42<k<42

—22<1<22
238942
39940 [Rin = 0.0717. Reigra
= 0.0620]
39940/19/1984
1.032
0.0484/0.1238
0.0755/0.1433
2.44/-1.18
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Table S1 Continuation

Selected crystallographic parameters of the single-crystal X-ray diffraction structural analysis for

Compound
Empirical formula
Formula weight
Temperature, K
Crystal system
Space group
a, A
b, A
c, A
a°
B,°

o

4
v, A®
z

Pealc, glem®
W, mm™*
F (000)

Crystal size
20 range for data collection °

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F
Ry / WR,(1 > 20(I))

R, / wR; (all data)
Aprmax/ Apin (8A%)

31
Co6H112CllgNazOgs s\We
5209.82
200(2)
Monoclinic
P2,
15.8336(11)
32.880(2)
17.4744(13)
90
93.191(2)

90
9083.3(11)

2
1.905
5.332
4926
0.2x0.18x0.08
4.346 t0 56.738
2l<h<21

-43<k<43

—23<1<23
425205
45312 [Ri; = 0.0971. Ryigma
= 0.0538]
45312/49/1846
1.040
0.0579/0.1519
0.0793/0.1696

4.31/-1.96
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Figure S1. FTIR spectra of {[{ResSs}(H.0)s]@y-CD}(NO3),-12H,0 (1) and y-CD.

Table S2

Average atomic bond distances in rhenium compounds (A).

Compound Re-Re Re-Q Re-O

1 2.574(2) 2.42(1) 2.17(6)

2 2.601(2) 2.523(4) 2.20(5)
[{ResSs}(H,0)e]" P 2.576(3) 2.409(7) 2.139(7)
[{ResSs}(H,0),(0H),] ™ 2.583(3) 2.409(4) 2.116(5)
[{ResSeg}(H,0),(0H),] 2.604(5) 2.526(6) 2.146(7)

[a] in the compound [{RegSg}(H.0)s][{ReeSsBr,}Bre]-10H,0; [b] Brylev K.A. et al, Inorg.
Chem. 2007, 46, 7414-7422; [c] Zheng Z. et al, Acta Cryst. 2001, E57, i77-i79.
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Figure S2. FTIR spectra of K4{[{ResSs}(CN)s]@(0-CD),}-15H,0 (3), K4[{ResSes}H(CN)g]-(a-CD)-6H,0 (4),
Ki[{ResTes}H(CN)g]-2(a-CD)-20H,0 (5) and a-CD.

pm 5 4.8 4.6 4.4 a.2 4 3.8 3.6 3.4

Figure S3. "H NMR spectra of a-CD in D,0 in presence of different amount of K,[{ResTeg}(CN)¢].
Concentration of CD = 2mM.
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Figure S4. 'H NMR spectra of a-CD in D,O in presence of different amount of K,[{ResSeg}(CN)q].
Concentration of CD = 2mM.

H e CD He H4 H2
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1

ppm 4.6 a.4 4.2 4 3.8 3.6 3.4 3.2

Figure S5. 'H NMR spectra of a-CD in D,O in presence of different amount of K,[{ResSs}(CN)s].
Concentration of CD = 2mM.
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Figure S6. CV curves of K [{ResQs}CN)g] (0.5 mM) in 0.025 M HCIO, at different scan rates (SR = 10-200
mV/s) (top) and linear dependence of anodic peak current on v/SR (bottom); A) Q=S,B)Q=Seand C) Q =

Te.
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Figure S7. CV curves of K4[{ResQs}CN)s] (0.5 mM) in 0.025 M HCIO, at different scan rates (SR = 10-200

mV/s) in presence of 50 eq. of a-CD (top) and linear dependence of anodic peak current on VSR (bottom); A)
Q=S,B)Q=Seand C) Q=Te.
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Figure S8. FTIR spectra of K;{[{ResSs}(CN)s]@(B-CD),}-2(B-CD)-25H,0 (6), Ki{[{ResSes}(CN)s] @ (B-
CD)2}-2(B-CD)-21H,0 (7), Ki{[{ResTes}(CN)e]@(B-CD),}-2(B-CD)-25H,0 (8) and B-CD.
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Figure S9. 'H NMR spectra of p-CD in D,O in presence of different amount of K,[{ResSs}(CN)g].
Concentration of CD = 2mM.
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Figure S10. "H NMR spectra of B-CD in D,0 in presence of different amount of K,[{ResSes}(CN)e].
Concentration of CD = 2mM.
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Figure S11. "H NMR spectra of f -CD in D,O in presence of different amount of K,[{ResTes}(CN)e].
Concentration of CD = 2mM.
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Figure S12. CV curves of K4[{ResQs}CN)¢] (0.5 mM) in 0.025 M HCIO, at different scan rates (SR = 10-200

mV/s) in presence of 30 eq. of B-CD (top) and linear dependence of anodic peak current on /SR (bottom); A) Q
=S,B)Q=Seand C) Q =Te.
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Figure S13. FTIR spectra of K {[{ResSes}(CN)s]@(y-CD),} - (y-CD)-40H,0 (9), Nas{[{ResTes}(CN)s]@(y-
CD)2} - (y-CD)-30H,0 (10), CssKe{[{ResSs}H(CN)s] @[y-CD]2} -2[ {ResSg}H(CN)s]-2(y-CD)-49H,0 (11) and y-CD.
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Figure S14 CV curves of K;[{ResQs}(CN)e] (0.5 mM) in 0.025 M HCIO, at different scan rates (SR = 10-200

mV/s) in presence of 3 eq. of y-CD (top) and linear dependence of anodic peak current on SR (bottom); A) Q
=S,B)Q=Seand C) Q =Te.
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Figure S15. UV-vis spectra of water solution of [{ResQs}(CN)s]* (Q =S, Te, C = 1,835 10™* M) and
[{ResSes}H(CN)e]* (C = 1.835 10 M) in presence of different amount of y-CD. A)Q=S;B)Q=SeunC) Q=
Te.
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Figure S16. Fragment of ESI-MS spectrum of Cs;Kg{[{ResSs}( CN)s]@[y-CD]2} -2[ {ResSsHCN)e]-2(y-
CD)-49H,0 (11) water solution with addition of NaCl.
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Figure S17. Fragment of ESI-MS spectrum of K {[{ResSes}(CN)s]@(y-CD),} -(y-CD)-40H,0 (9) water solution
with addition of NaCl.
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Figure S18. Fragment of ESI-MS spectrum of Nas{[{ResTes}(CN)s]@(y-CD),} -(y-CD)-30H,0 (10) water
solution.
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Figure S19. Fragment of ESI-MS spectrum of K4{[{ResSs}(CN)s]@(a-CD),}-15H,0 (3) water solution (black)
and calculated cluster forms (color, Table S3).
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Table S3

Cluster forms found in the ESI-MS spectrum of an aqueous solution of K,{[{ResSs}(CN)¢]@(a-
CD),}-15H,0 (3).

Forms m/z Intensity

{[ResSs(CN)4]}* 738.73 7700
{[ResSs(CN)s](a-CD)¥* 825.24 4800
{[ResSs(CN)g](a-CD)}* 833.93 9000
{[ResSs(CN)g](a-CD),}* 869.02 600
{[ResSs(CN)s](a-CD),}* 1150.00 600
{[ResSs(CN)s](a-CD),}* 1158.67 200
{[ResSs(CN)a]} 1451.47 820

L Ll . Aage -

900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
m/z

Figure S20. Fragment of ESI-MS spectrum of K4[{ResSegs}(CN)g]-(a-CD)-6H,0 (4) water solution (black) and
calculated cluster forms (color, Table S4).
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Table S4
Cluster forms found in the ESI-MS spectrum of an aqueous solution of K,[{ResSeg}(CN)s]-(a-CD)-6H,0

(4).
Forms m/z Intensity
{[ResSes(CN)4]¥* 926.50 1260
{[ResSes(CN)s](a-CD)}* 951.12 420
{[ResSes(CN)g](a-CD)¥* 959.76 270
{K[ResSes(CN)s](a-CD),}* 1296.86 130
{[ResSes(CN)4]} 1853.04 3470

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
m/z

Figure S21 Fragment of ESI-MS spectrum of K [{ResTeg}(CN)e]-2(a-CD)-20H,0 (5) water solution (black)
and calculated cluster forms (color, Table S5).
Table S5

Cluster forms found in the ESI-MS spectrum of an aqueous solution of K [{ResTeg}(CN)s]-2(a-
CD)-20H,0 (5).

Forms m/z Intensity
{[ResTeg(CN)s]}* 1147.45 1400
{[ResTeg(CN)4]} 2242.89 360
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Figure S22. Fragment of ESI-MS spectrum of K4{[{ResSs}(CN)s]@(B-CD),}-2(B-CD)-25H,0 (6) water
solution (black) and calculated cluster forms (color, Table S6).

Table S6

Cluster forms found in the ESI-MS spectrum of an aqueous solution of K,{[{ResSg}(CN)s]@(B-CD).}-2(B-
CD)-25H,0 (6).

Forms m/z Intensity
{[ResSs(CN)4]}* 738.73 4380
{[ResSs(CN)s](B-CD)}* 879.26 1000
{[ResSs(CN)g](B-CD)}* 887.94 2540
{[ResSs(CN)s]} 1451.47 890
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Figure S23. Fragment of ESI-MS spectrum of K,{[{ResSes}(CN)s]@(B-CD),}-2(B-CD)-21H,0 (7) water
solution (black) and calculated cluster forms (color, Table S7).

Table S7

Cluster forms found in the ESI-MS spectrum of an aqueous solution of K {[{ResSeg}(CN)s]@ (B-
CD),}-2(B-CD)-21H,0 (7).

Forms m/z Intensity
{[ResSes(CN)s]}* 939.52 2330
{[ResSes(CN)g](B-CD)o}* 1043.90 1060
{[ResSes(CN)4]} 1853.04 800
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Figure S24. Fragment of ESI-MS spectrum of K {[{ResTes}(CN)s]@(B-CD),}-2(B-CD)-25H,0 (8) water
solution (black) and calculated cluster forms (color, Table S8).

Table S8

Cluster forms found in the ESI-MS spectrum of an aqueous solution of K,/ {[{ResTes}(CN)s]@(p-
CD),}-2(p-CD)-25H,0 (8).

Forms m/z Intensity
{[ResTeg(CN)s](B-CD)}* 1143.08 1640
{[ResTeg(CN)4]}*~ 2242.92 1250
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Table S9

Cluster forms found in the ESI-MS spectrum of an aqueous solution of K,[{ResSg}(CN)e] in presence of 2
eg. of each CD.

Forms m/z Intensity
{[ResSs(CN)4]¥* 738.74 280
{[ResSs(CN)g](a-CD)}* 833.93 1220
{[ResSs(CN)g](a-CD),}* 869.02 120
{[ResSs(CN)s](B-CD)}* 879.28 280
{[ResSs(CN)s](B-CD)}* 887.94 1520
{[ResSs(CN)s](a-CD)(B-CD)}* 909.54 330
{[ResSs(CN)g](y-CD)}* 941.97 1620
{[ResSs(CN)s](B-CD)}* 950.03 510
{[ResSs(CN),](B-CD)(y-CD)}* 990.57 280
{[ResSs(CN)g] (y-CD)2}* 1031.05 120
900 1000 1100 1200 1300 1400 1500 " 1800 1900

m/z

Figure S25. Fragment of ESI-MS spectrum of K4[{ResSes}(CN)g] water solution in presence of 2 eq. of each

cyclodextrin (black) and calculated forms (color, Table S10).
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Table S10

Cluster forms found in the ESI-MS spectrum of an aqueous solution of K,[{ResSeg}(CN)g] in presence of 2
eg. of each CD.

Forms m/z Intensity
{[ResSes(CN)s](B-CD)}* 1005.09 110
{[ResSes(CN)e](B-CD)}* 1013.78 180
{[ResSes(CN)g](y-CD)}* 1067.79 340
{[ResSes(CN)s](y-CD)o}* 1124.93 60

{[ResSes(CN)J} 1853.04 210
700 ' 800 ' 900 1000 1200
m/z

Figure S26. Fragment of ESI-MS spectrum of K,[{ResTeg}(CN)g] water solution in presence of 2 eq. of each

cyclodextrin (black) and calculated forms (color, Table S11).

S28




Table S11

Cluster forms found in the ESI-MS spectrum of an aqueous solution of K,[{ResTeg}(CN)¢] in presence of
2 eq. of each CD.

Forms m/z Intensity
{[ResTeg(CN)s]}* 764.99 110
{[ResTes(CN)s]}* 1134.45 750

{[ResTes(CN)6](y-CD)}* 1197.10 1100
{[ResTes(CN)s](y-CD)2}* 1222.43 100
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Figure S27. Circular dichroism spectra of [{ResSes}(CN)s]* in water with excess of different cyclodextrins.
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Figure S27. Circular dichroism spectrum of [{ResSs}(CN)e]* in water with excess of y-CD.

—12
—— K,[{Re,Se,}(CN)]-EtOH

3500 3000 2500 2000 1500 1000 500
Wavenumber, cm-!

Figure S29. FTIR spectra of K,[{ResSeg}(CN)q]-EtOH, Ks{[{ResSes}(CN)e]@(y-
CD).}-Ks[{ResSes}(CN)e]-23H,0 (12) and K{[{ResSes}(CN)e]@(y-CD),} - (y-CD)-33H,0 (13).
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Figure S30. FTIR Spectra of Kg[{Reesg}(Hzo)5]2{[P2W18052]@(’Y'CD)z}'SSHzO (14),
Ka[{ResSeg}H(H20)e]2{[P2W15062] @ (y-CD)2}-42H,0 (15), y-CD and Ke[P,W150s;].
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Figure S31. FTIR spectra of K,{[{ResSes}(CN)s]@(y-CD),}-Ke[P,W1506,]-33H,0 (16),
K4{[{R66T63}(CN)5]@(’Y'CD)Q} K5[P2W18052]'33H20 (17), Y'CD and KG[P2W18052].
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Figure S32. "H NMR spectra of y-CD in D,0 in presence of different amount of [{ReSgs}(H.0)e]*" and
[P2W18062]67'
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Figure S33. 'H NMR spectra of y-CD in D,0 in presence of different amount of [{ResSeg}(H,0)s]*" and
[P,W:5062]".
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Figure S34. 3P NMR spectra of [P,W,30s,]® in D,O in presence of different amount of [{ResSg}(H,0)¢]*" and

v-CD.
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Figure S35. *'P NMR spectra of [P;W150¢,]° in D,O in presence of different amount of [{ResSes}(H,0)s]** and
v-CD.
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Figure S36. **W NMR spectra of [P,W,504,]% in D,0 in presence of different amount of [{ResSg}(H,0)s]*" and
v-CD.
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Figure S37. "W NMR spectra of [P;,W130s,]°" in D,O in presence of different amount of [{ResSg}(H,0)e]*" and
v-CD.
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Figure S38. "Se NMR spectra of [{ResSes}(H,0)s]** in DO in presence of different amount of [P,W50¢,]>
and y-CD.

H6
Reg : CD : P,W,g

SNE

PPM g9 438 4.6 4.4 4.2 4.0 3.8 3.6 3.4

Figure S39. 'H NMR spectra of y-CD in D,O in presence of different amount of [{ResTes}(CN)e]* and
[P Wi5065]° .

S35



1:2:1
B
I
I
I
| 1:0:1
I
I
I k
| 1:2:0
e R e ,..I‘ I e 5
[ 1:0:0

pp -378 -380 -382 -384 -386 -388 -390 -392 -394 -396 -398 -400 -402 -404

Figure S40. "Se NMR spectra of [{ResSes}(CN)e]* in D,O in presence of different amount of [P,W130¢,]° and
v-CD.
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Figure S41. **Te NMR spectra of [{ResTes}(CN)e]* in DO in presence of different amount of [P,W:50g,]%
and y-CD.
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Figure S42. 3'P NMR spectra of [P,W:50¢,]® in DO in presence of different amount of [{ResSes}(CN)¢]* and
v-CD.
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Figure S43. *'P NMR spectra of [P,W150¢,]% in D,O in presence of different amount of [{ResTeg}(CN)g]* and
v-CD.
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Figure S44. W NMR spectra of [P,W130¢,]° in D,0 in presence of different amount of [{ResSes}(CN)s]* and

v-CD.
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Figure S45. W NMR spectra of [P,W1306,]° in D,0 in presence of different amount of [{ResTes}(CN)e]* and
v-CD.
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Figure S46. "H NMR spectra of K, {[{ResSes}(CN)s]@(y-CD).}-K¢[P2W150s2]-33H,0 (16) (black) and mixture
[{ReGSeg}(CN)G]AF: [P2W13062]67: 'Y-CD =1:2:1 (I’ed) in D,O.
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Figure S47. "H NMR spectra of K{[{ResTes}(CN)s]@(y-CD),}-Ks[P2W1506,]-33H,0 (17) (black) and mixture
[{ResTegH(CN)g]* : [PaW15062]° 1 y-CD = 1: 2 : 1 (red) in D,O.
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Figure S48. *'P NMR spectra of K {[{ResTes}(CN)s]@(y-CD),}-Ks[P,W:50s,]-33H,0 (17) (black) and mixture
[{ResTes}(CN)]* : [P2W1506,]% 1 y-CD =1:2: 1 (red) in D,O.
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Figure S49. "Se NMR spectra of K,{[{ResSes}(CN)s]@(y-CD),}-Ks[P2W150¢,]-33H,0 (16) (black) and
mixture [{ResSes}(CN)s]* : [PaW1506,]% : y-CD =1: 2 : 1 (red) in D0.
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Figure S50. "*Te NMR spectra of K, {[{ResTes}(CN)s]@(y-CD),}-Ke[P2W150¢,]-33H,0 (17) (black) and
mixture [{RegTes}(CN)e]* : [PaWi1506,]° : y-CD = 1: 2 : 1 (red) in D,O.
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Figure S51. 'H NMR spectrum of K,NayH{{[{ResSes}(CN)s]@(y-CD),}@[M01540462,H14(H20)70] }-160H,0 in
D,0.
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Figure S52. ""Se NMR spectra of K,NayuH{{[{ResSes}(CN)e]@(y-CD),}@[M015:045,H14(H,0)70] }-160H,0
(black) and mixture [{ResSes}(CN)e]* : {Moyss}: v-CD = 1: 2 : 1 (red) in D,O. Percentage demonstrate amount
of three-component system.
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Figure S53. *CI NMR spectra of Na,[{Mo¢Brs}Cls]-Me,CO in D,O depending on the time. Concentration of
cluster ~ 2mM.
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Figure S54. CI NMR spectra of Na,[{W;Brs}Cls]-2Me,CO in D,0O depending on the time. Concentration of
cluster ~ 2MM.
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Figure S55. *CI NMR spectra of Nay[{Wsls}Cls]-Me,CO in D,O depending on the time. Concentration of
cluster ~ 2MM..
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Figure S56. *CI NMR spectra of NaCl in D,O. The insert shows a linear dependence of the signal intensity on
the concentration.
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Figure S57. UV-vis spectra of Na,[{WBrs}Clg]-2Me,CO in water depending on the time and dependence of the
content of the complex in solution in time.
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Figure S58. UV-vis spectra of Na,[{MoBrg}Cl¢]-Me,CO in water depending on the time and dependence of the

Absorption

content of the complex in solution in time.
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Figure S59. UV-vis spectra of Na,[{W,ls}Cls]-Me,CO in water depending on the time and dependence of the

content of the complex in solution in time.
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Figure S60. Content of cluster [{WgBrs}Clg]* and chlorine anions in water solution obtained by UV-vis and
%CI NMR, correspondingly, (A) and calculated distribution of CI6, CI5 and Cl4 in solution, using this data. **Cl
NMR curves are a theoretic one, using hydrolysis constant obtained before.
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Figure S61. Content of cluster [{MogBrs}Clg]* and chlorine anions in water solution obtained by UV-vis and
%CI NMR, correspondingly, (A) and calculated distribution of CI6, CI5 and Cl4 in solution, using this data. **Cl
NMR curves are a theoretic one, using hydrolysis constant obtained before.
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Figure S62. Content of cluster [{Wsls}Clgs]* and chlorine anions in water solution obtained by UV-vis and *ClI
NMR, correspondingly, (A) and calculated distribution of CI6, CI5 and Cl4 in solution, using this data. **Cl
NMR curves are a theoretic one, using hydrolysis constant obtained before.
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Figure S63. FTIR spectra of (H30){[{MosClg}Cls]@(y-CD),}-16H,0 (H-MoClI-2CD),
(HgO)z{[{WsCIg}CI(;]@('Y‘CD)z} 13H20 (H-WC|-2CD) and 'Y'CD
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Figure S64. FTIR spectra of Na{[{MogBrs}Cls]@(y-CD),}-15H,0 (Na-MoBr-2CD), Na{[{MosBrs}Cls]@(y-
CD),} - (y-CD)-10H,0 (Na-MoBr-3CD) and y-CD.
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Figure S65. FTIR spectra of Nax{[{Mosls}Cls]@(y-CD).}-11H,0 (Na-Mol-2CD), Na,{[{Mosls}Cls]@(y-
CD),} (y-CD)-14H,0 (Na-Mol-3CD) and y-CD.
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Figure S66. FTIR spectra of Na{[{WBrs}Cls]@(y-CD).}-9H,0 (Na-WBr-2CD), Na{[{W¢Brs}Cls]@(y-
CD),} -(y-CD)-15H,0 (Na-WBr-3CD) and y-CD.
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Figure S67. FTIR spectra of Nax{[{Wsls}Cls]@(y-CD),}-13H,0 (Na-WI-2CD), Na{[{Wsls}Cls]@(y-CD),} - (v-
CD)-16H,0 (Na-WI-3CD) and y-CD.
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Figure S68. 'H NMR spectra of y-CD in D,O in presence of different amount of Na,[{Mogls}Cls]-2Me,CO.
Concentration of CD =2 mM.

Heé
H3 H2/H4 CD:Ms
H5
M rl \ S\ 1:2.00
M J‘/L j"\.L 1:1.00
1:0.750
1:0.500
A A U\ o S\ 1:0.375
A JJ \ M 1:0.250

1:0.125

H1 H3 | \H5 H2, H4
1:0

ppm g 48 46 44 4.2 4 38 36 34 3.2

w

Figure S69. "H NMR spectra of y-CD in D,O in presence of different amount of Na,[{W¢Brs}Clg]-2Me,CO.
Concentration of CD =2 mM.
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Figure S70. 'H NMR spectra of y-CD in D,0 in presence of different amount of Na,[{W;ls}Cls]-2Me,CO.
Concentration of CD =2 mM.
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Figure S71. Normalized emission spectra of TBA;[{Moglg}Cls] (TBA-Mol), Na{[{Moglg}Cls]@(y-
CD),}-11H,0 (Na-Mol-2CD) and Na,{[{Moglg}Cls]@(y-CD),} -(y-CD)-14H,0 (Na-Mol-3CD) in solid state.
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Figure S72. Normalized emission spectra of TBA,[{Mo¢Brg}Cls] (TBA-MoBr), Na{[{MosBrs}Clg]@(y-
CD),}-15H,0 (Na-MoBr-2CD) and Na,{[{Mo¢Brs}Cls]@(y-CD),} -(y-CD)-10H,0 (Na-MoBr-3CD) in solid
state.
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Figure S73. Normalized emission spectra of TBA,[{Wglg}Clg] (TBA-WI), Na{[{Wsls}Cls]@(y-CD),}-13H,0
(Na-W1-2CD) and Nax{[{Wls}Cls]@(y-CD),} - (y-CD)-16H,0 (Na-WI-3CD) in solid state.
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Figure S74. Normalized emission spectra of TBA,[{WsBrs}Cls] (TBA-WBTr), Nay{[{WsBrs}Clsl@(y-
CD),}-9H,0 (Na-WBr-2CD) and Na{[{WBrs}Cls]@(y-CD),} - (y-CD)-15H,0 (Na-WBr-3CD) in solid state.
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Figure S75. Normalized emission spectra of (Hs0),[{MosClg}Cl¢]-6H,O (H-MoCl) and
(H30)A[{MosClg}Cls]@(y-CD),}-16H,0 (H-MoCI-2CD) in solid state.
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Figure S76. Normalized emission spectra of (H30),[{W¢Clg}Cl¢]-7H,O (H-WCI) and (H30){[{WsClg}Cls]@(y-
CD),}-13H,0 (H-WCI-2CD) in solid state.
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Figure S77. Normalized emission spectra of Na,{[{Moglg}Cls]@(y-CD),}-11H,0 (Na-Mol-2CD) and
Na{[{Mosls}Cls]@(y-CD),} - (y-CD)-14H,0 (Na-Mol-3CD) in aerated water solution.
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Figure S78. Normalized emission spectra of Na,{[{MosBrs}Cls]@(y-CD),}-15H,0 (Na-MoBr-2CD) and
Nax{[{MosBrg}Cls]@(y-CD),} - (y-CD)-10H,0 (Na-MoBr-3CD) in aerated water solution.
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Figure S79. Normalized emission spectra of Na,{[{Wsls}Cls]@(y-CD),}-13H,0 (Na-WI-2CD) and
Na{[{W;sls}Cls]@(y-CD),} - (y-CD)-16H,0 (Na-WI-3CD) in aerated water solution.
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Figure S80. Normalized emission spectra of Na,{[{W¢Brs}Cls]@(y-CD),}-9H,0 (Na-WBr-2CD) and
Na{[{W¢Brs}Clg]@(y-CD),} -(y-CD)-15H,0 (Na-WBr-3CD) in aerated water solution.
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Figure S81. Normalized emission spectra of TBA,[{Mo¢Brg}Cl¢] (TBA-MoBr) in deaerated acetone,
Nax{[{MogBrs}Cls]@(y-CD),}-15H,0 (Na-MoBr-2CD) and Na,{[{MogBrs}Cls]@(y-CD),} :(y-CD)-10H,0
(Na-MoBr-3CD) in deaerated water.
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Figure S82. Normalized emission spectra of TBA,[{Wsls}Cls] (TBA-WI) in deaerated acetone,
Na{[{Wlg}Cls]@(y-CD),}-13H,0 (Na-WI-2CD) and Na {[{Wsls}Cls]@(y-CD),} -(y-CD)-16H,0 (Na-WI-
3CD) in deaerated water.
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Figure S83. Normalized emission spectra of TBA,[{WBrg}Cl¢] (TBA-WBFr) in deaerated acetone,
Naz{[{W6Brg}CIG]@("{'CD)z}9H20 (Na'WBr'ZCD) and Nag{[{WsBrg}Cl6]@(Y'CD)2} ('Y'CD)].SHQO (Na'
WBIr-3CD) in deaerated water.
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Table 12

Main photophysical characteristics of (TBA),[{M¢Xg}Clg], (H30),[{MsClg}Clgs]-nH,O and inclusion
compounds (Hz0){[{M;Clg}Cls]@(y-CD)2}-nH;0, Nax{[{MsXg}Cls]@(y-CD)2}-nH,O or
Na{[{MeXs}Clg]@(y-CD),}-y-CD-nH,O (M = Mo, W, X = Br, 1) in solid state and solution (acetone or

water).
In acetone (for initial clusters) and in water (for
Solid state inclusion compounds)
Compound Aerated Deaerated
A, NM S 0] A S 0] S 0]
' T, u nm T, U T, U
H-MoCl 760 52 010 | - - - - -
H-MoCI-2CD 760 61 0.08| - - - - -
TBA-MoBr 740 110 0.23 | 745 - - 185 0.26
) i 1) 95 (0.54) 1) 38 (0.69) 1) 91 (0.70)
Na-MoBr-2CD 720 2) 36 (0.46) 0.07 | 710 2) 17 (0.31) 0.04 2) 21 (0.30) 0.05
i i 1) 98 (0.59) 1) 39 (0.46) 1) 94 (0.45)
Na-MoBr-3CD 720 2) 52 (0.41) 0.09 | 710 2) 12 (0.54) 0.02 2) 11 (0.55) 0.04
TBA-Mol 710 163 0.56 | 700 - - 192 0.47
Ml 1) 114 (0.78)
Na-Mol-2CD 690 2) 64 (0.22) 0.29 | 690 43 0.08 119 0.16
Ml 1) 104 (0.55) 1) 46 (0.77)
Na-Mol-3CD 690 2) 50 (0.45) 0.20 | 690 2) 26 (0.23) 0.09 117 0.25
] 1) 12 (0.04)
H-WCI 770 1) 3.5 (0.96) 0.05 - - - - -
WL 1) 18 (0.001)
H-WCI-2CD 740 2) 1.4 (0.999) 0.01 - - - - -
TBA-WBr 740 13 0.28 | 760 - - 13 0.19
1)9.0
1) 15 (0.006)
Na-WBr-2CD 755 1) 10(0.004) 0.03 | 730 (0.006) 0.02 2)2.0 0.01
2) 1.9 (0.996) 2)2.1 (0.994)
(0.994) '
1) 17 (0.001) 1) 16 (0.001)
Na-WBr-3CD | 755 | 1)23(0.001) | 0.03 | 740 2) 1.6 0.02 2)1.6 0.01
2) 2.9 (0.999) (0.999) (0.999)
] 1) 17 (0.33) j | 122(0.82)
TBA-WI 695 2)5.9 (0.67) 0.30 | 700 2)9.7 (0.18) 0.38
ML 1) 15 (0.38) 1) 15 (0.63)
Na-WI-2CD 665 2)5.9 (0.62) 0.26 | 665 4.9 0.08 2)6.2 (0.37) 0.11
Nawi-3cD | 665 | ) 130020 101 665 4.9 0.08 | 1)15(0.35) | 0.10
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Figure S84. 'O, emission spectra recorded upon irradiating of powder of (TBA),[{MsXs}Cls] (TBA-MX) with
an excitation wavelength of 375 nm.
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Figure S85. 'O, emission spectra recorded upon irradiating of powder of Na,{[{MosBrs}Cls]@(y-CD),}-15H,0
(Na-MoBr-2CD), Nax{[{Mo¢Brg}Cls]@(y-CD),} -(y-CD)-10H,0 (Na-MoBr-3CD), Na{[{Mosls}Cle]@(y-
CD),}-11H,0 (Na-Mol-2CD) and Nax{[{Mogls}Cls]@(y-CD),} -(y-CD)-14H,0 (Na-Mol-3CD).
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Figure S86. 'O, emission spectra recorded upon irradiating of powder of Na,{[{WBrs}Cls]@(y-CD),}-9H,0
(Na-WBr-2CD), Na{[{W¢Brg}Cls]@(y-CD),} -(y-CD)-15H,0 (Na-WBr-3CD), Na{[{Wsls}Cls]@(y-
CD),}-13H,0 (Na-WI-2CD) and Na{[{Wsls}Cls]@(y-CD),} - (y-CD)-16H,0 (Na-WI-3CD) with an excitation
wavelength of 375 nm.
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Figure S87. 'O, emission spectra recorded upon irradiating of water solutions of Nay{[{MosBrs}Cls]@(y-
CD),}-15H,0 (Na-MoBr-2CD), Nax{[{MosBrs}Cls]@(y-CD),} -(y-CD)-10H,0 (Na-MoBr-3CD),
Nax{[{Mosls}Cls]@(y-CD),}-11H,0 (Na-Mol-2CD) and Na,{[{Mogls}Cls]@(y-CD),} - (y-CD)-14H,0 (Na-
Mol-3CD) with an excitation wavelength of 375 nm.
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Figure S88. 'O, emission spectra recorded upon irradiating of water solutions of Na,{[{W¢Brs}Cle]@(y-
CD),}-9H,0 (Na-WBr-2CD), Nax{[{WeBrs}Cls]@(y-CD),} - (y-CD)-15H,0 (Na-WBr-3CD),
Na{[{Wsls}Cls]@(y-CD),}-13H,0 (Na-WI-2CD) and Nax{[{Wsls}Cls]@(y-CD),} - (y-CD)-16H,0 (Na-WI-
3CD) with an excitation wavelength of 375 nm.
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Figure S89. 'O, emission spectra recorded upon irradiating of D,O solutions of of Na,{[{MogBrs}Cls]@(y-
CD),}-15H,0 (Na-MoBr-2CD), Nax{[{MosBrs}Cls]@(y-CD),} -(y-CD)-10H,0 (Na-MoBr-3CD),
Nax{[{W¢Brs}Clg]@(y-CD),}-9H,0 (Na-WBr-2CD) and Na{[{W;Brs}Cls]@(y-CD).} - (y-CD)-15H,0 (Na-
WBr-3CD) with an excitation wavelength of 375 nm.
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Figure S90. UV-vis spectra of Na{[{Wels}Cls]@(y-CD),}-13H,0 (Na-WI-2CD) in water depending on the
time.

Figure S91. *CI NMR spectra of Na,{[{MogBrs}Cls]@(y-CD),}-15H,0 (Na-MoBr-2CD) in D,0O depending on
the time. Compound concentration ~ 2mM.
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Figure S92. *CI NMR spectra of Nay{[{Mosls}Cls]@(y-CD),}-11H,0 (Na-Mol-2CD) in D,O depending on the
time. Compound concentration ~ 2mM
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Figure S93. **CI NMR spectra of Na,{[{WBrs}Cls]@(y-CD),}-9H,0 (Na-WBr-2CD) in D,O depending on the
time. Compound concentration ~ 2mM.
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Figure S94. 'H NMR spectra of Na,{[{MogBrs}Cls]@(y-CD),}-15H,0 (Na-MoBr-2CD) in D,O depending on

the time. Compound concentration ~ 2mM.
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Figure S95. 'H NMR spectra of Na,{[{Mosls}Cls]@(y-CD),}-11H,0 (Na-Mol-2CD) in D,0 depending on the

time. Compound concentration ~ 2mM.
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Figure S96. "H NMR spectra of Na,{[{WsBrs}Cls]@(y-CD),}-9H,0 (Na-WBr-2CD) in D,0 depending on the
time. Compound concentration ~ 2mM.
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Figure S97. UV-vis spectra of Na,{[{Mo¢Brs}Cls]@(y-CD),}-9H,0 (Na-MoBr-2CD) in water depending on the
time.
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Figure S98. UV-vis spectra of Na,{[{Mogls}Cls]@(y-CD),}-11H,0 (Na-Mol-2CD) in water depending on the
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Figure S99. UV-vis spectra of Na,{[{W¢Brs}Cls]@(y-CD),}-9H,0 (Na-WBr-2CD) in water depending on the

time.
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Figure S100. Images of HelLa cells incubated with inclusion compounds obtained with by CM. A) DNA of cells
colored by DAPI; B) under irradiation with a laser with a wavelength of 408 nm; B) under sunlight; D) overlay
of images A, B and C.

control Na-MoBr-2CD Na-Mol-2CD Na-WBr-2CD Na-WI-2CD

Figure S101. Images of IHF cells incubated with inclusion compounds obtained with by CM. A) DNA of cells
colored by DAPI; B) under irradiation with a laser with a wavelength of 408 nm; C) under sunlight; D) overlay
of images A, B and C.
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Figure S102. FACS data on HeLa cells. A) control; incubated with B) Na-Mol-2CD, C) Na-WI-2CD, D) Na-
MoBr-2CD and E) Na-WBr-2CD.
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Figure S103. FACS data on IHF cells. A) control; incubated with B) Na-Mol-2CD, C) Na-WI-2CD, D) Na-
MoBr-2CD and E) Na-WBr-2CD.
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Figure S104. The viability of HeLa cells incubated with inclusion compounds after irradiation with light with A

> 400 nm.
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Figure S105. The viability of IHF cells incubated with inclusion compounds after irradiation with light with A >
400 nm.
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