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Zusammenfassung

Die vorliegende Dissertation befasst sich mit dewaAndung von quantenchemischen
Berechnungen zur Untersuchung von zytostatischaheRium-Komplexen. In den letzten
Jahren wurden quantenchemische Methoden erfolgreadf dem Gebiet der

krebshemmenden Metallkomplexe angewendet.

Zu dem Zeitpunkt meiner Doktorarbeit waren die kteimmenden Ruthenium-
Verbindungen nicht ausreichend aus quantenchenmisicat untersucht worden, deshalb
habe ich mit einem sorgfaltigen Methodenvergleidgdnnen. Gasphasen-Berechnungen
wurden auf dem DFT-Niveau mit Hilfe der ubiquitaf®8LY P-Funktional durchgefuhrt und
die Leistungsfahigkeit der von zur Verfigung stetean Solvatisierungsmethoden fir die
Berechnung von Standardredoxpotentialen (SRP) weedgichen. Demzufolge habe ich die
SRP-Werte von Ru(lll/ll)-Paaren berechnet, dereektebchemisches Verhalten in der
Literatur bereits beschrieben wurde. Ein Vergleigiit experimentellen Werten hat
betrachtliche Fehler bei bestimmten Kombinationen Solvatisierungsmethoden und Solut-
Hohlraum ergeben. Zum Beispiel, der absoluter Fghiean unsigned eehler, MUE) mit der
PCM/UAO-Kombination, die eine Methode der Wahl iauSsian 03 darstellt, betragt 0.23 V
(5.4 kcal/mol). Die Poisson-Boltzmann Finite-Elemabtethode (PBF), implementiert in
Jaguar 7 zusammen mit Standard-Hohlraum, lieferhgkigig bessere Ergebnisse mit MUE
von 0.16 V (3.7 kcal/mol). Da die betrachteten ReBaare eine Ladung von +3/+2 bis —1/-2
tragen und die Voraussage von Solvatisierungsestergin schwierigsten fir hochgeladene
lonen ist, finden diese Ergebnisse Anwendung aecibBT-Studien von Reaktionen anderer

Metall-Komplexe, die in der Katalyse, Biologie ukigdizin involviert sind.

Das erfolgreichste Berechnungsverfahren wurde wgegeben fur das Studium von
vier potentiellen tumorhemmenden Ruthenium(lll)-Kdexen verwendet (Abbildungl —
trans-tetrachlorido(dimethylsulfoxid)imidazolruthenatjll (NAMI-A), 2 - trans
tetrachloridobis(1H-imidazol)ruthenat(l11) (ICR), 3- trans-tetrachloridobis(1H-
pyrazol)ruthenat(lll), und} — trans-tetrachloridobis(1H-indazol)ruthenat(lll) (KP1018@hd
deren reduzierte Analoga. Elektronische Aspekte, diéren elektrochemisches Verhalten
bestimmen, wurden untersucht mit Hilfe der Energgc@mposition Analysis und lassen die
entscheidende Rolle vom-Elektronen-Akzeptor-Charakter von DMSO- und Indazo



Liganden bei der Stabilisierung der Ru(ll)-Spezekennen. Der Einfluss der Elektronen-
Donor-Eigenschaften von Protein- und DNA-Modelleit Birektbindung zum Metall, des
mittleren pH-Wertes, und der dielektrischen Kontstaauf die SRP-Werte wurde untersucht.
Zusatzlich gibt die Studie Aufschluss uUber den raedtischen Verlauf des Aquations-
Prozesses. In Ubereinstimmung mit den verfigbareperénentellen Daten und im
Gegensatz zu einem Teil der friher publiziertenntgrechemischen Berechnungen (die fur
den Aquations-Prozess einen Interchange-Mechanisvms assoziativem Charakter
annehmen 1@)), habe ich eine Bevorzugung des stark dissomativinterchange-
Mechanismus festgestelltd). Darlber hinaus habe ich zum ersten Mal den ikngibden
dissoziativen Mechanismu®Y fur die Aquation von Ru(ll)-Analoga untersuchtdudessen
Bevorzugung gegeniuber dem Austauschmechanismugesésiit. Der Aquations-Prozess
wurde ausfihrlich untersucht durch die Erstelluregy &nergie-Profile bis zum zweiten
Aquationsschritt. Die Bedeutung von AquationspradakMono- undis-Diaquakomplexen,
als Vorstufen bei der biologischen Wirkung wurdesgawertet. Die Kinetik und
Thermodynamik von Reaktionen in Bezug auf die Bidele wurde berechnet und keine
klare Bevorzugung flur Stickstoff- oder Schwefelpiobindungsstellen gefunden. Bei der
Bindung zu isolierten Purin-Basen als Modell fle dreaktion mit DNA wurde eine
kinetische Praferenz fur die Bindung zu Guanin géger Adenin in reduziertenis-Diaqua-
Komplexen nachgewiesen; mit Stabilisierung der aktaristischen Ubergangszustand durch
Wasserstoffbriicken - &hnlich wie bei Reaktionen @splatin. Die Wasserstoffbindung
zwischen O6 von Guanin und dem cis-Aqua-Ligandabilssiert die Reaktionsprodukte in
beiden Oxidationszustanden. Die mdgliche Beteilgguon Ru(lll)-Komplexen am Redox-
Kreislauf in den Krebszellen, der eine Produktioon vreaktiven Hydroxyl-Radikalen
katalysieren kann, wurde ebenfalls erortert.

Die quantenchemischen Berechnungen wurden angetyamndedie elektronischen
Aspekte der Elektrochemie von krebshemmenden Galliund Eisenkomplexen mit redox-
aktiveno-N-Thiosemicarbazonen zu beschreiben. Die intuiimveahme, dass die Reduktion
von einer Verbindung nach der Bindung zu einem Metaerleichtert wird, scheint nur
dann gultig zu sein, wenn der freie Ligand, in wese Fall Thiosemicarbazonat, als
Referenz-Substanz betrachtet wird, wobei ein PraienReduktion von Thiosemicarbazon
starker beglinstigt als das Fe(ll)-lon mit seidetow-Spin-Konfiguration. Die berechneten

Redoxpotentiale korrelieren sowohl mit den beretdmédirshfeld-Partialladungen auf dem



Thiosemicarbazon-Rest dieser Verbindungen, als amg¢hden Energieniveaus deren
LUMO-Orbitale.

Die potentiell krebshemmenden Ruthenium(lil)-Vethingen:

1 - transtetrachlorido(dimethylsulfoxid)imidazolruthenatjll (NAMI-A), 2 - trans
tetrachloridobis(1H-imidazol)ruthenat(l11) (ICR), 3- trans-tetrachloridobis(1H-
pyrazol)ruthenat(lll), und —trans-tetrachlorido-bis(1H-indazol)ruthenat(lll) (KP1019
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Summary

This thesis focuses on the applications of the computational chemistry methods for the
study of ruthenium(l11) potential anticancer complexes. Since recently the computational
chemistry has emerged the vast area of anticancer metallo-drugs research with great success.
Particularly the outstanding contributions were made in the revealing the factors governing
the mode of action of cisplatin (the most successful product of the medicinal inorganic

chemistry for cancer treatment).

At the moment of starting my thesis, the ruthenium(l11) anticancer compounds were
neglected by computational chemists, therefore | began with a careful methodological
benchmarking. The gas phase calculations were performed at DFT level by using the
ubiquitous B3LYP functional and the performances of available solvation methods in the
computations of the standard redox potentials (SRPs) have been compared. For this purpose |
have calculated SRP values of Ru(ll1/1l) pairs that were electrochemically characterized in
the literature. Comparison with experimental data revealed substantia errors in some of the
combinations of solvation method and solute cavity. For example, the overall mean unsigned
error (MUE) with the PCM/UAO combination, which is the popular default in Gaussian 03,
amounts to 0.23 V (5.4 kcal/mol). The Poisson-Boltzmann finite element method (PBF)
implemented in Jaguar 7 together with the default cavity performs slightly better, with the
overall MUE being 0.16 V (3.7 kcal/mol). Because the redox pairs considered bear molecular
charges from +3/+2 to —1/-2 and the prediction of solvation free energies is most challenging
for highly charged species, these results may be used also for DFT studies of the reactions of

other metal complexesinvolved in catalysis, biology, and medicine.

In this way revealed, the most successful computational setup has been used for
exploration of the chemical behavior of four potential anticancer ruthenium(lil) species
(Chart): 1 - trans-tetrachlorido(dimethylsulfoxide)imidazoleruthenate(lll) (NAMI-A), 2 -
trans-tetrachloridobis(1H-imidazole)ruthenate(l1l) (ICR), 3 - trans-tetrachloridobis(1H-
pyrazole)ruthenate(l11), and 4 - trans-tetrachloridobis(1H-indazole)ruthenate(l11) (KP1019)
and their reduced analogs. The electronic aspects governing their electrochemical behavior



have been investigated by using the bond energy decomposition anaysis revealing the
decisive role of n-electron acceptor character of DM SO and indazole ligands in stabilization
of Ru(ll) species. Influence of the electron donor properties of the protein and DNA models
directly bound to the metal, the medium pH and dielectric constant on the SRPs were
examined. Furthermore, the study sheds light into the mechanistic insights of the aquation
process. In agreement with experimental data available and contrary to part of the previous
computational works (which study the aguation of the Ru(lll) species to proceed via an
interchange mechanism of associative character (1a)) | found the preference for strong
dissociative character of the interchange mechanism (1d). Moreover, for the first time | have
studied the limiting dissociative mechanism (D) of the aquation of Ru(Il) analogs and have
found it to be prefered over the interchange mechanism. The aguation process was
investigated in detail by drawing the energy profiles up to the second aquation step. The
importance of aguation products, mono- and cis-di-aqua complexes, as precursors for the
biological actions is analyzed. The kinetics and thermodynamics of reactions towards
biomodels have been computed and no clear preference for either nitrogen or sulfur protein
binding sites was found. In the binding to isolated purinic nucleobases, to model the reaction
with DNA, the kinetic preference for binding guanine over adenine is found for the reduced
cis-di-agua complexes; the characteristic transition structures being stabilized by a hydrogen
bonding pattern similar to cisplatin reactions. The hydrogen bond between guanine O6 and
cisaqua ligand stabilizes the reaction products in both oxidation states. The possible
involvement of Ru(l11) complexesin the redox cycling inside the cancer cell that can catalyze

the generation of reactive hydroxyl radicalsis discussed as well.

The quantum chemica calculations were used to describe the electronic aspects of
electrochemistry of antineoplastic gallium and iron complexes with redox non-innocent a-N-
heterocyclic thiosemicarbazones. The intuitive assumption that the reduction of a compound
is facilitated when it binds to a metal ion appears to be valid only if the free ligand, in our
case the thiosemicarabazonate, is considered as the reference compound, whereas a proton
promotes the reduction of the thiosemicarbazone more strongly than does the iron(ll) ion
with its d® low-spin electron configuration. The computed redox potentials correlate both
with the calculated Hirshfeld partial charges on the thiosemicarbazone moieties in these

compounds and with the energy levels of their LUMOs.



Potential anticancer ruthenium(l11) species:

1 - trans-tetrachlorido(dimethylsulfoxide)imidazoleruthenate(lll) (NAMI-A), 2 - trans

tetrachloridobis(1H-imidazol e)ruthenate(l11)

(ICR),

3

trans-tetrachloridobis(1H-

pyrazole)ruthenate(l11), and 4 - trans-tetrachloridobis (1H-indazole) ruthenate(l11) (KP1019)
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[. Introduction

[.1. Cancer Therapy

Roughly one person in eight in the world will dié cancert The disease is
characterized by the disturbances of the most fmeddal rules of behavior of the cells in a
multicellular organism. As a result of the faillogrowth or division regulatory systems, the
affected cells proliferate boundlessly and coloriigsues normally reserved for other célls.
The methods of cancer treatment include surgemjiatian therapy, chemotherapy, and
immunotherapy. The choice of therapy depends upencéncer type and the stage of the
disease, as well as the general condition of theerga Complete removal of the affected
tissue with least harm to the rest of the bodyhis treatment goal. The surgery alone is
effective mainly in the cases of benign tumorsiftbells do not have the ability to invade the
surrounding tissue, and stay clustered together simgle mass). In contrast, the malignant
tumors have the tendency to invade adjacent tisste spread through the bloodstream and
lymphatic vessels to form metastasis at other sifethe body, which often limits surgery
effectiveness. In such cases the surgery is combit other methods, and frequently with

chemotherapy.

The modern era of cancer chemotheraigirted when the war gas sulfur mustard was
used in patients in 1931 (abandoned because of toigicity). The second generation
mustard, nitrogen mustard, was tested in the 19dbBsequently in lymphoma treatment first
in mice and then in a patient. The result was andti reduction in the patient's tumor
masses. Although this effect lasted only a few we#kis was the first step to the realization
that cancer could be treated by pharmacologicaltag8ince then, a number of drugs (which
act as alkylating agents, antimetabolites, mitatigibitors, antibiotics or hormones) were
approved and largely used in the cancer chemothéramong them metal-based anticancer
drugs play a crucial role. Three platinum complexasplatin, carboplatin, and oxaliplatin,
which act as alkylating-like agents, are used ioualb0% of all tumor therapies, displaying
significant therapeutic activity in a series ofidolumors® Chemotherapy acts by killing

rapidly dividing cells, one of the main properties cancer cells. Consequently, the fast-



dividing cells of the body, such as the cells c¢ thone marrow, digestive tract and hair
follicles, are affected, giving rise to a rangesafe effects. Common side effects associated
with chemotherapy include: immunosuppression, aaesnid myelosuppression (caused by
partial or total destruction of bone marrow), mugsginflammation of the lining of the
digestive tract), nausea and vomiting, nephrotbxidiarrhea or constipation, and alopecia
(hair loss). The effectiveness of chemotherapyftenolimited by general toxicity to other
tissues in the body. The understanding of the mmfdaction of the anticancer drugs at

molecular level is essential to rational drug depsaient.

[.2.  Computational Chemistry

Along with physiologists, the chemists actively tpapate in the mode of action
assessment of the drugs. This is possible duesteast chemical experience and the diversity
of physico-chemical methods available for invegtaaof the microscopic world. Predicting
properties of the molecular systems by computeulsitions is one of the relatively new
methods successfully adopted by chemists. The mrediar scientific research in
computational chemistry is the computer’'s procesttm methods are physical models, and
the tools are mathematical algorithms. Timesilico experiments are nowadays used to
determine the spatial structures of the molecidesd, the obtained electronic information is
directly compared with a variety of spectroscomtad(Infrared, Raman and NMR). But most
important the computers improve continuously theugacy in the prediction of microscopic
and macroscopic chemical systems behavior othemdgsaccessible, or often too expensive
for conventional methods. For example computatignedn be investigated the reaction
intermediates and transition states, which, beingial species in chemical processes but
having a very short lifetime, are difficult to ologe experimentally. Thus, experimentally
proposed and theoretically possible competing m@actnechanisms can be rigorously
investigated by computation chemists. In the humigtgt against cancer computational
chemistry already proves its distinctive value. higdrolysis of the most successful metallo-
drug cisplatii was rigorously investigateédalong with the factors governing its vivo
binding preferences and reactivityThe theoretical predictions correlate very welithwi
experimental findings. Despite the fact that rutber{lil) complexe$ are known for years to

have similar or even better anticancer potency thgplatin, at the moment of starting my
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thesis systematic computational investigation ef ithenium(lll) anticancer drugs was not

carried out.

The work is focused on the elucidation of the cleainbehavior at molecular level of
two ruthenium(lll) complexes NAMI-A (imidazolium frans-
tetrachlorido(dimethylsulfoxide)imidazoleruthen#®]) and KP101¥" (indazolium frans-
tetrachloridobis(1H-indazole)ruthenate(llIYIThart 1) which successfully completed phase |
clinical trials’® Chapter Il has been entirely dedicated to the cbakeoretical and
computational concepts used in the study. In chdptéhe systematic benchmarking of the
available solvation models by predicting redox pt#ds of ruthenium(lll) complexes is
presented. In chapter IV, by using carefully benatked method, am silico four-species-
evolution approach which includésans-tetrachloridobis(1H-imidazole)ruthenate(lll) (IER
and trans-tetrachloridobis(1H-pyrazole)ruthenate(lltp rationally connect NAMI-A and
KP1019 has been used to investigate the behavigrotdntial ruthenium(lll) anticancer
drugs. In this sense, along with aquation, the ti@as of the selected compounds with
biological protein and DNA models have been ingsged, in both the kinetic and
thermodynamic aspects. In chapter V an examplaefise of the computational methods to
analyze the electrochemistry of some metal comglexigh non-innocentr-N-heterocyclic

chalcogensemicarbazones is presented.

Chart 1. NAMI-A and KP1019, successful Ru(lll) aathcer complexes in clinical trials.
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Cl,,,,R| Re (,}H CI,,,R] Re

u ~ \ u
a” | Yo S a | Y [\
/S\ H+ ~ ’
/0 - NH H*
NAMI-A KP1019

11



.3. References

(1) World Health Organizationhttp://www.who.int/ (Accessed on June %132009:

http://www.who.int/entity/healthinfo/global burdatisease/GBD report 2004update part2.

pdf; Figure 4).

(2) Alberts. B.; Bray, D.; Lewis, J.; Raff, M.; Refts, K.; Watson, J. DMolecular
biology of the cell Garland Publishing, Inc. New York, 1994, p. 1255.

3) DeVita, V. T.; Chu, ECancer Res. 2008, 68, 8643.

4) National Cancer Institute (NCI) web page, aseds on June 13 2009.
http://www.cancer.gov/cancertopics/druginfo/alpsiali

(5) (a) Hambley, T. Wcience 2007, 318, 1392. (b) Jakupec, M. A.; Galanski, M.;
Arion, V. B.; Hartinger, C. G.; Keppler, B. Ralton Trans. 2008, 2, 183.

(6) (a) Jamieson, E. R.; Lippard, S.Chem. Rev. 1999, 99, 2467. (b) Fuertes, M. A.;
Alonso, C.; Pérez, J. MChem. Rev. 2003, 103, 645. (c) Jakupec, M. A.; Galanski, M.;
Keppler, B. K.Rev. Physiol. Bioch. Pharmacol. 2003, 146, 1. (d) Jung, Y.; Lippard, S. J.
Chem. Rev. 2007, 107, 1387.

(7) (a) Zhang, Y.; Guo, Z. J.; You, X. Z.Am. Chem. Soc. 2001, 123, 9378. (b) Cooper,
J.; Ziegler, Tlnorg. Chem. 2002, 41, 6614 (c) Robertazzi, A.; Platts, J. A.Comput. Chem.
2004, 25, 1060. (d). Burda, J. V.; Zeizinger, M.; Leszczing. Comput. Chem. 2005, 26,
907. (e) Lau, J. K.-C.; Deubel, D. ¥..Chem. Theory Comput. 2006, 2, 103.

(8) (a) Baik, M.-H.; Friesner, R. A.; Lippard, S.d.Am. Chem. Soc. 2002, 124, 4495. (b)
Deubel, D. V.J. Am. Chem. Soc. 2002, 124, 5834. (c)Baik, M.-H.; Friesner, R. A.; Lippard,
S. J.J. Am. Chem. Soc. 2003, 125, 14082. (d)Deubel, D. V.J. Am. Chem. Soc. 2004, 126,
5999. (e) Deubel, D. VJ. Am. Chem. Soc. 2006, 128, 1654. (f) Mantri, Y.; Lippard, S. J.;
Baik, M.-H. J. Am. Chem. Soc. 2007, 129, 5023.

(9) Clarke, M. JCoord. Chem. Rev. 2003, 236, 209.

(10) (a) Mestroni, G.; Alessio, E.; Sava, G.; Pa&ry Coluccia, M. IlMetal Complexesin
Cancer Chemotherapy. Keppler, B. K., Ed.; VCH: Weinheim, Germany, 1993 157. (b)
Sava, G.; Capozzi, |.; Clerici, K.; Gagliardi, RAlessio, E.; Mestroni, GClin. Exp.
Metastasis 1998, 16, 371. (c) Sava, G.; Alessio, E.; Bergamo, Mestroni, G.Top. Biol.
Inorg. Chem. 1999, 1, 143. (d) Alessio, E.; Mestroni, G.; Bergamo, &ava, G. InMetal

12



lons in Biological Systems. Sigel, A.; Sigel, H., Ed.; Marcel Dekker: New ¥p2004, Vol.
42, p 323.

(11) (a) Keppler, B. K.; Rupp, W.; Juh, U. M.; EmsleH.; Niebl, R.; Balzer, Wlnorg.
Chem. 1987, 26, 4366. (b) Keppler, B. K.; Berger, M. R.; Heim, M. Cancer Treatments
Rev. 1990, 17, 261.

(12) (a) Galanski, M.; Arion, V. B.; Jakupec, M.; AXeppler, B. K.Curr. Pharm. Des.
2003, 9, 2078. (b) Rademaker-Lakhai, J. M.; van den Bamg@r; Pluim, D.; Beijnen, J. H.;
Schellens, J. H. MClin. Cancer Res. 2004, 10, 3717. (c) Hartinger, C. G.; Zorbas-Seifried,
S.; Jakupec, M. A.; Kynast, B.; Zorbas, H.; KeppkrK. J. Inorg. Biochem. 2006, 100, 891.

13



14



Il. Theory

The chapter presents the basic concepts of thedn&agy calculation methods, in
particularDFT, an overview of the solvation computational modatsd shortly the structure
optimization techniques used in molecular modeliMpre information is available in
excellent introductory manuals on the theory anplieations of computations in chemistry
and physics.

[I.L1. Total Energy Calculation

The ground state properties of a molecular systendatermined by the interactions
between the electrons and nuclei and to describsetlinteractions it is necessary to use
quantum mechanics. The nuclear Hamiltoniép, and the electronic Hamiltoniafl, fully
describe the molecular system in 8&hrédingerequation:

(H,+H)W=EY (1)

where E is the total energy¥ = ¥(X1, X2, ..., %) iS the wave function, andl is the
Hamiltonian operator. Because the fundamental acteon at the atomic level is the
electrostaticCoulomb interaction, along with kinetic component descrgithe particles
motion, the Hamiltonian contains the electrostatmponents. The electronic Hamiltonian

has the form:

RN NI e @

i,1>i lj

where the three terms are the electron’s kinetexgyn and electrostatics: the electron-nuclei

and the electron-electron interaction. Despiteféioe that the interactions make this equation
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impossible to solve completely, manageable equatama obtained by using approximations.
The adiabatic orBorn-Oppenheimerapproximation assumes that the electrons respond
instantaneously to heavy nuclei motion and thustth& wavefunctions can be factorized

into separate wavefunctions for the electrons hadticlei respectively:
W=y *xy (3

The contributions to the electronic enerBy of an N-electron molecular system

consisting ofx type nuclei, in thédF methods are:

Ee:ET+E\/+EJ+EX+EC

E; = —%Z [ X 000D X ()

E, = =2 [ ()2 22 (%)
u T @
) =5 2 A (01, 06) - X (4, (%)
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where Er is the kinetic energy of electrongy represents nuclei-electrons electrostatic
interaction, andE; is classic electrostatic interaction between ebest The last two
components describe the electron correlation: @ guantum phenomenon that take into
account the interactions between electrons, othars motion and classical electrostaties.
is the electron exchange component of energy (8edckermi correlatior) describes the
correlation between electrons with parallel spihisTprevents the parrallel-spin electrons
from being found at the same point in space. Orother hand, the second quantum té&in
(Coulomb correlatioh describes the correlation between the spatiaitipos of electrons
with opposite spin due to the@oulombrepulsion. TheCoulomb correlationenergy is not

possible to describe within thtartree-FockHF approach. Numerically this term is equal to
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the difference between the exact total energy efsystem and the energy calculatedH&t

level using a complete basis set.

[I.2. Density Functional Theory

The basis for thé®ensity Functional TheoryDFT) is the proof by Hohenberg and
Kohr? that the ground state electronic energy is detethicompletely by the electron
densityp(r). While DFT is conceptually and computationally very similarHartree—Fock
theory, it became popular due to results qualityd aomputational accessibility of large
electronic systems. The significance of thl®henberg—Kohntheorem is perhaps best
illustrated by comparing it with the wave functiapproach. While the complexity of a wave
function increases exponentially with the numberelgictrons, the electron density has the
same number of variables, independent of the sysizen A wave function for aN-electron
system containgN variables: three spatial and one spin coordinateeéch electron. The
electron density being the square of the wave fanctintegrated oveMN-1 electron
coordinates, has each spin density depending ee gpatial coordinates, independent of the
number of electrons (eq. 5). Although it has beeoven that different density yields a
different ground state energy, the functional cating these two quantities is not known.
The goal ofDFT methods is to design functionals connecting tieetedn density with the

energy.

o(r) = NJ'|l4J(r,r ,...rN)|2dr2...drN (5)
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[1.2.1. The Energy Functional and Energy Calculations in DFT

According to Kohn and Shatthe energy functiond[s(r)] can be written as:

E[,O(I’)] =B +E +E +E =
—%jsz(r)d(r) + [V()e(nd(r) +%j%(r)d(r') +Exc[o(r)] ©)

where Er is the kinetic energy of non-interacting electroflowed by the energy
contribution from the interaction of electrons witle external nuclear potenti¥lr), the
electron-electron interaction term, and the lasttd&xc[p(r)] represents the exchange-
correlation functional. Using the electron density a parameter, there is a variational
principle analogous to that in wave mechanicsgixen an approximate electron dengiy)
(assumed to be positive definite everywhere) thedgrates to the number of electrons, the
energy given by this density is an upper boundhéoetixact ground state energy, provided that
the exact functional is used:

E, = E[p,(r)] < E[o(r)] (7)

The total energy functional for the interacting mguarticle system can be transformed into a
set of one-particle equations, called #ehn-ShamKS) equations. By using a set of one-
electron orbitals:

p(r) =Yg, (n)f (8)
and Lagrange multipliers for constraining the siyste a fixed number of atoms, tKeS are:

18



[_%DZ +Veff(r):|¢i =&9, 9

The effective potentidVe(r) (eq. 10) has a contribution from the nuclei-el@atinteraction,
while the electron-electron interaction is dividiedo the Hartree term and the correlation
potentialVx(r).

V(D =V + | |f"_r;).| dr+Vye (1) (10)

The problem of finding the ground state of a moledecomes a mean field problem
where non-interacting electrons are moving in dactifze potential of other electrons. Eq. 9
is solvedself-consistentlyand the ground state electron density is detewinbyeeq. 8. The
self-consistent schemis an iterative process to obtain the correcttedecdensity of the
molecular ground state. This is achieved by assgytrial wave functions which are used to
calculate first the electron densjifr), by eq. 8, theWes by eq. 10 and/ are then inserted
into the Kohn-Shamequations. New trial wave functions are generdégdolving theKS
equations and the procedure is repeated untildhgezrgence is achieved. The sum over the
occupied one-electron energigshas to be corrected with a Coulomb and an exchange

correlation term to give the correct total energy:

Elo)]= X6 -3 %drdr'+ [POElo®]-VocloDldr (1)
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[1.2.2. The Exchange-Correlation Functional

Theoretically, theKohn-Shamequations yield the exact ground-state energydnygu
the exact forms ofExc and Vxc. However, these two quantities are only approxémat
challenging the scientists to carefully choose #vailable functionals for their specific
purpose. The diversity of the functional forms teride the exchange correlation energy

determines the difference between varibbS methods.

The simplest model is thieocal Density ApproximatiollL DA), where the electron
density is assumed to be slowly varying, such thatdensity can be locally treated as a
uniform gas:homogeneous electron gaalso known agellium, is a quantum mechanical
model of interacting electrons within an infinitelvme of space and neutralized with a
uniformly distributed background positive charger a spin-unpolarized system,l@cal

density approximatiofor the exchange-correlation functional is writees

Ex2'[o(n)] = [ o()exc(p(r)dr (12)

wherep(r) is the electronic density ang. is the exchange-correlation energy function of the
density alone. The exchange-correlation energgt®ohposed into exchange and correlation
terms linearly:

Evc = Ex +Eo (13)
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The exchange term takes on a simple analytic femthie homogeneous electron gas:

B
e lom]=-5( 2] ot ar a4)

The correlation energy is calculated @Quantum Monte Carlonethods. Although the
LDA method is based on a very crude model, it providssilts which are in general
comparable or even better than those calculateanéthods based on the Hartree-Fock
approximation. Improvements over th®A approach must consider a non-uniform electron

gas.

In methods based on th&eneralized Gradient ApproximatiofGGA), the
dependence of exchange-correlation energy on ttad ttensity gradient is used along with

the local electron density:
Eso(n)] = [ p(nex(p(r),Dp(r)dr (15)

Various GGA functionals use different representationsegf functions. Although
there are cases wharDA perform better thaltGGA, the later improve considerable the
description of some molecular properties (e.g.dimeling energies). One of the earliest and
most populartGGA exchange functionals was proposed by A. D. Bé¢Beor B88) as a
correction to thé. SDA exchange energy. DA for spin polarized systems):

B88 _ LLDA B88
Ey =& +AE

X2

A£B88 = _ 313
X po 1+ gfxsinh™x

(16)

Up
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The  parameter was determined by fitting to known datahe rare gas atoms using
the dimensionless gradient variaklelt reduces the error in the exchange energy impsi
two orders of magnitude relative to theSDA results and thus represents a substantial
improvement for a simple functional form containiogly one adjustable parameter. There
have similarly been variou&GA functionals proposed for the correlation energneO
popular functional is due to Lee, Yang and ParrR).Y The LYP correlation functional is
often combined with the B88 exchange functionginaduce the BLYP.

The next generation o6GA methods is higher order gradient, meta-GGA,
methods which are characterized by the introductérhigher order derivatives of the

electron density in the description of the exchaogeelation function.

Models that include exa¢iF exchange are denoted hybrid methods, théecke 3
parameter functionalB3) methods is example of such hybrid models, with popular
B3LYP method® defined by:

EggLYP - (1_ a) E;SDA + aE;xact + bE388 + (1_ C) Elc_SDA + CElc_YP (17)

Thea, b andc parameters were determined by fitting to expertaestata and depend on the

chosen forms folES** and ES®*, with typical values being ~ 0.2,b ~ 0.7 anct ~ 0.8. The

usage ofGGA andhybrid functionals yields to major improvement in ternfisaocuracy for

chemical applications. At the moment the B3LYP tiomal proposed in 1993 is one of the
most successful in terms of overall performanceth@gh the performance might be
improved by fitting different combinations of exctiee and correlation functionals to
experimental data for a given property, such messaften result in the deterioration of the

results for other properties.
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11.2.3. Basis Set and Effective Core Potential Approximation

The single particle wave functions used to derive ¢lectron density in eq. 8 are

expanded into Anear combination or atomic orbitald. CAO) ym, according to:

(1) =2, Coan(r) (18)

In principle any type of basis functiong, may be used for molecular calculations:
exponential, Gaussian, polynomial, cubic functiomayelets, plane waves, etc. A successful
set of basis functions has two main characteris{izghe functions should have a physical
reasonable behavior, and converge rapidly as mesis functions are added. For atomic and
molecular systems, functions should go toward zsrthe distance between the nucleus and
electron becomes large. (ii) the functions shoulikenit easy to calculate all the required
integrals. The exponential functions are known ¢otlhe exact solution for the hydrogen
atom. They are used to build ti&later type orbitals(STOs) (eq. 19), which decay
exponentially from their origin. Despite the fabtt STOs describe better the behavior of
atomic wave functions, th@aussian type orbital€GTOs) (which have a Gaussian behavior,
ed. 20) are much easier to handle numerically hag are preferred in tHBFT calculations

as much as in conventiorah initio techniques.

X°Tr,6,¢) = Nr"e 7Y (6,9) (19)

X°TO(r,60,8) = Nr*" e Y™ (8, 8) (20)

Another aspect to take into account, when choosh®ey computational level to
estimate the total energy of a molecular systenmthés increase of the number of core
electrons, unimportant in the chemical sense, tghrise of atomic number. In such cases

the valence orbitals use a large number of basistifons to adequately account for electron-
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electron repulsion. Even more troubles arise inltveer half of periodic table where the
relativistic effects further complicate the systeifise approach to solve these problems is to
model the core electrons by a suitable function smdreat only the valence electrons
explicitly. The usage oEffective Core Potentia]ECP) became a common approach that
gives good result at a fraction of the cost of lawdation involving all electrons, and part of
the relativistic effects may also be accountedheut having to perform the full relativistic
calculation. The potential have its parametersdiguch that the solutions of the Schrédinger

equation produce pseudo-orbitals matching thelatiteon valence orbitals.

[1.2.4. DFT Limitations

In the treatment of the following systems the aor@FT functionals are known to

perform poorly®™

® The weak interactions due to dispersion forceschviarise from electron correlation
in wave function methods, are poorly described byrent DFT methods. However, the
mainly electrostatic nature makes the hydrogen bedrsystems well described by mddyT

functionals.

(i) Loosely bound electrons, such as anions arisingn fsystems with relatively low
electron affinities, represent a problem for exdwftorrelation functionals that do not
include self-interaction corrections. Since theseteons have most of the associated density
far from the nuclei, this may cause the self-inteom error to be larger than the actual
binding energy, and thus lead erroneously to amunt electron. Nevertheless, even a single
set of diffuse functions added to a medium-sizesishset will give a reasonable estimate of
the experimental electron affinifyThe basis set limits the outer electron to behdorrect
physical space, and the exchange—correlation fumaitigives a reasonable estimate of the

energy of this density.

(i)  Chemically bonded systems involving: two-centre-®ilectrons (e.g. normal covalent
bonds), two-centre four-electrons (e.g. steric I®po between closed shell systems), and
three-centre three-electrons (e.g. radical abstrgcare reasonably described by gradient-
corrected methods. On the other hand systems imgpltwo-centre one-electron (e.g. radical

cations), two-centre three-electrons (e.g. radacébns), and three-centre four electrons (e.g.
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atom transfer transition structures) are preditbelte too stablé The dissociation of charged
odd-electron systems is a problem for mB$tiT methods, with the dissociation energy
profile displaying an artificial barrier and inceat dissociation energy. Transition structures
are similarly predicted to be too stable (barremes underestimated) by functionals that do not
include exact exchange. Sinttartree—Fockoverestimates activation barriers, the hybrid
methods involving exact exchange, often give reakenbarriers.

(iv)  The exchange—correlation functional is local, delrem only on the density and
possibly its derivatives at a given point, and ttasiseDFT methods to be unsuitable for

describing charge transfer systems, where an etedrtransferred over a large distance.

(v) In HF theory the energy difference between states wiiflerdnt spin multiplicity
with the same orbital occupancy is given by an arge integral. IlDFT, this must be
described by the exchange—correlation functiondijckv only depends on the electron
density. If the two spin states arise from the saheetron configuration the two electron
densities are very similar, and this makes thelt®esensitive to the details of the exchange—
correlation functional. In transition metal system#ere several low-energy spin states are
often possibleHF favors high spin states (HS) whieS methods favor low spin states (LS).
Hybrid methods perform differently depending on stedied system. For example, the
authors of ref. 10 found the PBECGfunctional (which includesb initio estimate of the
hybrid mixing of exact anGGA exchange) to perform best for computing the HSeh8rgy
difference in Fe(ll) complexes with small ligan@Bg(H0)¢]** and [Fe(NH)¢]**). While the
widely employed B3LYP (which uses without reoptiatibn the three semi-empirical
coefficients fitted for experimental data togetheéth PW91 correlation) performs only
acceptable. The authors in ref. 13 preferred th@B¥ over B3LYP in the computations on
zirconium(lV) complexes. The overestimation of twatribution of exchange energy by the
B3LYP functional is well documented and the fittiofgthe mixing coefficients was proposed

to overcome the problef.
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[1.3. Electron Population Analysis

Except the energy, another property derived afeterthining the electronic wave
function is the atomic electron population whicloften used for discussing and rationalizing
structural and reactivity differences between muales. There are three commonly used

methods for assigning a charge to a given dfom.

[1.3.1. Population Analysis Based on Basis Functions

The Mulliken Population Analyst§ is an example of method using basis functions to
derive the electron population. The scheme WB®snatrix'’ for distributing the electrons
into atomic contributions. The diagonal elemBgt.Swm is the number of electrons in the
atomic orbital (AO), and an off-diagonal eleméht.Sn, is (half) the number of electrons
shared by AOsn andn (there is an equivale®m,Sm element). The contributions from all
AOs located on a given atorA may be summed up to give the number of electrons
associated with atoix. In theMulliken scheme the contribution involving basis functions

different atoms are equally divided between the &ans:

P = Zz DmnSmn (21)

mJA n

With the gross charge in atofvbeing the sum of the nuclear and electronic coutions:

QA = ZA = Pa (22)
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[1.3.2. Population Analysis Based on the Electrostatic Potential

A significant part of the non-bonded interactionvizen polar molecules is described
in terms of electrostatic interactions between rfragts with different electron distribution.
The fundamental interaction is between Eiectrostatic Potentiaf (ESP) generated by one
molecule (or fragment) and the charged fragmentmother. The ESP at positiois given

as a sum of contributions from the nuclei and {eetmonic wave function:

nuclei 7 _ j |l'|J(|'i )|2 (23)

= A .
Pe)= X [

The potential is sampled by placing a suitable gifighoints around each nucleus (typical
sampling have a few hundred points for each atoitt) eistances from just outside the van
der Waals radius to about twice that distance. dtoenic charges are determined as those
parameters that reproduce the electrostatic pateasi closely as possible at these points,
subject to the constraint that the sum is equ#i@dotal molecular charge.

[1.3.3. Population Analysis Based on the Electron Density

The electron density is the square of the wave tioncintegrated ovemMgecl
coordinates (eg. 5). If the total molecular volucoeld somehow be divided into subsections,
each belonging to one specific nucleus, then teeten density could be integrated to give
the number of electrons present in each of thesaiatbasing?, and the (net) atomic charge
Qs then obtained by adding the nuclear chatge

Qu=Z,~ [ p(r)dr (24)

Qp
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The division into atomic basins requires a chaecée made as to whether a certain point in

space belongs to one nucleus or another, and $eléesent schemes have been proposed.

The Atoms in Molecule$AIM)*® is the most rigorous way of dividing a molecular
volume into atomic subspaces. In the large majarftyases it is found that the only maxima
in the electron density occur at the nuclei (oiyveose to them), which is reasonable since
they are the only sources of positive charge. Tinden thus act as attractoo$ the electron
density. At each point in space the gradient ofeleetron density points in the direction of
the strongest (local) attractor. This forms a rays way of dividing the physical space into
atomic subspaces: starting from a given point @cepa series of infinitesimal steps may be
taken in the gradient direction until an attradencountered. Once the molecular volume
has been divided up, the electron density may tegiated within each of the atomic basins
to give atomic charges and dipole, quadrupole, stoments.

Hirshfeld?® charges are obtained by using atomic densities pfatitioning the

molecular electron density:

pun =L 5 ) (25)

2.P(r)

The initial (promoleculariiensity p5, is defined as the sum of atomic densitjgls placed

at the nuclei in the molecule. The actuablecular electron density at each point in space

Pua (1) is then partitioned by weighting factors accordiaghe original contributions.
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[I.4. Bond Energy Analysis

To characterize the bonding between the entitiegfients) of a molecular system |
have analyzed the molecules in terms of interastlwetween two fragments using an energy
decomposition scheme developed by Ziegler and Raak implemented in AD® The

overall bonding energy between two fragment, is decomposed in:

AE = AE + AEint = AEprep + AEelst + AEPauli + AEorb (26)

prep

whereAEyep is the preparation energy required to deform #pagsated fragments from their
equilibrium structure to the geometry in the moleguncluding the excitation to their
valence electronic configuratiom§Ej; is the interaction energy, and includes: repulsion
between fragments due to Pauli principMEp,,i, electrostatic componemiEes, and
stabilizing orbital interaction8E,,. The orbital interaction energy accounts for etacipair
bonding, charge transfer and polarization. This d@n further decomposed into the

contributions from the irreducible representatidref the interacting systeff?

[1.5. Solvation Models

In the previous parts | presented very briefly theoretical and computational
consideration to evaluate the total energy of aecuwhr system in gas phase. As the
processes which | have been investigated duringhtbgis preparation take place mostly in
solution, the following chapter contains the impaottaspects of computational environment
modeling, in particular the consideration of solveffects. The effects of solvation can be
partitioned into two main groups: (i) non-specifiong-range) solvation and (ii) specific
(short-range) solvation. The non-specific effect® amainly solvent polarization and
orientation of the solvent electric multipole mornserby the solute, where the dipole
interaction is usually the most important. The €pegmicroscopic) interactions are
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primarily located in the first solvation shell, the solute-solvent boundary surface, although
the second solvation shell may also be importanhighly-charged ions. The microscopic
interactions depend on the specific nature of tieesit molecule, such as the shape and the
ability to form hydrogen bonds. Other short-rangl/ation effects to take into account are:
van der Waals interactions solute-solvent, thegdhénansfer effects, hydrophobic or entropic
effects, etc. The methods for solvation computasimmostly of two types: those describing
explicitly the individual solvent molecules and $leothat treat the solvent as a continuous
medium. A partial mixing of the models is also pbkes for example by treating explicitly
the first solvation shell and considering the mghe solvent as a continuum model. The first
class of methods involving an explicit use of tbivent molecules requires a sampling of the
phase space. Since this is computationally expen#liere is a strong interest in developing

methods where the solvent is modeled in a lessaigofashion.

[1.5.1. Continuum Solvation Models

In the continuum or implicit solvation mod&lshe solvent is considered as a uniform
polarizable medium with a dielectric constantepfand the solutés placed in a suitably
shaped cavity in the medium. The solvation freagnbas three main terms (eq. 27): (i) the
cavitation is a destabilization component, sine@erttaking of a hole in ordered medium costs
energy; (i) the stabilization component due to tHespersion interactions; and (iii)
electrostatic stabilization that appears as coressmpiof medium polarization induced by the
charge distribution in the solute. The dispersicermt is sometimes denoted as
dispersion/repulsion as the interaction betweersthete and solvent might have a repulsive

component as well.

AGsolvation = AGcavity + AGdispersion+ AGelec (27)

Beside the differences in the way to define the simd the shape of the cavity, the
continuum models also differ in calculation methadghe cavity/dispersion contributions,
the approach to describe the solute and its chdiggeibution, as well as in different

description of the dielectric continuum. The solvemedium is normally taken to have a
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constant value of, but may for some purposes also be taken to defoerekample on the
distance from solute. It should be noted that inticmum models solvents having the same
value (such as acetones20.7, and 1-propanok=20.1, or benzene=2.28, and carbon
tetrachloride,cé=2.24) are treated equally. The hydrogen bondirgplséity of 1-propanol
compared with acetone will in reality most likelyake a difference, and the solvent
dynamics of an almost spheri€aCl, will be different from the planar benzene molecule

[1.5.1.1. Cavity and Dispersion/Repulsion Contributions

The big advantage of the simplest spherical op®diidal cavity description is the
analytical accessibility of the electrostatic imietion between solutand the dielectric
medium. More realistic models employ molecular gltapoles, generated for example by
interlocking spheres located on each nucleus. dergerally found that the shape of the hole
is important, and that molecular shaped cavities regcessary to be able to obtain good
agreement with experimental data. The energy reduiior cavity creation, and the
stabilization due to van der Waals interactionsMeen the solute and solvent is usually
assumed to be proportional to the cavity surfaea.dn this sense the proper description and
calculation of the surface boundary between schmi@ solvent is mandatory. Tivan der
Waals surfacds generated by multiplying the atomic van der Waadius by a suitable
factor (a typical value is 1.2). The disadvantadesuch a surface generated for large
molecules (for example proteins) is the presencenadll inaccessible regions for solvent
molecules. An alternative way to generate the sedotvent boundary surface is by mapping
it by a spherical particle of a given radius (ai¢gp radius of 1.4 A models the water
molecule) rolling on thevzan der Waals surfacerhis is denoted as tHgolvent Accessible
Surface(SAS). The corresponding cavity and dispersion eneegmns$ may be taken simply

as being proportional to the to@AS area (a single proportionality constant):

Ac-:'cavity + AGdispersion: VSAS+ ﬁ (28)

or parameterized by having a constérgpecific for each atom type, with tifeparameters
being determined by fitting to experimental soleatdata
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AGcavity + AC;dispersion = Z <(| S (29)

The continuum models where the cavity/dispersideraction is parameterized by
fitting to experimental solvation energies are retommended to use in combination with
first shell explicit treatment of solvent molecubkes the parameterization represents a best fit

to experimental data without any explicit solveregent'

[1.5.1.2. Electrostatic Solvation Component

The implicit solvation models differ also in the waf treating the electrostatic

energy component in the eq. 27.
- Poisson—Boltzmann method

The Poissonequation describes the connection between theredtatic potential
@(r), the charge distributiop(r), and the dielectric constast

O(e(r)Da(r)) = ~47p(r) (30)

when the medium is a continuum dielectric witimdependent of the position, eq. 30 turns

into:

o) =2 o) (31)
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If the charge distribution is a point charge, tlduson of eq. 31 reduces to tli&ulomb
interaction. By taking into account the Boltzmanistribution of ions in the solvent the

Poissonequation can be modified to tReisson—Boltzmann Equati¢RBE)>
- Born/Onsager/Kirkwood methods

In its simplest approach the reaction field moded ispherical cavity, where only the
lowest order electric moment of the molecule isetaknto account. The free energy of
solvation in this case is equal to the work spentransfer the net charggin a cavity of
radiusa, from vacuum to a medium with a dielectric constaire, computed by usingorn

formula?®

A(Belec = _(1_ _jq_z (32)

Although, it is a simple and intuitive model it pents serious disadvantages. Firstly, this
model does not distinguish between charge sign tlaadolvation energies for positive and
negative ions of the same size is the same. Timstithe observed behavior in solvents such
as water. Furthermore, the reciprocal dependencthemlielectric constant means that the
calculated solvent effect is sensitive to the wamaof ¢ in the low dielectric limit, but
virtually unaffected by large differences in th@lnidielectric limit.Generalized Born model
uses partial charges in eq. 32.

The Onsagermodef® refers to the methods that describe the solut @ipole in a

spherical cavity which, for a dipole momentdeads to an energy stabilization given by:

(33)
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In contrast, theKirkwood modef’ refers to a general multipole expansion in a
spherical cavity, while th&irkwood-Westheimemodef® arises for an ellipsoidal cavity.
Because the spherical or ellipsoidal cavities aalistic only for small and symmetric
molecules the use of tiBorn/Onsager/Kirkwooanodels should therefore only be considered

as a rough estimate of the solvent effects, andtgafive results can rarely be obtained.

- Self-consistent reaction field models

When a quantum description of the solute is emmlpyihe calculated electric
moments induce charges in the dielectric mediumg¢hvim turn acts back on the molecule,
causing the wave function to respond and therelanging the electric moments, etc. The
methods that calculate the interaction of the sowith dielectric medium representing the
solvent in an iterative procedure g&elf-Consistent Reaction Fie[CRF) models. The
interaction of a fixed dipole moment with a polalfe medium given by eq. 33 is not a
SCRF model, as the dipole moment and stabilizationrexecalculated in &elf-consistent
way. The dipole moment changes when the back-palésiz of the medium is taken into
account depending on the molecular polarizabilitthe SCRF model the full polarization is
taking into account, i.e. the initial dipole momeggnerates a polarization of the medium,
which changes the dipole moment, which in turn gates a slightly different polarization,
etc. For spherical or ellipsoidal cavities the Bors equation can be solved analytically, but
for molecular shaped surfaces it must be done nuallgt This is typically done by
reformulating it in terms of a surface integral owurface charges, and solving this
numerically by dividing the surface into smalleadtions each having an associated charge
o(rs). The surface charges are related to the electid Fi(rs) (the derivative of the potential

@) perpendicular to the surface by eq:

Areo(r) = (¢ ~)F(r.) (34)

Onceo(ry) is determined the associated potential is addech &xtra term to the Hamiltonian

operator. The potentiab(o(rs)) from the surface charge is given by the molecalarge
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distribution, but also enters the Hamiltonian amaktinfluences the molecular wave function,
the procedure is therefore iterative.

The Polarizable Continuum Mod€PCM)Y* employs a van der Waals cavity formed
by interlocking atomic van der Waals radii scale¢ lbn empirical factor, the
cavity/dispersion contributions are parameterizadeld on the surface area, and a detailed

description of the electrostatic potential is used.

The Conductor-like Screening Mod¢COSMOY° also employs molecular shaped
cavities, and represents the electrostatic potdngigartial atomic charges. In fact it may be
considered as a limiting case of the PCM model, resttbe dielectric constant is set to
infinity.

The Solvation Modef8 (SMx, wherex =1-5) aregeneralized Born type modaised
in connection with the semi-empiricAIM 1 andPM 3 methods. The partial atomic charges
are calculated from the wavefunction, and the dspe/cavity terms in eq. 27 are
parameterized based on t8&S, eq. 29. The different version numbers indicategasingly

sophisticated parameterizations.

The accuracy of the solvation models is difficultetaluate by default. The fact that
all of them were parameterized for specific envinental interactions and specific molecular
systems suggests the necessity of their benchngatlefore starting a new computational

project.
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[1.6. Optimization Techniques

This last introductory part | dedicate to the techhapproaches employed to find the
stationary points on thieotential Energy SurfacES). Current progresses in the techniques

for exploring PESs are reviewed in ref. 32.

[1.6.1. Finding Minima

The simplest approach to reach a minimum of a fands to step one variable at a
time until the function has reached a minimum, #meh switch to another variable. This
requires only the ability to calculate the functiealue for a given set of variables. The
complexity of molecular systems makes this approeepractical. All commonly used
methods use the analytical computed gradient ofuhetion with respect to all variables to
find a minimum. Some methods went further and use decond derivative matrix, the
Hessian, for this purpose. It should be noted tiattarget function and its derivative(s) are
calculated with a finite precision, which dependastbe computational implementation. A
stationary point can therefore not be located éxas the gradient can only be reduced to a
certain value. In computational chemistry molecud@ometry optimization is considered
converged when the energy, energy gradient or audeplacement between consecutive
steps are reduced below the user defined threshbikse criteria may in some cases lead to
problems, as a function with a very flat surfaca icertain region may satisfy the contiditions

without containing a stationary point.

[1.6.1.1. Steepest Descent

In the Steepest Desce(®D) method the first order functional derivative aputed
and the function value is lowered by stepping ia tipposite direction. A series of such is

performed in the negative gradient direction, uthig energy starts to increase. Then an
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approximate function minimum is determined by iptdation between the calculated points.
At this interpolated point, a new gradient is céddted and used for the next search. The
disadvantages of this method are: (i) two successteps are necessarily perpendicular to
each other; if there was a gradient component aliwegprevious search direction, the
function could be further lowered in this directi@onsequently spoiling the previous search;
(i) the SD path oscillates around the minimum path, and asrimimum is approached, the
rate of convergence slows down; (iii) tlsteepest descemtill actually never reach the
minimum; it will crawl towards it at an ever decsegy speed. The optimization program
should therefore have implemented an algorithndp & a point. The advantages are: (i) the
algorithm is very simple, and requires only storaf@ gradient vector; (ii) the method will

always lower the energy value.

[1.6.1.2. Conjugate Gradient Methods

The Conjugate Gradien{CG) methods compensates the lack of information about
the previous searches in t8B methods by performing each optimization step mdy along
the current gradient, but along a line that is tmesed such that it is “conjugate” to the
previous search direction(s). The first step is esjent to asteepest descerstep, but
subsequent searches are performed along a lineefoa®s a mixture of the current negative

gradient and the previous search direction:

d =-g +4d (35)

whered is the direction of search amlis the gradient. Conjugate gradient methods have
much better convergence characteristics thansteéepest descenbut they are again only
able to locate minima. They do require slightly mstaerage than th8D, since two (current
gradient and previous search direction) vectorst ineistored.
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11.6.1.3. Newton—Raphson methods

The Newton—-Raphso(NR) algorithm calculates the second order derivatif’¢he
function around the current point. The optimizatistep is produced by moving in the
direction of the second order gradient neutralmatiNear a minimum, all the Hessian
eigenvalues are positive (by definition), and thepsdirection is opposite to the gradient
direction. If, however, one of the Hessian eigeugalis negative, the step in this direction
will be alongthe gradient component, and thus increagefunction value. In this case, the
optimization may end up at a stationary point vatie negative Hessian eigenvalue, a first-
order saddle point. In general, thlR method will attempt to converge on the “nearest”
stationary point, regardless of whether this isiaimum, saddle point or maximum. The
disadvantage of the method is the necessity tauledée the full second derivative matrix,
which must be stored and inverted (diagonalized)s Tthe reason why, when using this
method, the initial geometry of computed molecidevery important, and the chemical
intuition helps to choose the right geometry, esdlgcin transition structure searches. Since
analytic Hessians are rather expensive, espedm@lyarger systems, it is advantageous to
avoid computing second derivatives. In thesi-Newtor{QN) approach, instead of using an
analytic Hessian at each step, an approximate &lessi computed at the start of the
calculation (i.e. an empirically estimated Hessiara Hessian computed at a lower level of
theory) and use Hessian updating at the subsewieps in the optimization. Hessian
updating approximates the Hessian using the chamgeosition and gradient from the

previous step.

[1.6.1.4. GDIIS methods

Newton—Raphsomethods can be combined with extrapolation proesjuand the
best known of these is ti@@eometry Direct Inversion in the lterative Subspé@BI11S).%® In
the GDIIS method, theNR step is not taken from the last geometry but feominterpolated
point with a corresponding interpolated gradiergdahon the previously calculated points on

the surface. The method is useful when the geomistmyear a sharp minimum, and is
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counterproductive in the cases when a flat PES meggoscanned, because tihdIS
procedure will attempt to pull the structure bagkhe flat energy region, since this is where
the gradient is small.

[1.6.2. Finding First Order Saddle Points

To locate a minimum on the PES is fairly easy: ifrgtreng else fails, thasteepest
descenimethod is guaranteed to lower the energy valueth®rother hand finding the first-
order saddle points, transition structures (TSush more difficult. The proposed strategies
can be divided into two general categories: (i)sthdased on interpolation between two
minima, and (ii) those using only local informatidnterpolation methods assume that the
reactant and product geometries are known, andltBas located somewhere in “between”.
Local methods use only information about the funcaod its first and possibly also second
derivatives at the current point, i.e. they requioeknowledge of the reactant and/or product
geometries. Local methods require a good startitigyate of the TS in order to converge.
Once the TS has been found, the whole reactionmpathbe located by tracing tharinsic
reaction coordinatél RC)** which corresponds tosteepest descepath from the TS to the

reactant and product.

[1.6.2.1. Interpolation Methods

The one structure interpolation methods start bgcsiein of one or a few internal
“reaction” coordinate that connects reactant aratipet. The selected coordinate(s) is (are)
fixed at certain values, while the remaining vaesbare optimized, thereby adiabatically
mapping the energy as a function of the reactiorakbe(s). The TS is located as maximum
on the obtained energy profile. The success of thethods depends on the ability to choose
a good set of reaction variables. The methods wailk ivonly one or two variables change
significantly between reactant and product, and ti#ained geometry is a good
approximation to the TS.
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In the Linear Synchronous TransfL ST) method all coordinates are varied linearly
between the reactant and product, and no optimizas performed. The assumption is that
all variables change at the same rate along tlatioegpath, and the TS estimate is simply the
highest energy structure along the interpolatioe.liThere are not many cases when LST

lead to a reasonable estimate of the TS.

The Quadratic Synchronous Trans{QST) approximates the reaction path by a
parabola instead of a straight line. After th8T is performed, the)ST is generated by
minimizing the energy in the directions perpendicub theL ST path, and th&€ST path
may then be searched for an energy maximum. A mecent variation ofQST, called
Synchronous Transit-guided Quasi-New{& QN), uses a circle arc instead of a parabola
for the interpolation, and uses the tangent tocttae for guiding the search towards the TS

region. Once the TS region is located, the optinorat switched to guasi—Newton

Other interpolation techniques use two or morecsines to find the TS. The
characteristics of interpolation methods are: (i tmethods estimate an intermediate
geometry on the reaction path that may or may edhb true transition structure; (ii) the TS
found is not necessarily one that connects therwoma used in the interpolation, and an
IRC calculation must be performed to check the reastand products connected by the TS
found; (iii) the reaction path formed by a sequenéepoints generated by constrained
optimizations may be discontinuous; (iv) the existe of many TSs connecting two minima
impose the guidance from the user at the initiatde steps (for example by adding various
intermediate structures) to find more than one T&tarcompare the obtained results; (v) the
advantage of the methods is that the constraingchization can usually be carried out using
only the first derivative of the energy, this awah explicit, and computationally expensive,

calculation of the Hess matrix.

[1.6.2.2. Local Methods

In the Gradient Norm Minimizatiormethods transition structures are located as zero

gradient points on the PES, by minimizing the gnatdreorm. The obvious disadvantages are:
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(i) there are typically many points where the geatinorm has a minimum without being
zero; and (ii) any stationary point has a gradiern of zero, thus all types of saddle points

and minima/maxima may be found, not just TSs.

At a point sufficiently close to the TS, the stamblBlewton-Raphsoformula will
locate the TS rapidly. The Hessian at this poioiusth have exactly one negative eigenvalue,
and the eigenvector should be in the correct doectlong the “reaction coordinate”. Near
such a point theNR step maximizes the energy in one direction (altmg Hessian TS
eigenvector) and minimizes the energy along akothrections. Based on this scheme were
developed algorithms to help the program to find ttue first order saddle points (e.g.
Partitioned Rational Function OptimizatioP{RFO),*® Quadratic Approximation(QA)*
Trust Radius Image MinimizatiomRIM)*"). All NR methods assume that a reasonable
guess of the TS geometry is available. Except chérmtation the interpolation schemes
may be useful to find an initial geometry for the §&arch, as well.

The local methods are characterized by: (i) the sgtgeof good initial geometry
guess; (ii) the methods use the Hessian, whicluite gxpensive in terms of computer time
for electronic structure methods; (iii) systemshwmbany soft vibrational modes are often
problematic, as the resulting low Hessian eigereslmterfere with the negative curvature
along the reaction vector; (iv) the availabilityafjood starting geometry and Hessian assure

a rapid convergence, that often requires only atéas of gradient calculations.
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lll. Computational Electrochemistry of Ruthenium
Anticancer Agents. Unprecedented Benchmarking of

Implicit Solvation Methods

[11.1. Abstract

Two ruthenium(lll) complexes, (HIm)[trans-Ru{@MSO)(Im)] (NAMI-A) and
(HInd)[trans-RuCJ(Ind),;] (KP1019); DMSO = dimethyl sulfoxide, Im = imidaeo Ind =
indazole, have been tested in phase | clinicalstr@es potential anticancer drugs. Ru(lll)
anticancer agents are likely activated in vivo upeduction to their Ru(ll) analogs. Aiming
at benchmarking implicit solvation methods in DRUidses of ruthenium pharmaceuticals at
the B3LYP level, we have calculated the standaddxeotentials (SRPs) of Ru(lll/Il) pairs
that were electrochemically characterized in therditure. 80 SRP values in four solvents
were calculated using three implicit solvation noeth and five solute cavities of molecular
shape. Comparison with experimental data revealdusstantial errors in some of the
combinations of solvation method and solute caWty. example, the overall mean unsigned
error (MUE) with the PCM/UAO combination, which tise popular default in Gaussian 03,
amounts to 0.23 V (5.4 kcal/mol). The MUE with @BCM/UAKS combination, which was
employed by others for recent computational studreghe hydrolysis of NAMI-A and trans-
[RuCls(Im)2]—, amounts to 0.30 V (7.0 kcal/mol) for all compds and to 0.60 V (13.9
kcal/mol) for a subset of compounds of the meditn&levant type, trans-[RugiL)(L")]-.
The SRPs calculated with the PCM or CPCM methodSanssian 03 can be significantly
improved by a more compact solute cavity constdicté¢th Bondi’'s set of atomic radii.
Earlier findings that CPCM performs better than PCdhnot be confirmed, as the overall
MUE amounts to 0.19 V (4-3.4 kcal/mol) for both methods in combination wgbndi’s
set of radii. The Poisson-Boltzmann finite elememdthod (PBF) implemented in Jaguar 7
together with the default cavity performs slighbigtter, with the overall MUE being 0.16 V
(3.7 kcal/mol). Because the redox pairs considardtis study bear molecular charges from

+3/+2 to-1/-2 and the prediction of solvation free energiem@st challenging for highly
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charged species, the present work can serve amexajdbenchmarking of the implicit
solvation methods.

[1.2. Objective

Due to the success of cisplatin as an anticancep dithe search for new
metallopharmaceuticals has continued and extendedon-platinum complexes,most
notably rutheniurhand rhodiunt. Two Ru(lll) complexes, NAMI-A& and KP1019, with the
common lead structure, trans-[Ru)(L’)] ~ (Figure 1), successfully completed phase |
clinical trials/ Recent developments of organometallic Ru(ll) améer complexes are
promising as welf:” Ru(lll) complexes are believed to be activatesiio upon reduction to
their Ru(ll) analogs® A selective reduction in cancer cells occurs fikeidie to the reducing
environment caused by deficiency of molecular oxygetumors (hypoxia)! as the blood
flow to the rapidly growing tumor is insufficienThe standard redox potential (SRP) of a
Ru(lll) complex is believed to be crucial to itstisancer activity*” If it is too low, the
complex is not reduced and remains inactive. I§ itoo high, the complex is reduced too
easily and the selectivity to cancer cells is lost.

Figure 1. NAMI-A and KP1019, two Ru(lll) anticanagmplexes in clinical trials.
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The prediction of SRPs can rationalize and acceletiae search for new drugs,
because an in silico screening can be performedrdetlevant compounds are selected,
synthesized, and tested in vitro and in vivo. S 8RPs were often predicted using an
empirical increment systethderived from experimentally measured SRPs. Thigigcal
approach is successful if strongly related compesuace compared to each other; for
example, it does not distinguish between geomgtoimers. A more general approach for the
prediction of SRPs is based on modern quantum damalculations? The objective of the
present work is benchmarking various implicit stitva methodS and molecule-shaped

solute cavities employed for DFT studies at the BBt**’ level.

Recent computational studies of other groups ajelyrcomplementary to the present
work. First, benchmarking studies were carried touassess the performance of different
implicit solvation protocols for organic and mainogp element compound¥®® Second,
computation of SRPs of group 8 metal complexes Ijnastorganic solvents demonstrated
that the approach is valid for a wide range of SRPEhird, the SRP of the aqueous
Ru**ag/Rid*aq pair was calculated using a variety of quanthentcal methods, ECP’s, and
basis sets, implicit solvent models, and caviti€se influence of the first and second
solvation shells on the SRP of the’fag/R¥*aq pair was investigated as WeIDFT studies
on Ru(lll) anticancer agents were recently reportedt validation of the method by
predicting their SRPs was not taken into accétifitin the present work, we consider 80
SRPs of 61 ruthenium complexes in four solvéhfd.While various types of ruthenium
complexes are included, an emphasis is placed ticaaner complexes in aqueous solution,
the SRPs of which were measured recéntR?’ and fall into a fine biologically relevant
window (from-0.4 to +0.8 V vs NHEJ® We believe that the results of this work provide a
general benchmarking of the implicit solvation aygmhes and will improve the accuracy and
credibility of future computational studies of ratlum pharmaceuticals and other metal

complexes.
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[11.3. Methods

The geometries of the molecules were optimizedhatgradient-corrected DFT level
using the 3-parameter fit of exchange and coraatunctionals of Beckel6 (B3LYP),
which includes the correlation functional of Leany, and Parr (LYPY, as implemented in
Gaussian 0%’ The Stutgart-Dresden scalar-relativistic energysistent small-core effective
core potential (ECP) and the corresponding valdrases sets were used for the Ru
(MWB28)* and | atoms (MWB463* and the 6-31G(d,p) basis sets were used for ther ot
atoms®® This basis-set combination is denoted M. Vibratlofrequencies were also
calculated at B3LYP/M; all structures reported irer@e minima on the potential energy
surfaces. Improved total energies were calculatetieaB3LYP level using the same ECP
and valence-basis set at Ru and I, but totally mtmaoted and augmented with two sets of f
functions and one set of g functioigpgether with the 6-311+G(d,p) basis sets at thero
atoms, and the 6-311+G(3d) on S, Cl and Br atorhgs basis-set combination is denoted
XL. Free energies in vacuo fBwere calculated by adding corrections from urestaero-
point energy (ZPE), thermal energy, work, and entrevaluated at the B3LYP/M level at
298.15 K, 1 atm to the energies calculated at BleY®/XL//M level.

Solvation free energiedGso) Of the structures optimized in vacuo at the B3IMP
level were calculated using three implicit solvatimethods® The Polarizable Continuum
model (PCMJ*in its integral equation formalism (IE®)as implemented in Gaussian 03 and
the Conductor-lik& Polarizable Continuum Model (CPCR)in Gaussian 03,29 and the
Poisson-Boltzmann finite element method (PBF) Jaguar 7° These methods belong to the
class of self-consistent reaction field (SCRF) rodth The solute is embedded in a
continuum dielectric with a dielectric constantepresenting the solve#tThe solute charge
distribution polarizes the continuum dielectric,datine potential arising from the solvent
polarization in turn modifies the solute Hamiltamialhe calculation of the solute wave
function is carried out iteratively until self-castency. The PCM method describes the
solvent reaction potential in terms of apparenfasmigr charges localized on tesserae at the

continuum boundary. The CPCM method uses appanefasice charges as well, but describes
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the solvent first as a conductar£ «) and then rescales the charges for a finite vafube
dielectric constant. The PBF method uses finitenel&s for numerical solution of the
Poisson-Boltzmann differential equation. The PCM &PCM calculations were done at the
B3LYP/M level, while the PBF calculations were date¢he B3LYP/LACVP** level, which
includes a scalar-relativistic energy-consisteralscore ECP! and basis set at the metal and
the 6-31G(d,p) basis sets at the other atoms.

The three solvation methods were used together sothte cavities of molecular
shape; the PCM and CPCM methods together with délvéies based on the UAO, UAHF,
UAKS, and Bondi radii and the PBF method in Jagutngether with the default set of radii.
In the United Atom (UA) topological modeféthe cavity is obtained from spheres centered
on non-hydrogen atoms. The radius of each spherends on the atom type, its connectivity
and the number of hydrogen atoms attached; typialies are listed in Table 1. The UAO
radii are based on the Universal Force Field (UBRjariants of these radii were optimized
at the Hartree-Fock level (UAHt)and Perdew-Burke-Ernzerhof (PBEKohn-Sham DFT
level (UAKS)? In contrast, Bondi*®¥ set of radii consider hydrogen atoms explicithyd ahe
values depend on atom identity rather than onoitsectivities or hybridization. The radii are
used in several ways for the construction of cawityhe calculations of the solvation free
energiesAGsoy, Which is decomposed into solute-cavity-formatiof\Ga,), electrostatic
(AGeisp, and dispersion and repulsioGgisep contributions AGsey = AGeist + AGgis-rep +
AGca). In the PCM and CPCM implementations, the nomtedstatic contribution&Gyis-rep
and AGcay are calculated using a solvent accessible surf8s)*® whereasAGey; is
calculated using a similar surface constructedhieyradii scaled by a facfSrand additional
spheres to smoothen the surface. In the PBF methBgs; is calculated using an SAS
constructed by a set of standard radii includingliex hydrogen atoms (Table 1). An
empirical formula depending linearly on the SASaaie employed for the remaining terms,
AGgisrep + AGcav. Our attempts to further refine this set of raamlichange the basis sets

indicated that the PBF protocol had been reasor@iilynized.
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Table 1. Radii (A) used for constructing the sokdgities considered in this work.
UAO0O UAHF UAKS Bondi PBF

H 1.200 1.150
C 1.700  1.900
C® 1925 1.725 1.725
CH® 2125 1.905 1.905
CH® 2325 2193 2.193
CHs® 2525 1.950 1.950
N 1.550 1.600
N®* 1.830 1.551 1.461
NH® 1930 1.641 1.551
NH,® 2.030 1.680 1.680
NH® 2.130 1.770 1.770
o) 1.520 1.600
O* 1750 1569 1.479
OHY 1.780 1.590 1.590
OH,° 1.950 1569 1.569
S 2017 1959 1.95¢ 1.800 1.900
Cl 1973 195¢ 195¢ 1.750 1.974
Br 2094 2080 2.085 1.850 2.095
Ru 1482 1.482 1.482 1.482 1.481
| 2250 2350 2.350 1.980 2.250

a In trans[RUuCL(DMSO)IM)[. b In cis[Ru(NHs)4(OH.):*". ¢ In trans
[Ru(NHs)sBr(isn)+ d In [Ru(NH)s(OH)J** e In mer trans[RUCkL(ELS)(Indy]. f In cis-

[Ru(NHa)4l(py)]**.

Standard redox potentials (SRPs) were calculateth®rasis of the thermodynamic
cycle shown in Figure #°°which is similar to that proposed for the predintiof acidity
constants.51 The SRP is related to the reactieneinergy in solutionAG®):

SRP = (G/zF) -ASRRye

with AG® = - AGeo(OX) +AG! + AGson(Red)

according to Figure 20G! is the reaction free energy in vaclGso(Ox) andAGse(Red)
are the solvation free energies in of the oxidiaed reduced form, F = 96,485 C/mol =
23.061 kcal/(Vmol) is the Faraday constant, andlzfer one-electron reductions. The SRPs
are shifted byASRRye = 4.28 V to align the results to the scale of M@mal Hydrogen
Electrode (NHEJ?
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Figure 2. Thermodynamic cycle for calculating regoxentials.

~AG]
OXyae + € Red ¢
AGsoIv AG=0 AGsolv
AG*®

OXsoy + € Red g0y

[11.4. Results and Discussion

We start with the default solvation protocol in Gsian 03, which consists of the
Polarizable Continuum Model (PCRf)together with the default definition of the solute
cavity on the basis of the united atom topologinabel UA0* This approach is denoted as
Protocol I. Figure 3a shows the calculated (PCM/WU¢experimental SRPs. The results are
displayed as follows: (i) The solvent (ACN, DMF, [3®, water) is indicated by the color of
symbol. (ii) The molecular charge of the redox paanging from +3/+2 tel1/-2 is indicated
by the shape of symbol. (iii) The medicinal relesgums indicated by the filling of symbol, as
the agqueous SRPs for the complexes of the tiygres-[RuCly(L)(L")] ~ are displayed as filled
symbols. The two drug candidates in the clinics, 18 and NAMI-A, belong to this
category (Figure 1). To analyze the results in angjtative manner, mean unsigned errors
(MUE) are listed in Table 2, sorted by solvent, ewnllar charge, and medicinal relevance.
The overall MUE of Protocol | for the complete sétdata (all compounds in all solvents) is
0.23 V (5.4 kcal/mol). Similar MUE values are obtdl for subsets of complexes in water
and medicinally relevant complexes, 0.26 V (6.0l/kaal) and 0.29 V (6.8 kcal/mol),
respectively.
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Figure 3. Calculated vs experimental SRPs. (a) Poblp PCM/UAOQ, (b) Protocol II,

PCM/UAHF, (c) Protocol IV, PCM/Bondi, (d) Protocdll, PB. The data are sorted by
solvent (color of symbol) and charge (shape of sylinhqueous SRPs of the medicinally

relevant complexes with the lead structarans-[RuCly(L)(L)] ~, are displayed as filled

symbols.
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Protocol Il combines the PCM method with the UAH&vity, as implemented in
Gaussian 03. This approach has been frequently asetlis recommended for the prediction
of solvation free energies by comparing solutiod gas phase free energies.29 Figure 3b
displays the calc. vs exp. SRPs and Table 2 insltlle MUES. The calculations reveal that
this protocol performs worse than protocol I: Thé&J® for the complete set of data (all
compounds in all four solvents) is 0.32 V (7.4 keall). Considering the molecular charges
of the redox couples, the most unsatisfactory tesalle obtained for the highly charged
complexes, as the +3/+2 pairs antf-2 redox pairs have MUEs of 0.30 V (7.0 kcal/mol)
and 0.59 V (13.5 kcal/mol), respectively. A rattmgh MUE of 0.63 V (14.6 kcal/mol) is
obtained for the medicinally relevant subset. Rrokdll uses the same PCM method together
with the UAKS radii, as implemented in Gaussian i85 definition of the solute cavity is
recommended for DFT calculatiofisThe calculations show only a very minor improvemen
in comparison with the UAHF approach, as the MUEs similar to those of Protocol II
(Table 2).

Table 2. Mean unsigned errors (MUE) in the caleotabf SRPs using Protocols I-VII. All

values in Volt (V).

I Il [ v Vv VI Vil
PCM PCM PCM PCM CPCMCPCM PBF
compounds number UA0O UAHF UAKS Bondi UAKS Bondi

all 80 023 032 031 0219 030 0.19 0.16
solvent

ACN 4 0.10 064 065 0.02 064 0.03 0.02
DMF 16 0.10 0.16 0.16 0.25 0.15 0.26 0.16
DMSO 14 034 038 036 021 035 0.22 0.17
water 46 026 033 031 018 031 0.17 0.17
charge

+3/+2 8 045 030 0.27 0.27 027 0.27 0.23
+2/+1 18 0.19 0.18 0.16 0.15 0.16 0.15 0.13
+1/0 10 0.10 0.15 0.3 019 013 0.19 0.19
0/-1 21 026 024 024 018 023 0.19 011
-1/-2 23 023 059 057 020 057 0.20 0.19
Lead 14 029 063 061 014 0.60 0.14 0.16

a Aqueous SRPs of the compounds with the leadtatatcans-[RuCly(L)(L")] ~
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To analyze the performance of the methods furthdrta identify systematic errors,
we have also calculated the mean signed errors (M&& Table 3). For protocols I-ll, the
MSEs are positive for cationic redox pairs charg@/€2), but they are negative for anionic
redox pairs€1/-2). The relatively large errors for these highlyaded complexes remained
undiscovered in the past, because typical benchngadtudies uses pKa values and SRPs
involving only species that have a molecular chdrgeveen +1 andl. Because SRPs are
derived from the differential free energies of ttedluced forms (Figure 2), the MSEs
translate to an underestimation of solvation fraergies that is strongest for the species
bearing the highest (positive or negative) molecualarge q. Bearing the simple Born
modeP? for ions in spherical cavitieAGsolv proportional -g™%) in mind, one would expect
that a more compact molecular cavity improves tbsults, because of the reciprocal
dependence of the solvation free ened@.y on the sphere radius r. While our attempts to
manually adjust the cavity within the united atopp@ach did not improve the results, we
have also considered the PCM model combined wittoee compact cavity based on Bondi
radii (Table 1); this combination is denoted astévol IV. SRPs are plotted in Figure 3c and
the MUE and MSE are listed in Table 2 and 3. Thieutations reveal that Protocol 1V
significantly improves the agreement with the ekpental values. The overall MUE for the
complete set of data (all compounds in all solveist®.19 V (4.3 kcal/mol). Remarkably, the
MUEs are now relatively similar for all chargesreflox pairs from +3/+2 tel/-2 (Table 2).
The MSEs indicate that the systematic errors haenlargely eliminated (Table 3). The
performance of this protocol is convincing, asndicated by MUEs of 0.18 V (4.0 kcal/mol)
for the complexes in aqueous solution and 0.14.9 kBal/mol) for the medicinally relevant
set (Table 2).
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Table 3. Mean signed errors (MSE) in the calculatbSRPs using protocols I-VII. All
values in Volt (V).

I Il 1l v V VI VI
PCM PCM PCM PCM CPCMCPCM PBF
compounds number UAO UAHF UAKS Bondi UAKS Bondi

all 80 0.01 -0.17 -0.17 0.08 -0.17 0.08 0.03
solvent
ACN 4 -0.10 -0.64 -065 -0.01 -0.64 0.00 0.00
DMF 16 0.06 -0.11 -0.11 0.23 -0.10 0.24 0.11
DMSO 14 -0.18 -0.33 -0.33 0.21 -0.33 0.22 0.15
water 46 006 -0.09 -0.10 -0.01 -0.10 -0.01 -0.03
charge
+3/+2 8 0.45 0.29 0.25 0.20 0.25 0.20 0.20
+2/+1 18 0.14 0.14 0.12 -0.07 0.11 -0.07 -0.05
+1/0 10 0.03 -0.01 -0.02 0.10 -0.02 0.10 -0.02
0/-1 21 -0.11  -0.22 -0.20 0.18 -0.19 0.19 0.09
-1/-2 23 -0.15 -0.59 -0.57 0.04 -0.57 0.05 -0.01
Lead 14 -0.29 -063 -061 -0.12 -0.60 -0.11 -0.16

a Aqueous SRPs of the compounds with the leadtstetcans-[RuCly(L)(L")] ~

On the basis of pKa predictions for neutral and owationic organic molecules, it
was convincingly shown18 that the conductor-likeeeaing approach (CPCM) performs
better than the polarizable continuum model (PCMjithout further benchmarking
calculations for metal complexes, the CPCM methmgkther with the UAKS cavity was
recently employed for a computational studies oa liydrolysis of NAMI-A andtrans-
[RuCly(Im)2]~.>* Hence, we have included the CPCM/UAKS approacbuinbenchmarking
(Protocol V). The calculations reveal that ProtoWoperforms as disappointingly as does
Protocol 1l (PCM/UAKS). For example, the MUE forethset of medicinally relevant
compounds of th&rans-[RuCly(L)(L")] ~ type amounts to 0.60 V (13.9 kcal/mol). To compare
the PCM and CPCM performance further, we have atswsidered the CPCM method and
the Bondi radii (Protocol VI); these results areryesimilar to those of Protocol Il
(PCM/Bondi). In summary, there is a striking agreembetween the PCM and CPCM
approaches, which is consistent with a benchmarindy of the SRPs of nitrogen oxides.19

An appropriate definition of the solute cavity appeto be at least as important as the choice
of the solvent model.
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Finally, we have employed a finite element methodthe numerical solution of the
Poisson-Boltzmann equation (PBF) as implementethguar 7, together with the default set
of radii for setting up the solute cavity (Protodadl). This approach has been used in our
series Quantum chemical studies of metals in meelitand in other studiésof medicinally
relevant metal complexes. Figure 3d visualizesSR®s and Table 2 and 3 list the errors.
The overall MUE for the complete set of data (alnpounds in all solvents) is 0.16 V (3.7
kcal/mol), which is the best value among all sabvaprotocols considered in this work. The
approach performs well for all four solvents andnablecular charges of redox pairs from
+3/+2 to-1/-2. The MUE is 0.17 V (4.0 kcal/mol) for the compsxin water and 0.16 V
(3.7 kcal/mol) for the medicinally relevant set.eTperformance of Protocol VII (PB) is very
similar to the PCM and CPCM methods with the Baiadiii.

Despite the overall success of the PBF method, ave identified a few cases where
this approach predicts unsatisfactory results, amspared to the experimental values. The
aqueous SRP of the hydrated Ru ion redox couple(dRy)¢>"%*
overestimated by +0.83 V (Figure 3§)in contrast, the SRP of [Ru(NH(OH)]*""* andcis-

[RU(NH3)4Cl,] " are computationally underestimated by -0.52 V &h60 V, respectively

is computationally

(Figure 3d). The other protocols perform better tloe latter compound (see Figure 3 and
Table S3), but all protocols using the Bondi andQUéavities overestimate the SRP of
[Ru(OHy)e]**%* by +0.91-0.93 V. The fact that the aqueous Rul)jltedox couple poses a
challenge to computational chemistry was also pdirdut in a recent article that focuses
entirely on this redox paff. These authors make extensive use of their conipnély
efficient solvation model termed SM6and predict at B3LYP a SRP that is +0.77 V higher
than the experimental value. As the [Ru@@H" is highly charged and contains six aqua
ligands, the predicted SRP depends strongly onrddeis employed for the oxygen and
hydrogen atoms. We find that shrinking the H atawdlius or H and O atom radii in the PBF
method to 1.02 A or 1.02 and 1.52 A, respectiviedduces the error in the calculated SRP to
+0.46 V or +0.39 V, but increases the errors fa tther two problem cases. The surface
charge density of [Ru(Ofi]*>* can be lowered by the second hydration shell, kvhias
represented in the recent stlldyy a symmetric arrangement of 12 additional water
molecules. Remarkably, this approach led at B3L&¥'R SRP that is —0.23 V lower than the

experimental value.
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Finally, we would like to emphasize that thereasme arbitrariness in the prediction
of absolute SRPs because of the choicA®SRRne. ASRRwe may be calculated using a
thermodynamic cycle for the reaction, 1/2 H H" + €, analogue to that in Figure 2.
ASRRe is the sum of the gas phase free ené@ynwe Of this reaction and the solvation
free energy of H The authors of ref. 52 cho&&'\e = 362.59 kcal/maf obtained from
thermochemical data andGsu(H") = —263.98 kcal/md! obtained from extrapolating
thermochemical data for ion-pair clusters with op6t water molecules to bulk solvent to
arrive atASRRue = 4.28 V2 which is the same value employed for the presemrkw
ConsideringAG'yue = 362.59 kcal/mdP together withAGso(H") = —264.61 kcal/mé?
obtained from a thermodynamic cycle of acetic atigbociation results in the alternative
value of ASRRye = 4.25 V, thus shifting the predicted SRPs of Ru(lll/1l) redox couples
by +0.03 V. Considering\G'\ue = 362.5 kcal/mdf together withAGso(H") = —259.5
kcal/moP? obtained from electrochemical data leads to theulaw value oASRRue = 4.44
V.%3 ConsideringAGnwe = 364.27 kcal/mol, calculated at the B3LYP/XL//BVEl, and the
sameAGso(H") = —263.98 kcal/mdl results inASRRe = 4.35 V. By estimating the
absolute half cell potential using the metffoathich shifts the surface dipole layer problem
away from the electrolyte-air interface and focugemn the solid the widely used value of
4.43 V was obtained. Because of this arbitrarineshe choice oAG \e and AGso(H™),
one may simply treaASRRye as a free parameter to be obtained in a fittinocedure.
Given that the mean signed error (MSE) of the PRfhod (Protocol VII) amounts to only
0.03 V (Table 3), however, we believe tlsRRye = 4.28 V suggested in ref. 52 is an

excellent choice.

In conclusion, we recommend the Poisson-Boltzmanitefelement solver (PBF)
implemented in Jaguar (Protocol VIl) and the PCMGRCM method together with the
Bondi radii implemented in Gaussian (Protocols hd &/I) for future DFT/CDM studies.
However, caution is advised if the solute is higtityrged and contains many hydrogen bond
donors in the first shell. Our recommendation is lmited to ruthenium complexes, as the
metal center in the compounds considered in thikwosurrounded by an octahedral ligand
environment and not directly exposed to solvenaddition, the wide range of the molecular
charges of the redox pairs from +3/+2-tb/~2 has made the calculation of solvation free

energies very challenging. Consideration of higldgarged species has led to the
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identification of systematic errors in the solvatimee energies that were difficult to find in
previous benchmarking studies involving compoundk wolecular charges from +1 to —1.
Hence, the results of the present work may servanasinprecedented benchmarking of
implicit solvation methods for density functionalidies of the reactions of metal complexes

involved in catalysis, biology, and medicine.
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[11.6. Supporting Information

Table S1. Mean unsigned errors (MUE) in the cateuteof SRPs using protocols I-VII. All
values in kcal/mol.

I Il 1] v \Y VI VI
PCM PCM PCM PCM CPCMCPCM PBF
compounds number UAO UAHF UAKS Bondi UAKS Bondi

all 80 54 7.4 7.1 4.3 7.0 4.4 3.7
solvent

ACN 4 2.3 14.8 14.9 0.6 14.8 0.7 0.5
DMF 16 2.3 3.7 3.6 5.7 3.5 6.0 3.6
DMSO 14 7.8 8.7 8.2 4.8 8.1 5.0 3.9
water 46 6.0 7.6 7.2 4.0 7.1 4.0 4.0
charge

+3/+2 8 10.4 7.0 6.2 6.2 6.1 6.1 5.3
+2/+1 18 4.3 4.0 3.7 3.4 3.6 3.4 3.1
+1/0 10 2.4 3.4 3.0 4.3 3.0 4.3 4.3
0/-1 21 6.0 5.6 54 4.2 5.3 4.4 2.5
-1/-2 23 52 135 13.2 4.6 13.0 4.6 4.4
Lead 14 6.8 14.6 14.0 3.3 13.9 3.1 3.7

& Aqueous SRPs of the compounds with the lead streittans-[RuG(L)(L)] ~

Table S2. Mean signed errors (MSE) in the calooetif SRPs using protocols I-VII. All
values in kcal/mol.

I I " v V VI VI
PCM PCM PCM PCM CPCMCPCM PBF
compounds number UA0O UAHF UAKS Bondi UAKS Bondi

all 80 02 -3.8 -3.9 1.7 -3.8 1.9 0.7
solvent

ACN 4 2.3 -148 -14.9 -0.2 -14.8 0.1 0.1
DMF 16 1.3 -26 -2.5 5.3 -2.4 5.6 2.6
DMSO 14 41 7.7 -7.7 4.8 -7.5 5.0 3.4
water 46 1.3 22 -2.2 -0.3 -2.2 -0.2 -0.8
charge
+3/+2 8 104 6.7 5.8 4.6 57 4.5 4.7
+2/+1 18 3.2 3.2 2.7 -1.6 2.6 -1.6 -1.1
+1/0 10 08 -0.1 -0.5 2.3 -0.5 2.4 -0.4
0/-1 21 2.7 5.1 -4.6 4.0 -4.5 4.3 2.2
-1/-2 23 -35 -135 -13.2 1.0 -13.0 1.2 -0.1
Lead 14 -6.8 -14.6 -14.0 -2.7 -13.9 -2.6 -3.7

& Aqueous SRPs of the compounds with the lead sireittans-[RuGI(L)(L")] ~
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Table S3. Calculated vs experimental SRPs. Proto€&M/UAOQ; Il: PCM/UAHF; II:
PCM/UAKS:; IV: PCM/Bondi; V: CPCM/UAKS:; VI: CPCM/Bodi; VII: PBF. The results

are sorted by molecular charge, solvent, and charsimilarity.

| Il 1] v \ VI
PCM PCM PCM PCM CPCM CPCM PBF

Complex (oxidized form) solvent UAO UAHF UAKS Bondi UAKS ddi PBF exp Ref
[Ru(lm)g]** water 0.51 0.66 0.56 0.24 0.56 024 042 0.30 24g
[Ru(Melm)]®* water 0.40 0.46 0.36 0.06 0.36 0.06 0.16 0.28 24g
[Ru(eny]®* water 0.46 0.29 0.27 0.23 0.27 0.23 0.23 0.18 24b
[Ru(OHy)el** water  1.16 0.16 0.16 1.14 0.15 1.14 1.06 0.23 56
[RU(NHs)s(OH,)]%* water 0.68 0.53 0.53 0.34 0.53 0.34 025 0.08 24b
cis[RU(NHg)4(Im),]** water 0.52 0.57 0.56 0.23 0.56 0.22 0.27 0.15 24g
trans-[RU(NHz)4(Im);]** water 0.53 0.59 0.54 0.27 0.54 0.27 0.26 0.12 24g
cis[RU(NH3)4(OH,),* water  0.79 0.48 0.47 051 0.46 051 040 0.11 24b
[RUCI(OH,)s)?* water 0.56 0.66 0.62 0.61 0.62 0.61 052 0.08 24b
[Ru(NH)sBr]* water 0.16 0.13 0.13 -0.07 0.13 -0.07 -0.11 -0.02 24a
[Ru(NHa)sCI?* water 0.08 0.01 0.01 -0.15 0.01 -0.15 -0.20 -0.06 24b
[Ru(NHa)s(OH)J** water -0.75 -0.75 -0.75 -0.86 -0.75 -0.86 -0.93 -0.41 24b
cis[Ru(NH).Cl(py)]** water 0.28 0.25 0.25 0.06 0.25 0.06 0.09 0.17 24a
trans-[Ru(NHs).Cl(py)]** water 0.28 0.26 0.26 0.08 0.26 0.08 -0.05 0.20 24a
cis[RU(NHy),Cl(isn)** water 0.47 0.41 0.45 0.26 0.42 0.26 0.25 0.23 24a
trans-[Ru(NHa)Cl(isn)** water 0.36 0.36 0.34 0.17 0.34 0.17 0.14 0.29 24a
cis[RU(NHg)4(CH,CN)CI]**  water 0.45 0.38 0.36 0.21 0.36 021 021 031 24a
trans-[RU(NHa)4(CHsCN)CI?*  water 0.52 0.47 0.47 0.28 0.46 028 0.23 0.32 24a
cis[Ru(NHy),Br(py)]** water 0.36 0.32 0.32 0.11 0.32 0.11 0.14 0.19 24a
trans-[Ru(NHs),Br(py)]** water 0.33 0.32 0.32 0.12 0.32 0.12 0.11 0.19 24a
cis[Ru(NHs),Br(isn)[>* water 0.47 0.41 0.46 0.29 0.46 0.29 0.27 0.24 24a
trans-[Ru(NHa)Br(isn)** water 0.33 0.39 0.32 0.09 0.32 0.09 0.19 0.30 24a
cis[RU(NHs)4l(py)]** water 0.41 0.39 0.40 0.19 0.39 0.19 025 0.23 24a
trans-[Ru(NHa)4l(py)]** water 0.10 0.45 0.13 -0.25 0.13 -0.26 0.26 0.18 24a
cis[RU(NHg)l(isn)]* water 0.53 0.48 0.49 0.34 0.49 0.34 037 0.26 24a
trans-[RU(NH),l(isn)]?* water 0.55 0.54 0.53 0.30 0.52 030 035 0.29 24a
cis[RU(NHs)Cl]* water -0.25 -041 -041 -0.31 -0.41 -0.30 -0.71 -0.11 24b
trans-[RU(NH3),Cl,]* water -0.14 -0.34 -0.34 -0.24 -0.34 -0.23 -0.23 -0.16 24a
Cis-[RUCL(OH,)4]* water 0.05 0.06 0.06 0.27 0.06 0.27 025 0.03 24b
trans-[RUChL(Im),]* DMF -0.20 -0.17 -0.19 0.13 -0.19 0.14 -0.24 -0.15 25c
trans-[Ru(bim),Cl,]* DMF 0.28 0.28 0.24 0.43 0.25 0.44 0.25 -0.03 25c
trans-[RUCI(trz),]* DMF 0.31 0.30 0.31 0.42 0.31 0.42 0.18 0.24 25c
trans-[RUCk(pz)]* DMF 0.23 0.18 0.21 0.22 0.21 0.22 022 035 25¢c
trans-[RUChL(Im),]* DMSO -0.23  -0.27 -0.29 -0.17 -0.29 -0.17 -0.24 -0.18 25¢c
trans-[Ru(bim),Cl,]* DMSO 0.20 0.19 0.10 0.23 0.10 0.24 031 -0.03 25c
trans-[RUCHy(trz),]* DMSO 0.22 0.28 0.23 0.18 0.23 0.18 0.17 0.20 25c
Ru (bpy)(4,4'-bpy)d ACN 0.06 -0.36 -0.33 0.12 -0.32 0.13 0.14 0.18 24i
Ru (bpy)(CHCN)Cls ACN 0.14 -0.42 -0.42 0.23 -0.41 024 023 0.21 24i
mer trans-RuCk(Me,S)(Ind,  DMF 0.11 0.04 0.11 0.25 0.06 024 021 0.16 25b
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mer transRUCK(ELS)(Indy, ~ DMF ~ 0.13  0.00 002 019 008 023 011 017 25b

mer-Ru (buim}Cls DMF  -0.57 -0.76 -0.80 -0.31 -0.79 -0.29 -0.39 -0.50 25c
mer -Ru(bim)Cls DMF  -0.32 -0.54 -0.50 -0.12 -0.49 -0.09 -0.29 -0.41 25c
mer -RuCk(Metrz)g DMF -0.11 -0.23 -0.22 0.02 -0.22 0.03 -0.06 -0.18 25c
mer-RuCk(Mepz) DMF 0.01 -0.15 -0.13 0.06 -0.13 0.08 -0.05 -0.13 25c
mer-RuCk(pz); DMF -0.01 -0.09 -0.06 0.17 -0.06 0.18 0.09 -0.10 25c
mer-RuCh(Ind); DMF 0.08 0.02 0.03 0.28 0.03 029 022 010 25c

mer transRuCk(Me,S)(Indy DMSO  0.15 -0.21 -0.20 026 -0.20 027 022 0.18 25b
mer transRUCK(ELS)(Indy, DMSO 011  -0.24 -024 021 -023 022 013 019 25b

mer-Ru (buim}Cls DMSO -0.50 -1.03 -1.04 -0.33 -1.03 -0.32 -0.37 -0.46 25c
mer-Ru(bim)Cls DMSO -0.29 -0.81 -0.76  -0.12 -0.75 -0.10 -0.27 -0.38 25c
mer-RuCk(Metrz) DMSO -0.11 -0.56 -0.55 -0.03 -0.55 -0.02 -0.05 -0.20 25c
mer-RuCk(Mepz) DMSO 0.03 -0.42 -0.39 0.10 -0.39 0.11 -0.03 -0.13 25c
mer-RuCk(pz); DMSO 0.03 -0.32 -0.30 0.17 -0.29 0.18 0.10 -0.11 25c
mer-RuCh(Ind); DMSO -3.33 -0.07 -0.08 0.41 -0.07 0.42 024 0.09 25c

mer-RUCK(DMSO),(OH,)  water 068 053 056 076 056 077 0.60 0.43 24d
mer-RU(NH;)Cls(DMSO),  water 069 050 052 069 052 069 062 0.36 24d
mer -RUCK(DMSO),(Im) water 042 033 036 047 037 048 038 034 24d

[Ru(bpy)Cl]™ ACN -019 -0.84 -090 -0.07 -0.89 -0.06 -0.07 -0.08 24i
[Ru(dcbpy)Cl]™ ACN -001 -056 -055 0.09 -054 009 010 0.08 24i
trans[RUCL(DMSO)(Im)]  DMF  -0.16 -0.38 -0.38 001 -0.37 003 -0.10 -0.22 25a
trans-[RUCI(Im),]~ DMF -058 -0.85 -0.90 -031 -0.88 -029 -0.40 -0.72 25c
trans-[RUCHy(trz),] DMF -0.36 -1.33 -1.34 -0.15 -1.33 -0.13 -0.16 -0.48 25c
trans-[RUC(Ind),]~ DMF -0.27 -048 -047 006 -046 007 -011 -0.43 25¢c
trans-[RUCI(Im),]~ DMSO -059 -1.46 -1.46 -0.35 -145 -0.33 -0.35 -0.74 25c
trans-[RUCHy(trz),] DMSO -037 -1.22 -1.20 -0.18 -1.20 -0.18 -0.12 -0.44 25c
trans-[RUC(Ind),]~ DMSO -023 -092 -0.90 0.09 -0.90 010 -0.09 -0.41 25c
trans-[RUCI(Im),]~ water -0.47 -0.92 -0.83 -020 -0.83 -0.19 -0.30 -0.15 24f
trans-[RUCHy(tz),]” water -0.28 -0.62 -0.63 -0.09 -0.63 -0.08 -0.12 -0.01 24h
trans-[RUCH(Ind),]~ water -0.12 -0.45 -045 0.19 -0.44 020 0.03 003 25a
trans-[RUCl,(DMSO),]~ water 018 -0.15 -0.11 031 -0.11 032 028 047 24c

trans[RUCL,(DMSO)(OH,)]~  water ~ 0.06  -0.19 -0.17 021 -0.17 021 025 0.35 24c
trans[Ru (NH5)Cl(DMSO)[  water -0.05 -0.35 -0.33 0.08 -0.33 0.09 005 027 24d
trans[RUCL(DMSO)(Im)]  water  -0.06  -0.47 -0.38 012 -037 013 007 0.24 24d
trans[RUCL,(DMSO)(Melm)] water -0.11  -042 -0.40 007 -0.39 0.08 004 025 24d
trans[RUCL(DMSO)(pz)]  water  0.03 -0.33 -0.31 016 -0.31 017 011 031 24d
trans[RUCL(DMSO)(Ind)]  water ~ 0.06 -0.28 -0.27 0.18 -027 019 0.16 0.33 24d
trans[RUCL(DMSO)(py)]  water -0.01 -0.33 -0.31 0.15 -0.31 016 015 031 24d
trans[RUCL(py)(TMSO)]  water -0.03 -0.37 -0.37 015 -0.36 0.6 012 0.30 24d

a

bim: benzimidazole, bpy: 2,2-bipyridine, 4,4-bpy4,4 -bipyridine, buim: 1-
butylimidazole, dcbpy: 4,4’-dicarboxylic acid-2,Bipyridine, EtS: diethyl sulfide, MgS:
dimethyl sulfide, DMSO: dimethyl sulfoxide, en: gkbnediamine, Im: imidazole, Ind:
indazole, isn: isonicotinamid, Meim: 4-methylimidde, Mepz: 4-methylpyrazole, Metrz: 1-
methyl-1,2,4-triazole, py: pyridine, pz: pyrazotez: 1,2,4-triazole, Metrz: 1-methyl-1,2,4-
triazole, TMSO: tetramethylene sulfoxide, tz: thukez

61



Figure S1. Calculated vs experimental SRPs. (apPoblll, PCM/UAKS, (b) Protocol V,

CPCM/UAKS, (c) Protocol VI, CPCM/Bondi. The data aorted by solvent (color of

symbol) and charge (shape of symbol). Aqueous SRP&e medicinally relevant complexes

with the lead structure, trans-[Ru@l)(L")] -, are displayed as filled symbols.

Z-/)- Jejem n
¢/Ll-OSNd o
¢-/1- 4Nd

¢/L-NOV o
1-/0 Jejem o
L-/0 OSINA ©
L-/0 4NA
L-/0 NOV o
0/L+ OSA +
0/1+ dINd
0/L+ loyem +
L+/2+ 18)em o
Z+/S+ J81em v

dxa
00’L 0S'0 000 0S°0-
<
LZ(HOYS(CHN)NH]
| J[E0Y(E HN)nyl-sro
6L0LdM t\o o
V-INVN ° [, &% &

.
./ =

L

g/ﬂho

0%
<o
" o

L |
i

(O H)NH] .

(0)

00°}-

00°L-

050~

000

0S0

00°L

oleo

dxa

00’} 050 000 050~
6L0Lc H -
O,
V-INVN . ;._?Efzv:m_
[u] o
. 8
. o LA0"(E HNInyl-s10
1 1 1 N . ;
3
a
< % v +m~wAOva3N=
0% WY [
<
(q)
dxe
00'L 050 000 05°0-
6L0LdM O .
L oo
V-IINYN L ™
o[ o  AHOFCHNIN]
+
| | @ I
o o a0 (E HNInYl-sio
WL K
& L
08 v | lotH)ny]
o vV
0 % V o

(e)

00°}-

00°}-

0S°0-

000

0G0

00}

00°L-

00°}-

0G0~

000

0S°0

00}

o[eo

0|0

62



I11.7. References

Q) Jung, Y.; Lippard, S. Chem. Rev. 2007, 107, 1387.

(2) Clarke, M. J.; Zhu, F.; Frasca, Chem. Rev. 1999, 99, 2511.

(3) Clarke, M. JCoord. Chem. Rev. 2003, 236, 209.

4) Chifotides, H. T.; Dunbar, K. RAcc. Chem. Res. 2005, 38, 146.

(5) (a) Sava, G.; Capozzi, |.; Clerici, K.; Gaglia R.; Alessio, E.; Mestroni, GClin.
Exp. Metastasis 1998, 16, 371. (b) Mestroni, G.; Alessio, E.; Sava, Bacor, S.; Coluccia,
M. In Metal Complexes in Cancer Chemotherapy. Keppler, B. K., Ed.; VCH: Weinheim,
Germany, 1993, p. 157. (c) Sava, G.; Alessio, ErgBmo, A.; Mestroni, Glop. Biol. Inorg.
Chem. 1999, 1, 143. (d) Alessio, E.; Mestroni, G.; Bergamo, 8ava, G. InMetal lonsin
Biological Systems. Sigel, A.; Sigel, H., Ed.; Marcel Dekker: New ¥or2004, Vol. 42, p
323.

(6) (a) Keppler, B. K.; Rupp, W.; Juh, U. M.; EmsleH.; Niebl, R.; Balzer, Winorg.
Chem. 1987, 26, 4366. (b) Keppler, B. K.; Berger, M. R.; Heim, M. Cancer Treatments
Rev. 1990, 17, 261.

(7 (a) Galanski, M.; Arion, V. B.; Jakupec, M.;AXeppler, B. K.Curr. Pharm. Des.
2003, 9, 2078. (b) Rademaker-Lakhai, J. M.; van den BamgBr; Pluim, D.; Beijnen, J. H.;
Schellens, J. H. MClin. Cancer Res. 2004, 10, 3717. (c) Hartinger, C. G.; Zorbas-Seifried,
S.; Jakupec, M. A.; Kynast, B.; Zorbas, H.; KeppkrK. J. Inorg. Biochem. 2006, 100, 891.
(8) Yan, Y. K.; Melchart, M.; Habtemariam, A.; 3ad P. J.Chem. Comm. 2005, 38,
4764.

(9) Ang, W. H.; Dyson, P. Eur. J. Inorg. Chem. 2006, 20, 4003.

(10) (a) Kelman, A. D.; Clarke, M. J.; Edmonds,[5; Peresie, H. 1. Clin. Hematol.
Oncol. 1977, 7, 274. (b) Clarke, M. J. IMetal Complexesin Cancer Chemotherapy Keppler,
B. K. Ed.; VCH, Weinheim, 1993, p. 129.

(11) Brown, J. M.; Giaccia, A. Lancer Res. 1998, 58, 1408.

(12) Reisner, E.; Arion, V. B.; Keppler, B. K.; iabeiro, A. J. LInorg. Chim. Acta 2007,
doi:10.1016/j.ica.2006/12/005.

(13) Lever, A. B. Plnorg. Chem. 1990, 29, 1271.

(14) Wheeler, R. AJ. Am. Chem. Soc. 1994, 116, 11048.

63



(15) (a) Cramer, C. J.; Truhlar, D. Ghem. Rev. 1999, 99, 2161. (b) Tomasi, J.; Menucci,
B.; Cammi, RChem. Rev. 2005, 105, 2999.

(16) Becke, A. DJ. Chem. Phys. 1993, 98, 5648.

(17) Lee, C.; Yang, W.; Parr, R. Bhys. Rev. B 1988, 37, 785.

(18) Takano, Y.; Houk, K. N1. Chem. Theory Comput. 2005, 1, 70.

(19) Dutton, A. S.; Fukuto, J. M.; Houk, K. Norg. Chem. 2005, 44, 4024.

(20) Baik, M.-H.; Friesner, R. Al. Phys. Chem. A .2002, 106, 7407.

(21) Jaque, P.; Marenich, A. V.; Cramer, C. Juhfar, D. G.J. Phys. Chem. C 2007, 111,
5783.

(22) Besker, N.; Coletti, C.; Marrone, A.; Re,NPhys. Chem. B. 2007, 111, 9955.

(23) (a) Chen, J.; Chen, L.; Liao, S.; Zheng, K. ;L. J. Phys. Chem. B 2007, 111, 7862.
(b) Chen, J.; Chen, L.; Liao, S.; Zheng, K.; JiDalton Trans, 2007, 32, 3507.

(24) (a) Marchant, J. A.; Matsubara, T.; FordCPLnorg. Chem. 1977, 16, 2160. (b) Yee,
E. L.; Cave, R. J.; Guyer, K. L.; Tyma, P. D.; Wegw. J.J. Am. Chem. Soc. 1979, 101,
1131. (c) Costa, G.; Balducci, G.; Alessio, E.; dgwacco, C.; Mestroni, Q. Electroanal.
Chem. 1990, 296, 57. (d) Alessio, E.; Balducci, G.; Lutman, A.; 8eni, G.; Calligaris, M.;
Attia, W. M. Inorg. Chim. Acta 1993, 203, 205. (e) Mestroni, G.; Alessio, E.; Sava, G.;
Pacor, S.; Coluccia, M.; Boccarelli, Metal Based Drugs 1993, 1, 41. (f) Dhubhghaill, N.;
Orla M.; Hagen, W. R.; Keppler, B. K.; Lipponer,-&.; Sadler, P. Jl. Chem. Soc., Dalton
Trans. 1994, 3305. (g) Clarke, M. J.; Bailey, V. M; Doan, P, Hiller, C. D.; LaChance-
Galang, K. J.; Daghlian, H.; Mandal, S.; Bastos,MC; Lang, D.Inorg. Chem. 1996, 35,
4896. (h) Mura, P.; Camalli, M.; Messori, L.; Paltj F.; Zanello, P.; Corsini, Mlnorg.
Chem. 2004, 43, 3863. (i) Eskelinen, E.; Da Costa, P.; Haukka,JMElectroanal. Chem.
2005, 579, 257.

(25) (a) Reisner, E.; Arion, V. B.; Guedes da &ilM. F. C.; Lichtenecker, R.; Eichinger,
A.; Keppler, B. K.; Kukushkin, V. Yu.; Pombeiro, A. L.Inorg. Chem. 2004, 43, 7083. (b)
Egger, A.; Arion, V. B.; Reisner, E.; Cebrian-Logas) B.; Shova, S.; Trettenhahn, G.;
Keppler, B. K.Inorg. Chem. 2005, 44, 122. (c) Reisner, E.; Arion, V. B.; Eichinger, A.;
Kandler, N.; Giester, G.; Pombeiro, A. J. L.; KeppB. K.Inorg. Chem. 2005, 44, 6704.

(26) Ravera, M.; Baracco, S.; Cassino, C.; Zandllo Osella, DDalton. Trans. 2004,
2347.

64



(27) Note that there is a relatively small buticesble dependence of the experimental
SRPs on ionic strength and pH, with typical change®munting to ~0.02 %" Most
complexes in aqueous solution were measured at pH but some of them had to be
measured at low pH (e.g., [Ru(Ms{OH,)]**) or high pH (e.g., [Ru(NkJs(OH)]*"),>* due to
likely changes in the protonation state of therdmupon reduction at neutral pH. A change
in the protonation state upon reduction certaitigra the measured SRP, as was described,
e.g., fortrans-[RuCly(trz)4]Cl, in ref. 25c.

(28) Kirlin, W. G.; Cai, J.; Thompson, S. A.; Djd2.; Kavanagh, T. J.; Jones, D.FRee
Rad. Biol. Med. 1999, 27, 1208.

(29) Gaussian 03, Revision D.01, Frisch, M. Jalet Gaussian, Inc., Wallingford CT,
2004. www.gaussian.com

(30) Andrae, D.; Haeussermann, U.; Dolg, M.; S$Stell; Preuss, HTheor. Chim. Acta
1990, 77, 123.

(31) Bergner, A.; Dolg, M.; Kuechle, W.; Stoll,;HPreuss, HMol. Phys. 1993, 80, 1431.

(32) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A Chem. Phys. 1972, 56, 2257. (b)
Binkley, J. S.; Pople, J. A.; Hehre, WJJAm. Chem. Soc. 1980, 102, 939.

(33) Martin, J. M. L.; Sundermann, A.Chem. Phys. 2001, 114, 3408.

(34) (a) Miertus, S.; Scrocco, E.; TomasiChem. Phys. 1981, 55, 117. (b) Tomasi, J.;
Persico, MChem. Rev. 1994, 94, 2027.

(35) Cances, M. T.; Mennucci, B.; TomasiJJChem. Phys. 1997, 107, 3032. (b) Cossi,
M.; Scalmani, G.; Rega, N.; Barone, ¥ Chem. Phys. 2002, 117, 43.

(36) Klamt, A.; Schuurmann, Q. Chem. Soc.; Perkin Trans. 2 1993, 799.

(37) Barone, V.; Cossi, M. Phys. Chem. A 1998, 102, 1995.

(38) (a) Tannor, D. J.; Marten, B.; Murphy, R; Briesner, R. A.; Sitkoff, D.; Nicholls,
A.; Ringnalda, M. N.; Goddard, W. A., lll; Honig,. B. Am. Chem. Soc. 1994, 116, 11875.
(b) Marten, B.; Kim, K.; Cortis, C.; Friesner, R..;AMurphy, R. B.; Ringnalda, M. N.;
Sitkoff, D.; Honig, B.J. Phys. Chem. 1996, 100, 11775. (c) Edinger, S. R.; Cortis, C.;
Shenkin, P. S.; Friesner, R. A.Phys. Chem. 1997, 101, 1190. (d) Friedrichs, M.; Zhou, R.
H.; Edinger, S. R.; Friesner, R. A.Phys. Chem. B 1999, 103, 3057.

(39) Jaguar, version 7.0, Schrédinger, LCC, NeuwkYNY, 2007. www.schrodinger.com

65



(40) Dielectric constants of solvents in Gaussian 03: acetonitrile (ACN)636.dimethyl
formamide (DMF) 36.7, dimethyl sulfoxide (DMSO) Z6water 78.39. In Jaguar 7: ACN
37.5, DMF 36.7, DMSO 47.24, water 80.37.

(41) Hay, P.J.; Wadt, W. R. Chem. Phys. 1985, 82, 299.

(42) Ben-Naim, A.; Marcus, Y1. Chem. Phys. 1984, 81, 2016.

(43) Rappe, A. K.; Casewit, C. J.; Colwell, K. &oddart, W. A., llI; Skiff, W. M.J. Am.
Chem. Soc. 1992, 114, 10024.

(44) Barone, V.; Cossi, M.; Tomasi,JJChem. Phys. 1997, 107, 3210.

(45) Perdew, J. P.; Burke, K.; Ernzerhof, Rhys. Rev. Lett. 1996, 77, 3865.

(46) Bondi, AJ. Phys. Chem. 1964, 68, 441.

(47) Pierotti, R. AChem. Rev. 1976, 76, 717.

(48) Lee, B.; Richards F. M. Mol. Biol. 1971, 55, 379.

(49) 1.2 forwater andDMF; 1.4 forACN andDMSO

(50) For an alternative approach, see: (a) TaWlerhe Vuilleumier, R.; Sprik, M.Phys.
Rev. Lett. 2002, 88, 213002-1. (b) Blumberger, J.; Sprik, Nl.Phys. Chem. B 2005, 109,
6793. (c) Blumberger, J.; Sprik, Nheor. Chem. Acc. 2006, 115, 113.

(51) Jorgensen, W. L.; Briggs, J. M.; Gaa]. Am. Chem. Soc. 1987, 109, 6857.

(52) Lewis, A.; Bumpus, J. A.; Truhlar, D. G.; @rar, C. JJ. Chem. Ed. 2004, 81, 596
incl. Addition/Correction.

(53) Born, M.Z. Physik 1920, 1, 45.

(54) (a) Deubel, D. VJ. Am. Chem. Soc. 2004, 126, 5999. (b) Lau, J. K.-C.; Deubel, D. V.
Chem. Eur. J. 2005, 11, 2849. (c) Lau, J. K.-C.; Deubel, D. V. Chem. Theory Compuit.
2006, 2, 103. (d) Deubel, D. VJ. Am. Chem. Soc. 2006, 128, 1654. (e) Deubel, D. V;
Chifotides, H. TChem. Comm. 2007, 3438.

(55) (a) Baik, M.-H.; Friesner, R. A.; Lippard, £J. Am. Chem. Soc. 2002, 124, 4495. (b)
Baik, M.-H.; Friesner, R. A.; Lippard, S. d.Am. Chem. Soc. 2003, 125, 14082. (c) Mantri,
Y.; Lippard, S. J.; Baik, M.-HJ. Am. Chem. Soc. 2007, 129, 5023.

(56) The experimental SRP is 0.23 V; we repothm text the calculated deviations from
this value. Vanysek, P. IGRC Handbook of Chemistry and Physics, 87th ed.; Lide, D. R.,
Ed.; CRC Taylor and Francis: Boca Raton, FL, 2@0@&-24 and 8-26.

(57) Kelly, C. P.; Cramer, C. J.; Truhlar, D. I3Chem. Theory Comput. 2005, 1, 1133.
(58) NIST Chemistry Webbook, http://webbook.nist.g

66



(59)

Tissandier, M. D.; Cowen, K. A.; Fendg, W; ®undlach, E.; Cohen, M. H.; Earhatrt,

A.D.; Coe, J. V,; Tuttle, T. Rl. Phys. Chem. A 1998, 102, 7787.

(60)
(61)
(62)
(63)
(64)

Liptak, M. D.; Shields, G. Q. Am. Chem. Soc. 2001, 123, 7314.
Trasatti, SJ. Electroanal. Chem. 1974, 52, 313.

Farrell, J. R.; NcTigue, B. Electroanal. Chem. 1982, 37, 139
Trasatti, SPure & Appl. Chem. 1986, 58, 955.

Reiss, H; Heller, Al. Phys. Chem. 1985, 89, 4207.

67



68



V. Density Functional Study of Ruthenium(lll) Anticancer

Complexes

IV.1. Abstract

The chemical behavior of four potential anticancathenium(lll) speciestrans
tetrachloridobis(1H-imidazole)ruthenate(lll) (IGR transtetrachloridobis(1H-
pyrazole)ruthenate(ll)) transtetrachlorido(dimethylsulfoxide)imidazoleruthen(@iie
(NAMI-A) andtranstetrachloridobis(1H-indazole)ruthenate(I(KP1019) and their reduced
analogs has been explored by high level quanturoulegion. The electronic aspects
governing their electrochemistry have been invastid by using the bond energy
decomposition analysis revealing the rolemeélectron acceptor character of DMSO and
indazole ligands in stabilization of Ru(ll) speciésfluence of the electron donor properties
of the protein and DNA models directly bound to thetal, the medium pH and dielectric
constant on the standard redox potentials have &emmined. Furthermore, the mechanistic
aspects of the aquation process have been studidetail. In agreement with experimental
data available and contrary to part of the previcamputational works we have found the
preference for the interchange mechanism of diatiwei characterld) for aquation of
Ru(lll) species. Moreover, for the first time wevkastudied the limiting dissociative
mechanism @) of the aquation of Ru(ll) analogs and have foitni be prefered over the
interchange mechanism. The importance of aquati@dyats, mono- ancis-di-agua
complexes, as precursors for the biological actiomsanalyzed. The kinetics and
thermodynamics of reactions towards biomodels leesn computed and no clear preference
for either nitrogen or sulfur protein binding sit@as found. In the binding to isolated purinic
nucleobases, to model the reaction with DNA, thre#c preference for binding guanine over
adenine is found for the reduceds-di-aqua complexes; the characteristic transition
structures being stabilized by a hydrogen bondiatjepn similar to cisplatin reactions. The
hydrogen bond between guanine O6 arslaqua ligand stabilizes the reaction products in
both oxidation states. The possible involvemenRaflll) complexes in the redox cycling
inside the cancer cell that can catalyze generatioeactive hydroxyl radicals is discussed as

well.
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IV.2. Introduction

Globally one half of all tumor therapies are basedthree platinum complexes:
cisplatin, carboplatin, and oxaliplatirSince the discovery of the antineoplastic propsrtif
cisplatirf a continuous search for platinum and other tramsinetal complexes with similar
properties has been pursued. High toxicity of esplalong with wide range of side effects,
and its inactivity against a number of carcinomees tae reasons of increasing interests in
other metallopharmaceuticalls. Studies on the psimgi complexes of galliurh rhodiunt
and rutheniumwhich show a remarkable anticancer potential aigoing and attract more
and more scientists worldwide. Two Ru(lll) complexBAMI-A® (imidazolium frans
tetrachlorido(dimethylsulfoxide)imidazoleruthen#i®]) and KP1019 (indazolium frans
tetrachloridobis(1H-indazole)ruthenate(ll)]jChart 1) successfully completed phase |
clinical trial® and have started (NAMI-A) a phase Il stidRecent developments of

organometalic Ru(ll) anticancer complexes are psangias well’

The cisplatin mode of actidris well established and described by the bindinthe
products of cisplatin aquation at two adjacent guarDNA sites, and subsequent cell
apoptosis after the recognition of structurally nified DNA. Relatively little is known about
the mode of action of other transition metal patdrdnticancer drugs, but their different
coordination chemistry, reactivity, the capacityreplacement of essential metals, and the
redox behavior most likely induce a biologicallyffeient mode of action. Due to their
reduced general toxicity, as compared to platinommounds, and their high activity against
platinum-based drugs resistant tumors, Ru(lll) clexgs appear to be the most promising
alternatives as anticancer metallopharmaceutic@lse to the similarity of their coordination
chemistry, ruthenium resembles iron in the bindimglbumin and transferritt. This could
partially explain the lower toxicity of the ruthemn compounds in comparison to platinum-
based drugs. The delivery of the octahedral rutrersompounds to the cell is mediated by
transferrin receptor endocytosis which is lesslyike operate in the case of square planar
platinum(ll) compounds. Although they are capablebimding to these proteins as well,
contrary to the ruthenium complexes, this processupposed to contribute to the drug

administration side effectg.
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Ru(lll) complexes are believed to be activated/ivo upon reduction to their more
reactive Ru(ll) analog¥ A selective reduction in cancer cells occurs jikeue to the
reducing environment caused by deficiency of mdkronxygen in tumorshiypoxid,** as the
blood flow to the rapidly growing tumor is insufiént. However, the prodrugs could be
reduced prior reaching the reducing milieu in tusperg. as a result of aquation, the resulting
products of which have different redox propertieant the initial prodrug. In particular, the
first step aquation product of KP1019 ([{Rols(H,0)(Hind)]; Hind = 1H-indazole) §y, = —
0.16 Vvs.NHE in DMF) is significantly easier to reduce thitae administered non-aquated
prodrug Epz = —0.43 Ws.NHE in DMF)®

A major contribution to the understanding of thedmmf action of metallo-drugs is
attained by modern quantum chemistry. The tramssiouctures and reaction intermediates,
which are difficult to detect experimentally, arecassiblein silico, and the elementary
reaction steps can be precisely explored. Expetiaigrmproposed and theoretically possible
competing mechanisms can be rigorously investigltecomputation chemists shedding
light into the biological mystery of the metal coexes anticancer potency. Many quantum
chemical studies focused on the cisplatin aquitiamd the subsequent binding of the
aquation products to DNA basEsOn the other hand, considerably less computatimoak
was dedicated to other anticancer metal compldrgsarticular, for the promising anticancer
Ru(lll) compounds, at the moment of writing, onlguation mechanisms of NAMI-&
ICR™*9 (imidazolium franstetrachloridobis(imidazole)ruthenate(l1)]), TzICghiazolium
[transtetrachloridobis(thiazole)ruthenate(lll)]) and NM2)TzICR (2-amindhiazolium
[transtetrachloridobis(2-amminothiazole)ruthenate(Iffff) were investigated.  The
thermodynamics of the binding of Ru(ll) and Ru(ltdpmplexes to DNA by investigating
monofunctional ruthenium complexes of the formwai(NHs)sB]** (Z = 2,3), where B is a
nucleobase or a protein model was studied as“Ve#lyealing the preference for guanine

over adenine binding for both Ru(ll) and Ru(lll)neplexes.

71



Chart 1. NAMI-A and KP1019, successful Ru(lll) aathcer complexes in clinical trials
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In order to understand the mechanism of action aéledral Ru(lll) anticancer
agents we have systematically investigated: (iatipgation of the Ru(lll) compounds; (ii) the
effect of the axial ligands, pH, environment and gnotein binding on their redox behavior;
and (iii) the kinetic and thermodynamic aspectdhef binding towards proteins and DNA
models. For this purpose amsilico four-species-evolution approach (Chartl24) (similar
to the one wused previouSly which includes transtetrachloridobis(1H-
imidazole)ruthenate(lll) (ICR2—CI) and transtetrachloridobis(1H-pyrazole)ruthenate(lll)
(3—Cl) to rationally connect two successful Ru(lll) aatmcer drugs NAMI-A 1-Cl) and
KP1019 4—CI) were investigated. (For the sake of clarity frims point down we will refer
to the tetrachlorido complexes without specifyingplecitly the functional group in the
designator, i.e. by we refer to NAMI-A and byb to its reduced form, respectively, instead
of using1-Cl and5—Cl). Experimental observation that only aged aquesmhstion of ICR
(2) reacts with DNA%? supports the assumption that, similarly to cisplathe aquation
products of Ru(lll) complexes being more reactivant their parent chlorido complexes once
formed are the subject of substitution. The red@gtiof aquated species towards relevant
nitrogen and sulfur nucleophiles has been studjedsing a collection of functional groups
employed in similar computations on cisplatfif® and organometalic Ru(ll) complexts.
The library (Chart 2) contains small nitrogBitd; and sulfurH,S nucleophiles and protein
models: methylamine representing terminal aminaugromidazole representing histidine;
dimethylsulfide representing methionine; methylthie and methylthiol representing
glutathione and cysteine in their deprotonated pradonated forms respectively. Guanine

and adenine were used as DNA models. The standdk rpotentials (SRPs) of chlorido

72



complexes and their monosubstituted derivativesehbagen computed and the factors
influencing the SRPs rationalized. Because thevaitbn-by-reduction” hypothesis suggests
that Ru(ll) species are responsible for anticamcérity of ruthenium drugs, the aquation of
reduced species and their binding to biological etave been investigated as well.

Chart 2. Metal complexes and biological relevatissituent models
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IV.3. Aquation mechanism of ruthenium anticancer agents

The aquation is the replacement process of a ligareh inorganic complex by a
water molecule. The abundance of water moleculephgsiological conditions makes
metallo-drugs susceptible to aquation. The prockses)g the crucial step of the vivo
transformations of cisplatin, determines its ultienauccess as anticancer drug. Experimental
evidence that only aged aqueous solution of ICRtseaith DNAZ?? suggests that similarly
to cisplatin, the aquation products of rutheniumagd; being more reactive than their parent
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chlorido complexes are the active forms of the diMgreover, the high lability of the aqua
ligand in mono-aqua derivative of KP1019 suggedsss this complex is the potential active
species responsible for the antitumor activity d?1019** The common “activation by
reduction” hypothest§ does not exclude the aquation as being an impost@p in the
ruthenium anticancer activity. Therefore, it is moirprising that the aquation has been the

subject of many experimental and, since recenflgpmputational studie®:*°

Although the importance of detailed understandih@auation process is essential,
the lack of experimentally relevant data and theeta of possible pathways make the
assessment of the aquation mechanism of Ru(lll)poamds a real challenge for chemists.
Figure 1 represents the mechanism types in a veatgrange process. The associatiég¢ (
and dissociative [¥) substitution reaction mechanisms proceed in tvgpss and involve
intermediates with an increased or a decreaseddic@ion number, respectively. The
experimental evidences for these limiting mecharisare restricted by the fact that the
intermediates are not always detectable, becausieeofshort lifetime. If the experimental
detection of intermediates is not possible, by di&fan interchange mechanism is assumed,
in which formation of the metal bond with the emgrligand is concerted with weakening of
the metal bond with the leaving group. The traosistate is characterized by weak bonding
of both the leaving, and the entering ligands.dfd formation is more pronounced than the
bond breaking, the mechanism is called associatiterchange 1&); otherwise (if bond
breaking dominates) the dissociative interchangg) (mechanism operates. For the
interchange I) mechanism the same extent of the bond formatiod hreaking is
characteristic. In addition to the investigation thie presence or absence of reaction
intermediates, the information about the intringiechanism of the substitution process is
obtained by experimentally measuring the activapanameters entropyA§’) and volume
(AV"), as well. A positive value of the activation vl or activation entropy is
characteristic fotd or D mechanisms. In contrast, the negative sign oatitiwration volume
and activation entropy is characteristic faror A mechanisms. One should note that the
activation entropy alone is not a measure of theeamental assessment of the reaction
mechanism, as it depends not only on the bondgitreat the transition states, but also on
other factor® described for the phosphate monoester hydrolysig.:(steric factors that
determine the configurational volumes availabléhtoreactants during the reaction, solvation
and desolvation effects that may be associated etitlige redistribution upon approaching

the transition state, entropy changes associatédimiramolecular degrees of freedom as the
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transition state is approached, etc). To asseswetielly the reaction mechanism, the
investigation of all the species involved (reactartransition states, intermediates and
products) is mandatory. The subsequent investigatib the computed reaction profiles
determines the most plausible reaction pathway iarglicitly mechanism for the given

process. The decisive assignment of the mechamsistarie by combining both experimental

and theoretical studié.

Figure 1. Schematic representation of the substituhechanism types in a water exchange
process. The colored circles define the positidnentering and leaving ligands relative to

the central metal atom in transition structures.ptdeoordinate and pentacoordinate
intermediates are generated during the substitugantions proceeding via limitingg or D

mechanisms respectively.

D
N

la ®

A

Theoretical studies available in the literature glatinum anticancer complexes
suggest the aquation process to follow an interghanechanism of associative character
(Table 1). Recently, the influence of the electcomieraction of the metal orbitals with the
ligands intrans position to aqua on the water exchange mechanis® systematically
investigated for the square-planar Pt(ll) compoifidand the correlation between the
electron donor abilities of th#ans ligand on the substitution mechanism was revealed.
Supported by the decomposition and natural orldtalyses, two cases where the most
favorable mechanism was found to be different ftiemcommonly acceptdd for the water
exchange process at Pt(ll) centers were found. 3iiestitution proceeds via alul
mechanism if thetrans ligand is a strongs donor (e.g. Chl), and via a limitingA
mechanism in the case of compounds bearing ligands as ¢H, and CO intrans position
which can lower considerably the electron densttyh@ metal, due ta-back donation.
Because there is a smaller number of the compuataiodies on ruthenium compounds,

discrepant in some cases (Table 1) the disputehem &aquation mechanism is still not
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finished. By performing calculations at carefullgsted theoretical lev@& the most viable

mechanism can be found.

Table 1. Aquation mechanisms of different anticanoetallo-drugsXts—Xra: difference
between the lengths sum of the bonds formed anklebrduring the aquation in TS and
reactants adduct (RA).

Exp. activation parameters

compound Yrs2ra Med ref AH AS Mec ref
A kJ/mol J/molxK
Cisplatin -0.85 la 16a 19.7 -15 la 29
-0.83 1a° 16a
-0.42 la 30
-0.96 la® 16d
trans[Pt(NHs),L ' (H,0)]™ 27
L' = H,0 la® -
L"=cCr la® -
LT =CHy d¢ -
L' = GH, A°
Carboplatin 88.4 =15 la 31
Oxaliplatin -0.68 la 32
-0.54 1a°® 32
Rhodium tetracarboxylate 49.0+1.0 -60 la 33
[(n>-benzene)Rl(en)CI[ la 21 795+34 -30.8+115 la 34
-0.88 la 35
-0.58 1a® 35
NAMI-A -0.49 la 18c

0.26 1d°° 18c
-1.20 la 18a

Id®  18b
1.58 Id this work

Ru' analog of NAMI-A Id®  18b
D this work

ICR -0.69 la 19 117.0+7.0 55.0£23.0 Id 36

Id®  18b
1.33 Id this work

Ru' analog of ICR Id®  18b
D this work

TzICR 0.01 | 18d

(2-NH,)TzICR —-0.09 la  18d
KP1019 Id this work
Ru' analog of KP1019 D this work
trans[RU" Cl,(Hpz),]~ Id this work
trans[RU" Cly(Hpz),]* D this work

#mechanism
P optimizations in solution.
¢ mechanism assignment is made by the authors.tidiranechanism types are our

estimations either frorBrs—Xra parameter value or from the activation entropy.
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Similarly to the AXd(M—O) criteriorf’ used to ascribe the mechanism of water
exchange reaction of transition metal complexesyseethe sum of the lengths change of the
two bonds involved in the aquation (metal—enterigy and metal-leavingL] ligands) to
evaluate the mechanism of the potent anticancerntggavailable in the literature (Table S1
in Supporting Infp. The only usage of the bonds directly involvedha substitution reaction
is imposed by the fact that they are generally joied in the literature, at the same time the
spectator metal-ligand bonds (which do not pamigpin the aquation) do not change
dramatically, and consequently do not influencedbgvation volume at the same extent as
the bonds broken and formed during the processti®ipurpose, in contrast to the rest of
the work, we considered the optimization of thectaat complexes involved in the aquation
process as well. A good correlation between thehagisms predicted by thBrsSgra>®
parameter and the experimental mechanisms (dedum®dthe activation entropy value) is
found for aquation of platinum, rhodium and piatoes type Ru(ll) arene complexes. This is
not true for NAMI-A, aquation mechanism of which @escribed by two different
mechanisms in the literature. While the authorshefreferences 18c and 18a were able to
reproduce quantitatively the experimentally mead@aguation rate constants, their predicted
activation mechanisms are different. By optimizadgthe species involved in the chlorido
aguation, up to the second step (molecules, intiates and transition states), and by
drawing the free energy profiles, we aim to revis&l aquation mechanism, as well as to
reproduce experimentally available kinetic and riimatynamic data. However, one should
note that partial substitution of DMSO ligand in MAA by water molecule was observed
experimentally at physiological pH as w&ll.

IV.3.1. Aquation of Ru(lll) complexes

Figure 2 displays the energy profile correspondingthe interchange aquation
mechanism (Scheme 1) of Ru(lll) complexiés4 up to the second aquation step. The
activation free energies of the first aquation steppcomparableAG; = 24.9-28.6 kcal/mol,
Table 2), with the lowest activation barrier conguutfor 3. This may be due to strong
hydrogen bonding stabilization of the transitiomusture, that has, additionally to the
hydrogen bonding between water’s hydrogen and tegg@l @y...cj= 2.07-3.17 A) found in

all TS, strong hydrogen bonding interactions (Figure &neen the entering water molecule
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and the N—H site of the axial pyrazotly (1= 1.62 A) and between leaving Cl ligand and the
N—-H of the second pyrazoléed..;= 2.01 A). The indazole ligand, which like pyrazdias
the N-H site available for hydrogen bonding in siion states, stabilizes only the leaving ClI
ligand @ci..1 = 1.96 A). The corresponding stabilization of wateolecule by hydrogen
bonding to N—H of the second indazole ligand waspussible to reproduce. The reactions
are endergonic (Table 2), the exceptiom{ = —0.8 kcal/mol of the first aquation step of
NAMI-A. The computed rate constants are in gooceagrent with experimental data (Table
2). The formation of theis di-aqua isomers in the second aquation step is kiottically
and thermodynamically preferred over tinans isomers (Table 2, Figure 2) in agreement
with previously computed dat& At physiological conditions, the deprotonation axfua
ligand of the mono-aqua complexes readily occursnfruted pK values are quoted in Table
3 and Table S4) and the most abundant aquatiorupt®dre mono-hydroxido derivatives of

the initial complexes.

Figure 2. Free energy profile of the aquation oflRucomplexes up to the second step. Free
energies (kcal/mol) are calculated with respethéoseparated reactants.
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Scheme 1. Interchange mechanism of the first aguatep of Ru(lll) complexes
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Table 2. Free energies relative to separated nmegctd the species involved in the aquation

process ofl—4up to the second step (kcal/mol). Reaction raieghk first aquation step (3

R TST Pl cisTS2 cisP2 transTS2 transP2 k(calc) k (expy

1 0 286 -0.8 31.3 4.3 38.4 59 3.6x10° 1.4x10°-
3.1x10°

2 0 278 23 28.1 4.8 39.3 49 1.4x10°  1.1x10°

3 0 249 30 27.1 7.6 39.3 7.8 1.9x10*

4 0 278 23 28.0 9.0 38.9 10.3 1.4x10°  0.4x10°

% the digits represents the aquation step; R, TSPasthnd for reactants, transition states and
products respectively

Figure 3. Hydrogen bonding pattern in computedsitaon state of the first aquation step3of
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Table 3.Absolute pK, values of aqua and thiol complexes

OH, MeSH
1-Y 34 -09
2-Y 43 -14
3-Y 31 -26
4-Y 23 =31
5-Y 18.6 10.9
6-Y 164 11.3
7-Y 16.0 113
8-y 127 10.5

By taking into account the solvent effects by meahsmplicit solvation models
during optimizations, the authors in ref. 18c fouhe transition structure characteristic for an
interchange mechanism with dissociative chara¢tBr ¢f aquation ofl (positive Ers—2ra)
parameter in Table 1) contrary to the associatheracter Ia) found when the optimization
is carried ouin vacuo®™® One should note that in these calculations aduitithree explicit
water molecules were employed to simulate the §in&ll solvation interactions. Our model
predicts even stronger dissociative character efititerchange mechanisth{Zrs—2ra) =
1.58 vs 0.26 (Table 1). Moreover, we found geometricalfeddnces in the transition
structures optimized by us, as compared to thedESsribed in the ref. 19, mostly related to
the length of the metal-ligand bonds involved imagpn. For ICR Z) aquation, our model
predicts a strong dissociative character of theraitange mechanism in contrast to ke
mechanism described previouSlySrs>ra = 1.33 vs —0.69), but in agreement with more
recent computation$® The experimental positive value of the activatantropy supports
our findings that the aquation of ICR occurs vialdmrmechanism and the reliability of our
model. Moreover, we tried to investigate flaemechanism, by optimizing a more compact
transition state (similar to the one obtained k®ydhthors of the ref 19) and obtained a higher
kinetic preference for théd mechanistic path characterized by an activationidyaof

aguation lower by 6 kcal/mol.

IV.3.2. Aquation of Ru(ll) complexes

In transition metals series the mechanism of watathange at the metal center

changes as function of occupancy of d orbitals ctiwdination number and the ionic radius
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of the central metal. In extreme case of Ga(llljnptexes with electronic configuratiort°d
substitution proceeds via a limitifymechanisni® In contrast, the water exchange at Sc(lll)
center, with electronic configuratior?,doroceeds via limitingh mechanism which is clearly
more favorable than thB mechanism, for which characteristic transititorusiures were
optimized as welf’® Square-planar Pt(Il) and Pd(Il) complexes, (eteiitr configuration &)

are more likely to react via associative pathwagsabise of coordination sphere is less
congested to start with. The reactions with thesapiexes proceed via da mechanism.
The dissociative character of the water exchangeham@sm for such complexes was
assigned only in the cases when a strestpnor is present itrans position (CH).?’ The
differences between the substitution mechanisniuéi) as compared to Ru(lll) are mainly
due to the change of the occupancy of d orbitatsnfc® to . The gradual filling of the non-
bondingtyy orbitals, spread out between ligands disfavorststatically the approach of a
seventh molecule towards a face of the octahedmhasizing the dissociative character of
the mechanism. The increase of the ionic radiuserds the dissociative character, as the

leaving ligands are less strongly attached to teehtenter, therefore easier dissociate.

Because the aquation of Ru(lll) complexes proceedly via an interchange
mechanism with strong dissociative character, enadase of Ru(ll) complexes a limitirigy
mechanism should be expected. Although the expeatsngo not exclude the possibility of
an interchange mechanism, the computational atsetapfind typical transition states for
water exchange at Ru(ll) in hexaaqua complexegdaih the previous studiés.in our
attempts to find TS characteristic for an intergg@mechanism only strongly stabilized by
hydrogen bonding TSs involved in7 and 8 aquation were optimized. The
H(N1(1'):Hpz,Hind)—Cl contacts are 2.02 A. Eventirese cases the dissociative mechanism
is preferred path of aquation showing\@a lower by ~4 kcal/mol (Table S5, Table S6 and
Figure 4). This is the reason why we investigately the D mechanism (Scheme 2) of the
substitution at the metal center in Ru(ll) compkeer all subsequent reactions. Figure 4
shows the energy profiles of Ru(ll) aquation. Tassl of chlorido ligand proceeds fast, the
first step has low activation barriers of 9.5-1Rc@l/mol. The resulting intermediates bind
one water molecule in the second stepahechanism, which is not the rate determining, the
reactions being exergonic. Because aqua ligandahasektrans effect, higher activation
barriers are expected for the first step of dissd@ mechanism, therefore the formation of

the transdi-aqua isomer is kinetically less feasible. Innitast to Ru(lll) species the
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deprotonation of the aqua ligand is a thermodynallyidess favorable process (Table S6,

Figure 4).

Scheme 2. The dissociativi@)(mechanism of Ru(ll) aquation
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Figure 4. Free energy profile of the aquation oflReomplexes. The solid lines represént
mechanism, while dotted lines are used for lesoréMe interchange mechanism of
associative character. Free energies (kcal/mol) cateulated with respect to separated
reactants. The digit following the transition statkesignator (TS) denotes the aquation step.
The first and second steps@fmechanism are symbolized Byt andD2 respectively.

AG
AT o
(kcal/mol) "5 6 A7 o8
30.0 1
——— D mechanism
trans-TS2
. ................. la mechanism
trans-TS2D1 .~ @
20.0 -
~cis-TS2 =, trans-TS2D2
T cis-TS2D2

10.0 -
@)
=\ o
0.0 : = - =
) \\_F
- [
Lol L L ] h
c..| a c.. | .oH, H20»vR| Kel
Ru Ru u
-10.0 - o | a” | o |
2- L _ L L
Lol coo ] L L
c. | a c.. | c .| .oH, HZOI.R\ ol
Ru Ru Ru u
c” | e a1’ | SoH; a” | gy, o7 OH,
I L b 2 v

82



IV.4. Factors controlling the SRPs

The “activation by reduction” hypothesis ascribestlte reduction potential of the
Ru(lll) anticancer drugs a central role in theiraphacological activity. The SRPs of the
chlorido prodrugs fall into the biological accessibange of —0.4 to 0.8 ¥ The aquation
and subsequent binding to a protein residue oriagbase change the redox potential, and
implicitly influence the activity. The ultimate stess of the Ru(lll) anticancer drugs implies
the possibility to rationalize the control of thedox potentials. So far, SRPs of the metal
complexes were predicted using an empirical incremsysterfi’ derived from
experimentally measured SRPs. In this study weausemputational approach which was
recently checked and validaf@dy predicting the SRPs of 61 ruthenium complex@s.
performing computational prediction of the redoxguials we are interested in revealing the
effect of the axial ligands, pH; substituted ligandnd environment on the redox behavior of

Ru(lll) compounds.

IV.4.1. Effect of axial ligands

To characterize the metal-axial ligands interactionl—8 we have analyzed the
molecules in terms of interactions between the tnagments: (i) the common for all four
low spin d(d®) complexes fragment [Rug’®, f1, and (ii) the fragment containing axial
ligands,f2, using an energy decomposition scheme developefidgter and RauR at the
B3LYP level as implemented in ADF. The metal orbitderactions with axial ligands in
trans[RuCly(Hpz)]7*" are displayed in Figure 5 and their energy contiims are collected
in Table S7 irSupporting Info The low symmetries of studied compoun@s,(for bis-azole
compounds Z—4) andCs symmetry of NAMI-A (@)) do not allow the full analysis of metal
orbital interaction with the axial ligands orbitaléo overcome this problem we studied the
rotamers of th@—4 compounds in th€,, symmetry as well. To reveal the interaction of the
metal with DMSO ligand we adopted a different apgtu we have studiedrans
[RUCL(DMSO),] "> complexes which have higher symmet8yagnd 10 in Chart 2). The

replacement of imidazole by DMSO increases the sgimyrof the system, and the rotamers
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of Czn andCy, symmetry become accessible. EitkiRy or C,, symmetry itself is not enough
to fully characterize the metal-ligand interactiorisut their combination enables full
description of the interaction systems with follagyiapproximations: there are negligible
interactions between symmetry adapted axial ligaoithétals with 4¢o_y2) and S5p metal
orbitals. Figure 6 displays an example of how te e rotamers’ approach to compute the
stabilizing orbital energy component due to backatmn from the 4g orbital to DMSO
ligand. Table S7 irsupporting Infoincludes the formula used to calculate and theesbf
the interaction energies of the metal orbitals i axial ligands. The results of the bonding
analysis for4, 9 and their reduced speci@andl10 are presented in Table 4 (Table S8&®@
and 6,7), which reports all contributions to thf@—f2 interaction energy, and includes:
repulsion between fragments due to Pauli principEr,y;, electrostaticsAEgs, and
stabilizing orbital interaction&Eq, (AEin = AEeist + AEpaui + AEom). The orbital energy
component is further decomposed in contributioremfrirreducible representations of
particular point group. Figure 7 displays the citmiion from metal orbitals to the stabilizing
orbital interactions in compoun@s-8 and10. The orbital interaction is governed by a strong
s-donation from the ligands to the empty dr 5s orbital®® of the ruthenium ana-back
donation from ¢ (including d; in the case of DMSO) to the axial ligands. Therat&ons

of metal 44y, 5p,, 5p, and 5¢, (in the case of bis-azole complexes) orbitals i axial
ligands are not accompanied by a charge transf@rhane only a polarization character.
Interestingly, the involvement of the empty metabrpitals in the bonding at the transition
metals, being controversially disputed in the &tare?’ is found to be strongly basis set
dependent. Despite the quantitative improvementt)e terms of energy components, arisen
by improving the quality of basis set from tripteduadruple zeta are negligible, the orbital
interactions description is altered. The usageripiet zeta quality basis set predicts the
participation to bonding of the metal prbital by computing significant charge transfers
this orbital. However these interactions have @polarization character when the enhanced

basis of quadruple zeta quality is used (Tabler®#BTable S10).

The large energy value atback donation from theygdin the case o8 as compared
to 7 is induced by the large negative charge of theptexes which is compensated by
solvation (Figure 8). Computations on the neutratlel complexes show similar stabilization
due ton-back donation fromd (Table S11). Figure 8 displays the gas-phase ehanthe
interaction energy betweéh [RuCl] >~ and axial ligands ii—4 and5-8, together with their
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difference in the gas-phase and in solution. The-pimse differences predict a larger
stabilization of4 upon reduction in comparison th The measured SRPs sequence in
solution is reproduced after the inclusion of sbtua which seems to be an important factor
in stabilization of the reduced forms.

Figure 5. Interactions of metal orbitals with axighnds in [Rqu(sz)z]"z‘
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Table 4. Decomposition of the interaction energiyveen [RuCJ]™“ and the axial ligands in

9, 4 and in their reduced forni® and8 (kcal/mol)

Con Coy
9 10 4 8 9 10 4 8

Eint -70.7 -75.8 -89.3 -91.6f -70.8 -75.2 887 -905
Esow -61.5 -185.1 -595 -178.1] -62.3 -186.5 -60.0 -179.2
Eint+solv -132.2 -260.8 -148.8 -269.7| -133.1 -261.7 -148.7 -269.7
AEpauii 182.5 2134 183.0 214.2( 1825 2132 1829 214.0
AEest -148.0 -1759 -172.9 -188.7 -147.7 -175.4 -173.0 -188.6
AEom -105.2 -113.3 -994 -117.1f -1055 -1129 -98.6 -115.9
AEri Con (Co)

ag () -90.2 -932 -781 -76.0f -69.8 -614 -645 -58.2
by (20) -270 =38.2 -26.1 553 -23.1 =355 -209 -54.0
a, (by) 33 51 -32 -58| -365 -486 -329 -37.1
by, (by) -165 -174 -20.1 -204 -7.8 -8.1 -8.5 -7.3

Figure 7. Contribution from metal orbitals to thalslizing orbital interactions in compounds
6-8and10
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Figure 8. Total interaction energia&;, between RuGf~ and the axial ligands ih—4 and
5-8 along with their interaction energy differencdsiehh determines the SRPs; in vacuo and

in aqueous solution.

—®= Eint(Ru(ll)) ~* EintRu(lll)) = ®-LEint+solv ~AEjnt

-100 +
-120 b . ------

-140

Figure 9 displays the change of the calculated S&Pginction of the substituted
ligand at the metal center in the substituted cemgs (—4) (Chart 2). The first “evolution”
step involves the exchange of the DMSO ligand inMdA type compounds by an
imidazole. The replacement is accompanied by aidrdscrease of the SRPs in the studied
series by 355 mV in average. Stromdpackdonation found by the decomposition analysis
from ruthenium 4¢ and 4¢, to DMSO ligand reveals its goadelectron acceptor character
(Table 4) which stabilizes the reduced forms. Téglacement of the axial imidazoles by
pyrazoles increases the SRPs by 190 mV in aveildge subsequent expanding of electron
delocalization at axial ligands by fussion of beming to each pyrazole is accompanied by a
137 mV average increase of the redox potentialh®fKP1019 derivatives. This last step
partially compensates the effect of DMSO removalthe SRPs grow to be comparable to the
SRPs of NAMI-A derivatives (Figure 9, Table S12hee changes are consistent with the
variation of the donating properties of the fregahid series: imidazole (pk= 7.11) >
pyrazole (pk = 2.64) > indazole (pK= 1.25):% i.e. the weaker donor character of the axial
ligands is (lower pK value), the reduction is easier, stronger staddilin of the reduced
forms is observed, and higher SRPs are expectgdr@-10).
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Figure 9. Redox potential change upon substituilonl-Y:4-Y series. The red scale

represents the biologically inaccessible redox-aiés
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IV.4.2. Ligand effect

To investigate the effect of biologically relevautbstituents at the metal center on the
redox behavior ofl—4in aqueous solution, we have calculated the SRBS8kYP level by
including the effects of solvation by employing antinuous dielectric model with a
dielectric constant = 80 for water (Figure 9). The derivatives ¥4 are ordered by the
experimental pKvalues of the substituted ligands in their freemf®. A large change, 330
mV in average, of the reduction potential of thedlstructures is observed when one chlorido
is substituted by sulfur ligands. The binding teragen sites of proteins and purine bases
increases the SRPs by 180 and 140 mV in averagelaftest positive effect on the SRPs in
the nitrogen series is found for the adenine suist complexes consistently with its lowest
pKa value in the nitrogen series: AdefpKa < —2) < GuaH (pKa = 3.3f° < ImH" (pKa=7.1)
< NH;" (pKa = 9.25) < MeNH" (pKa = 10.6). The coordination of anionic hydroxiddH")
and thiolato MeS) ligands is accompanied by a SRP drop of 330 mVawerage.
Remarkably, the most successful drugs KP1@1®lge valuesand NAMI-A (1, red values)
are predicted to show generally the same redoxviimhapon substitution (Figure 9). The
donating properties of the free ligands influerfoe tedox potentials of metal complexes. As
mentioned in the previous section, theypidlue is a good measure of these properties. The
oxidized Ru(lll) species are more strongly stabilizoy the ligands whose conjugate acids

have higher pKvalues making reduction more difficult to occur.

IV.4.3. pH effect

In vivo the control of the protonation state of a molegsileealized by medium acidity
and the environment (dielectric constant of mickee@mment, hydrophobicity,
hydrophilicity, hydrogen bonding, etc.). Dependmg the acidity constant of acidic sites of
the molecule, the medium pH directly controls itetpnation state and implicitly its SRP.

We were interested at which extent an eventualadepation of the ligands influences the
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SRPs of the studied compounds. For this reasosloméd evaluate the imminent shift of the
pKss of the free ligands upon coordination to the méihe coordination to a positively
charged metal ion results in an acidification @ #tidic sites of the molecule. The extent of
acidification depends on (i) the electronic effeetserted by the metal ion, which occur
through bonds, as well as (ii) the long-range etsstatic repulsion between the proton under
consideration and the positively charged metal*fofihe effect is strongest on the directly
coordinated atoms and diminishes with distanceeesing between acidic site and the metal.
We calculated the pKvalues of the aquation products and thiol sulstituproducts. The
pKa calculation method involves a thermodynamic cyskeComputational detailswhich
presents a maximum error of ~0.7 jakits when applied to free azoles (Table S13)vaasl
found to be very accurate in the prediction of reéapK, trend®® of metal complexes, with
the absolute error of up to 4 kcal/mol. Table 3 swanzes calculated pivalues of Ru(lll/I1)
agua and thiol complexes. Once coordinated, thegbKvater molecule drops dramatically
from 15.75 in its free state to 2—4 pHnits in mono-aqua Ru(lll) compounds. The formatio
of hydroxido complexes was observed experimenthjlymeasuring the pH drop during
aquation studie¥’ The coordination of methylthiol (pi& 10.4) to Ru(lll) is accompanied by
strong acidification of sulfhydryl group (—SH) retted by negative computed pKalues
(Table 3)°* The aquation promotes reduction as the aqua ceemlslightly increase the
redox potentials of the parent chlorido prodrugsking the reduction easier, on the other
hand the formation of hydroxido species impedesédection, as the redox potentials of all
4 hydroxido-complexes fall outside the biologicalewant window (Figure 9, Table S12).
The same is true for the coordinated thiols whd3B<Sdrop significantly upon deprotonation
by 740 mV in average. The gkalues of water and thiols coordinated to Ru(p¢ses are
all calculated to be > 10 suggesting a strong kahpbn of protonated species upon

reduction.

IV.4.4. Environmental effect

To consider the effect of the environment on thdoxeproperties of the studied
compounds, we have computed SRP values at a lowiectlic constant characteristic for
protein environment. Depending on whether the sfténterest is located on the protein
surface, solvent-exposed, or deeply buried intagimo mediume might be as low as 3, and
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typically lower than 162 while ¢ of DNA in aqueous solution was estimated to b&*a/e
have chosen the value ef= 10, to reveal the influence of low dielectricnstant on the
redox potential. The computed SRPs of compléxesand their monosubstituted derivatives
drop significantly with 270 mV in average. The ma#ected are highly charged compounds
(the prodrugs (tetrachlorido complexes), thiolata dydroxido complexes), the SRPs of
which fall by 550 mV in average (Table S14 Supporting Infp. The same behavior was
observed experimentally by measuring the SRP d¢feniim anticancer agents in different
solvents’® The influence of dielectric constant on the sdbratenergy is explained by
considering a simple Born modebf solvation, that states that the free energgobfation is
equal to the work spent to transfer the ion in kesjgal cavity from vacuume(= 1) to a
medium with a dielectric constant ©f{AGs, proportional to —(1 € )g’r ). The decrease of
¢ from 80 to 10 is accompanied by decrease of dolvanergy. The strongest effect being

supported by highly charged species, i.e. by Refl8cies, that results in lower SRP values.

IV.5. Reactivity towards biomolecules

The binding towards relevant biomolecules in agsesalution was investigated by
computing characteristic activation and reactiaefenergies of the reactions of mono-aqua
ruthenium species with a choice of nucleophilesafCRB). In this sense the optimization of
all involved species, i.e. transition states arattien products, was performed. Similarly to
the computations on cisplatin, the reactivity of(IRu complexes was investigated in terms
of the exchange of the aqua ligand with all modgarids ) presented in Chart 2, by

exploring the free energy profiles of the substitmimechanism of interchange character:
RUCKLL'(H 20) + Y — [H20---RUGILL’---Y]* — RUCKLL'(Y) + H ,0

Figure 11 displays at a glance the predicted awmbivaand free energies of these
reactions.The mechanism of binding to Ru(ll) analogf anticancer complexes was
investigated in the terms & mechanism as was found that Cl dissociation preceedy
fast after reduction, and is the rate limiting sfep the aquation. The availabla vivo
biological targets compete with water molecule ittdlithe intermediate formed after the first
step of theD mechanism. Therefore only the free energy profieshe second step @

mechanism were computed:
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[RUCKLL] ™+ Y — [RUCKLL’---Y]* — [RUCKLL'(Y)] ~

Figure 12 displays the activation and reaction &eergies of substitution process of protein
and DNA models at Ru(ll) centers. The transiticatest correspond to the second step of the
dissociative mechanism with reference to mono-apegies 06—8

Figure 11 Predicted activationG, (top) and reaction free energi®&; (bottom) of the aqua
substitution iNn1-OH,:4—-OH, by Y (Chart 2).Gua* - guanine substitution atis-di-aqua

complexes ofi—4.
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Figure 12.Predicted activatiom\G, (top) and reaction free energiass, (bottom) of the
binding of Ru(ll) 6~0OH,:8—0H,) complexes to biological model (Chart 2).Gua* -
guanine substitution iais position of di-aqua complexes.
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IV.5.1. Reactions with proteins

Kinetically the Ru(lll) species do not have a cldametic preference for either
nitrogen or sulfur ligands (Figure 11, Table SIA}hough the reaction with imidazoléng),
representing histidine, is slightly preferredidais lower by 1-2 kcal/mol than corresponding
AGa of the reactions wittMeSH andMe,S) the activation energy of the Ru(lll) complexes
binding toMeNH, is higher by 3—4 kcal/mol than the activation gnes of the reaction with
all sulfur containing models. The highest activatenergies were found for the aqua ligand
substitution atl—-OH,. This may be due to steric repulsions betweenyblDIKISO moiety
and the entering ligands. The substitution proceedan interchange mechanism with strong
dissociative character (Table S17). The Ru(ll) sgedo not show either a clear preference
for sulfur or nitrogen containing protein modelBigure 12, Table S16). Generally, the loss
of Cl ligand in the first step of thB mechanism is the rate determinant for the aquation
further binding to proteins or water molecules hagvisimilar activation energies.

Thermodynamically the nitrogen containing proteites are more favorable for the
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substitution at ruthenium center in both oxidatstates. The exception is the enhanced
preference of Ru(lll) centers for the deprotondted! ligand (MeS") reflected in the largest

negative reaction free energies with thiolates.tie case of reduced species a clear
stabilization of substitution products of proteinding as compared to the aquation products

is observed.

IV.5.2. Reactions with DNA

The interaction with DNA was modeled as bindingtleé metal to free N7 sites of
purine bases: adeninAde) and guanine Gua). While Ru(lll) compounds kinetically
slightly prefer the guanine over adenine for bigd{nGa is up to 2.9 kcal/mol lower in the
case ofl (Table S15)), their reduced forms prefer adeni@gis up to 2.2 kcal/mol lower
in the case of reduced ICR)); the exception is the similar activation enesgié5 binding
to both purine bases. Thermodynamically the intevaavith Ade andGua is less favorable

than interaction with proteins.

The intriguing finding is that, contrary to cispiatthe ruthenium anticancer drugs
virtually do not have any clear preference for@itburine bases. The presence of a hydrogen
bond between the O6 dbua and the aqua or ammine ligand determines maingy th
preference foiGua binding of cisplatir’ In the case of ruthenium anticancer compounds
such stabilization can occur only if the active@eg is considered to be thés product of
second aquation step. To verify the influence efhlgdrogen bonding on the energy profile
we optimized the TSs and the products for the i@adf investigatectis-di-aqua ruthenium
compounds withGua paying particular attention to the presence of hilgdrogen bonding
between O6 ofGua and the aqua ligand bound to the metal. The kisedf the interaction
between Ru(lll) complexes with DNA does not chan@égure 11); contrary to the
substitution kinetics of reduced species (Figurg 12 this case the transition states are
stabilized by up to 7 kcal/mol (Table S16). TBaa becomes the preferred binding site for
Ru(ll) species (Figure 12), and more favorable tkalfur protein sites for Ru(lll) species,
except thiolates. Figure 13 shows characteristmgries of the transition structures for
Gua substitution at Ru(ll) centers. The presence afrbgen bonding between guanine N7
and N1 of pyrazole stabilizes the entering ligandan orientation that is energetically
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disfavored for complexation (with the N7 lone paierpendicular to Ru—-N bond in
formation). This arrangement requires additiona&rgy to reorient the molecule in a position
suitable for binding to the metal. This barriec#@iceled in the binding to di-aqua complexes,
as the N7 lone pair shows appropriate orientatiowatds the metal. In addition, the
stabilization due to the hydrogen bonding betweeangie O6 and the aqua ligandadis
position (Figure 13) contributes as well to lowerithe activation energies. Although the
similar geometric changes in the transition streglare observed in the case of substitution
at Ru(lll) centers, the activation barriers aredmted to be higher.

Figure 13. Typical hydrogen bonding pattern in Guébstitution at7 and 7—OH, in cis
position

IV.6. Mode of action

Based on our computed data and experimental fisdithg mode of action of Ru(lll)
anticancer drugs may be divided into two steps. Tilet step describes the chemical
behavior of the drugs prior and post administragtioefore reaching the cancer cells; the
second step includes the chemical transformatidnghe@ complexes in the tumors. The
aguation is an important process in both stepstlffibecause it influences directly the pre-
administration storage of the chlorido complexes secondly because water molecules are
most abundant binding partnensvivo and are essential for the metallo-drug activisyagua

species are orders of magnitude more labile than dbrresponding chlorido species.
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Although the aquation process of ICR and KP1019dw at 25° C'°° and complexes remain
in their inert form,under physiological conditions (37°C, pH 7.4) ondoddo ligand is
displaced by a water molecule, as has been cordirm-ray diffraction studies of a number of
aqua complexe¥:*® The parent Ru(lll) complexes enter the blood sireehere they are the
subject of aquation. The process is slow charagdrby high activation barriers (Table 2);
the experimental rate constants are comparablethdibe of cisplatii! The aquation of the
second chlorido ligand is both kinetically and thedynamically less feasible process and
cis-di-aquated products can be formed only in tracmntjties. The water molecule mono-
aqua species is replaced by available biologicahpes. Experimentally was found that KP1019
binds to transferrin within minuté8,and the highest affinity sites are the iron spedifnding
sites (His253) in human apo-lactoferrin, which tusturally similar to human transferrin and
shares 60—-80% of sequence idertitipespite the fact that there is not a clear kinptaference
for the binding to nitrogen or sulfur protein sit@ése substitution at histidine protein residues
being only slightly favorable) the thermodynamiasdrs relatively strong binding to the nitrogen
protein sites, at the same time the binding tousigfoups being reversible proceSsmilarly to
cisplatin, the cysteine binding, followed by thgd#onation of —SH group of the substituted
complex, contributes to the deactivation pathway tree thiolates bind irreversibly. Once
bound to transferrin the drug is selectively detkto and accumulated in the tumor cells,
which have a large number of transferrin receptonstheir surface due to high iron
requirement® The release of the bound drug can be achieved tduthe lower pH
characteristic of endosom¥sAfter the release, the Ru(lll) complexes can limthe cellular
proteins and DNA, inducing apoptosis. The secorg afjuation products are more likely to
be formed inside the cells due to low concentratbhe CI ions. The rate of binding to
cellular components is enhanced by reduction. Takutations show that all parent
complexes have biologically accessible reducticemttals; moreover the aquation facilitates
the process. Low extracellular pH and large amouwitsellular reducing agents (e.g.
glutathione E® = —0.25 V** ascorbic acidE® = 0.06 V?) in cancer cells fornthe reductive
environment in the tumor compared to the normasuis thus determining theelective
reductionin cancer cellsin contrast to the slow substitutions at Ru(liénters, the reduced
species are characterized by the fast ligand dutisti reactions. Significantly lower
computed activation barriers for the substitutiorRa(ll) mean these compounds are much
more reactive, than their oxidized forms, the fabserved experimentalfyln parallel to
substitution reactions at Ru(ll) centers the bado-@xidation process can occur as well, the

phenomenon revealed experimentally during the stfdiAMI-A chemical behavior in

96



aqueous solutioff, when in the presence of catalytic amount of renyeigents, the rate of
aquation of Ru(lll) complex significantly increasdthe aquation is fa§t,and goes up to the
second step, the kinetically favoralis-di-aqua products are the most abundant species. Th
fast release of one ligand, characteristic Bbrmechanism in the first step, offers a free
coordination site available for the substitutiondauthenium compounds bind reversibly to
biological targets without clear preference. We pated the reaction energy profiles for the
first ligand substitution with the biological modebnd believe that the substitution at di-aqua
species should present similar barriers. One eief the binding of guanine model, which
may show a distinct hydrogen bonding pattern irbkadnsition state and in products. As a
result, the calculations reveal a clear kinetic #r@modynamic preference for guanine over
adenine in the binding to DNA. In contrast to cajpl, the formation of interstrand cross-
links was assumei. Although not excluded, the binding to DNA aloneths main reason
for the anticancer effect of ruthenium drugs i#l stidely doubted®®® Figure 14 shows the

energetic profile of the chemical transformatiomisKP1019.

Figure 14.Free energy profiles for chemical transfttions of KP1019 in aqueous solution at

physiological conditions
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The reduced ruthenium compounds can be oxidizek Imacellular oxidants such as
superoxide radical (eg. E = 0.94 V®° or by hydrogen peroxide (eq. 2= 0.38 V)® which

are normal metabolites in the aerobic cells:
O, +2H" +e - H,0, (1)

H,O,+e - OH" +OH" 2

Superoxide anion is producadvivo as a byproduct of mitochondrial respiration, afl a®
by several other enzymes, for example xanthine asddor NADPH oxidase. Its cell
concentration is maintained at #0— 10 M by superoxide dismuta$® Mitochondria,
microsomes, peroxisomes, and cytosolic enzymes &ldbeen recognized as effective®d
generators, the level of.B, inside the cell is up to 3 — 4 orders of magnitgdeater than of
0O,, 10° — 107 M. Experimentally findings thatn vitro overproduction of hydrogen
peroxide is a constitutive characteristic of canoelis (the concentration of B, reaches
millimolar rangej’ suggest that 0, might play an important role in the reoxidation of
Ru(ll) complexes in hypoxic conditions in tumordghkl concentration of hydrogen peroxide
is cytotoxic. It is therefore widely thought that®3 is very toxicin vivo and must be rapidly
eliminated by enzymes such as catalases, perosidasd thioredoxin-linked systems.
However, HO; is poorly reactive: it can act as a mild oxidizimgas a mild reducing agent,
but it does not oxidize most biological moleculesadily, including lipids, DNA and

proteins®®

The danger of D, largely comes from its ready conversion to the
indiscriminately reactive hydroxyl radical, eithby exposure to ultraviolet light or by

interaction with a range of transition metal iobsing organisms have evolved mechanisms
to sequester transition metal ions into proteindabdorms that cannot catalyze hydroxyl
radical formation and other free radical reactionsivo. These mechanisms are especially
important in such extracellular fluids as the blgdasma. The hydroxyl radicals formed can

damage proteins, cell walls, and DNA, inducing apsis.

The transition metal oxidation by hydrogen peroxgléhe long time studied process
that makes the subject of so called Fenton’s chenfisTwo factors should be considered

for a metal complex to act as a Fenton readeiftthe availability of a free coordination site
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or the possibility of replacement of one ligand HYO,, through which the peroxide is
activated; and ii) the suitable reduction potent@l the redox couple. Ru(ll) complexes
generated inside the cells fulfill these requiretaeand might operate as catalyst in Fenton
type reactions. The intermediates produced duriexgrsible processes of aquation or
substitution at the metal center have a free coatdin site available for binding of one

hydrogen peroxide molecule, in this way generatirggactivation complex (eq. 3):

[Re*|+H,0, - [R¥|-H,0, - |Rw**|+OH" +OH" 3)

Additionally, the accessible redox potentials @efrand bound ruthenium make the redox
cycling possible and likely to occur. We believattthe redox cycling of ruthenium species
inside the cells, that generates continuously neadttydroxyl radicals, can contribute to the
ruthenium drugs cytotoxic effects. Indeed, the lowyotoxic effect of ICR as comparing to
KP1019 or NAMI-A/* can be in part attributed to lower redox potertialCR that makes

the reduction, and implicitly the redox cycling, radifficult to occur.

Recently, the catalytic behavior of organometalig(IR “piano-stool” complexes
([(n°-arene)Ru(azpy)l] arene =p-cymene or biphenyl, azpy #,N-dimethylphenyl or
hydroxyphenyl-azopyridine) in the oxidation of theajor intracellular reducing agent
glutathione to glutathione disulfide was reportedn this case, a ligand centered redox
cycling was assumed to be responsible for the géipnar and accumulation of reactive
oxygen species. Because the free azopyridine Iggamd not readily reducdd vivo, the
complexation is needed to raise the redox potetidbecome biologically accessible. A
similar fine tuning of SRP of redox innocent liganay metalation is described in chapter V

of this thesis.
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Figure 15. Mode of action of ruthenium anticanagzrds
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IV.7. Conclusions

In this work, by using high level quantum chemicalculations, we have investigated
chemical aspects of the anticancer activity of fpotent Ru(lll) anticancer complexes:
NAMI-A, ICR, transtetrachloridobis(pyrazole)ruthenate(lll) and KP20@—4, Chart 2).
The computational setup was tested in advance awes ghe best performance in
computation of reduction potentials of Ru(lll) caewes. The experimental aquation rates
are predicted within one order of magnitude acourBecause of the biologically accessible
reduction potential of these complexes, the deseripof their mode of action is more
challenging than the computational investigationtled most known anticancer compound
cisplatin. Moreover, since the first time the “sation by reduction” hypothesis was
formulated some 30 years alfithe reduction is supposed to be the major faatterchining
the anticancer behavior of Ru(lll) complexes. Tleuction, as important aspect of the
activity, is taken into account, in addition, thdeatronic aspects governing the
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electrochemical behavior of the Ru(lll) complexesrevrevealed. The analysis of computed
data shows interesting features of Ru(lll) antieanactivity and can be summarized as

follows:

1. Under normal conditions a slow aquation of onleredo ligand takes place leading
to mono-aqua species of Ru(lll) complexes. The s@&ep aquation is possible, but the di-
agua complexes are computed to be thermodynamicaitable, combined with high
activation barriers of second aquation step, thgsecies are less likely to form. The
reduction promotes aquation which, following a digative mechanism, proceeds much
faster than the aquation at more inert Ru(lll) eesitand the process is exergonic except for
6 (reduced ICR). The few orders of magnitude fakteetics favors the formation of thas
overtrans isomer of di-agua complexes, therefore the moshdant Ru(ll) metabolites are
likely to be mono-aqua and tleés-di-aqua complexes. At this point, the calculatioexgeal
the relevance of the oxidation state for the agumatand implicitly for the reactivity of

Ru(lll) anticancer agents.

2. We have investigated four major factors influegcthe redox potential of the
Ru(lll) complexes: (i) the nature of the axial g at octahedral metal centers of initial
prodrugs; (ii) the binding to biological targetsi) (the influence of the medium pH; and (iv)
the influence of the environment dielectric constafhe energy decomposition analysis
clearly reveals the decisive role sfelectron acceptor character of DMSO land indazole
igands in stabilization of Ru(ll) species, promgtiNAMI-A and KP1019 reduction. The
successive change of the electron acceptor charda® DMSO to imidazole through
indazole and pyrazole correlates well with the ot potential order of the original Ru(lIl)
compounds. The solvation is an important factoreeining the redox potential, as it
compensates the effect of large negative chargabem-back donation from the metal to
bulky ligands such as indazole (Figure 8). The geawf reduction potential after the binding
to biologically relevant targets is directly reldtéo the pK values of the free protonated
ligands. A higher pKcorrelates with a more difficult reduction. Thelieu acidity influences
the protonation state of the ligands and consefuéhé reduction potential. The low
dielectric constant of the medium impedes the reédocas the SRPs fall dramatically with
the decrease af A smart tuning of the reduction potential by ohiag the axial ligands is a
necessary condition in the rational design of thire Ru(lll) anticancer complexes. The

reduced ruthenium complexes may enter the redaingyloeing oxidizing back by hydrogen
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peroxide. The cycling may act as a continuous ggoepf reactive hydroxyl radicals, which

damage the cells.

3. The interaction with biological targets was istigated by computing the activation
barriers and reaction free energies of the aguandigsubstitution with a set of biological
models representing N- and S- sites of proteirmawith adenine and guanine as purine
DNA bases models. The aquation takes place pritirtding to biomodels and determines
the rate of substitution. Similarly to cisplatiretsubstitution occurs at the more labile aqua
ligands of the Ru(lll) speciefespite the prediction that there is not a cleaetc preference
for the binding to nitrogen or sulfur protein sit@ése substitution at histidine protein residues
being only slightly favorable) the thermodynamiasdrs relatively strong binding to the nitrogen
protein sites, whictare computed to be ~10 kcal/mol more stable tharnstilfur containing
ligands. The exception being the thiolates whielbisize the Ru(lll) compounds by up to 25
kcal/mol. NAMI-A is found to be overall less disgakto the substitution in both the kinetic
and thermodynamic sense. After reduction, the Rfkecies become much more reactive
showing low activation barriers and large reacfi@e energies characteristic for all binding
sites. However, a slight thermodynamic preferemeceNFcontaining ligands is revealed. The
fact that the ruthenium species are not selecoweatds the purine bases of DNA suggests
the mechanism of action other than that of cisplatihich binds preferentially to the guanine
sites of DNA. The exception is tlues-di-aqua species which prefer to bind guanine N&. si
Similarly to cisplatin the hydrogen bond from orqua ligand in the mono-aqua substituted
species to O6 of guanine stabilizes the transistates and the reaction products. This

preference could play a significant role for thaatévity of the reduced species.

IV.8. Computational details

The structure optimizations were carried out udimg 3-parameter fit of exchange
and correlation functionals of BecR&B3LYP), which includes the correlation functiorl
Lee, Yang, and Parr (LYPJ, as implemented in Gaussian §3The Stuttgart-Dresden
(MWB?28) effective core potentials (ECP5and the corresponding valence-basis sets were
used on ruthenium and the 6-31G(d,p) basis setghenother atom§’ Vibrational
frequencies calculated at this level confirm tHest@uctures are either minima (NIMAG = 0)
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or first order saddle points (NIMAG = 1) on the @atial energy surfaces. Improved energies
were calculated at B3LYP level by augmenting theameasis set with two sets of f and one
set of g function® together with the same ECPs, the 6-311+G(3d) Isasisn the S and Cl
atoms, and the 6-311+G(d,p) basis sets on the atbens. Free energies vacuowere
calculated by adding corrections from unscaled -paiat energy (ZPE), thermal energy,

work, and entropy evaluated at the B3LYP level38.25 K, 1 atm to the improved energies.

Solvation free energies of the optimized structunese computed by means of
Poisson-Boltzmann finite element methdds implemented in Jaguai With the dielectric
constant being 80.37 representing water as thesblThis solvation model, in combination
with above described gas-phase optimization préotagiges the best performance in the
SRPs computations, as shown in our previous bendimgawork?® We found an overall
error of 0.03 V in the computations of 80 SRPs bfr6thenium (lll) complexes bearing a
wide range of molecular charges (from —1 to +3jour different solvents. We have shown
that the solute cavity choice is crucial in thesenputations; the performance of the model
being strongly related to the solute cavity siz¢him solvent continuum. Because the metal is
well buried into the octahedral surrounding of tida, its radius does not influence the cavity
size and implicitly the solvation energies. On dtker hand the metal becomes exposed to
the solvent as the nucleophilic substitution adeanand its radius might influence directly
the activation free energies. The solvation energiethe penta-coordinated intermediates of
the dissociative mechanism suffer mostly from th&ccuracy of the metal radius used. We
adjusted the Ru(ll) van der Waals radii used tddatlie solute cavity in Jaguar to fit best the
experimentally available activation energies of evaeéxchange in [Ru@®)s)*" and in
[Ru(NHs)s(H20)]** by pyridine and acetonitrile (details are avaialih Supporting Info
Table S19). For consistency, the fitted value (A08or Ru(ll) atoms was used in solvation
calculations. All free energies in solution were nfied by an entropic term that is half of the
entropy in vacuo, with the opposite sign, becatme dontinuum dielectric models do not
consider properly the changes of solvation entrioppimolecular reactions. According to
Wertz and other® various molecules lose a constant fraction (agprately 0.5) of their

entropy, when they are dissolved in water.

Because the aquation reaction is bimolecular theeganstank computed by the use
of Eyring equation (eq. 4) employing the predicaetivation free energies contains the factor

arisen from water concentration in the medium (5.5
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G,
k= kBTTe T @)

where kg is the Boltzmann constant, is the absolute temperature, ahds the Planck

constantAG; is the activation free energy.

pK. predictions were carried out using the thermodyinaiycleé®? displayed in Figure
16.

Figure 16. Thermodynamic cycle to predict acidiystants

AG!
AHyac = Ayac + Hvac
AGsolv AGsolv AGsolv
AG .

pK, =AG*/RTIn10

AGaq = AGl + Ac':'solv(H +) + Ac-:'solv('A‘_) - AGSOW(AH)

whereAG! is the reaction free energy of AH deprotonatioas-phaseAG®® is the reaction
free energy in wateiAGs,), are solvation energies of each species involvatierprocess. R
is the ideal gas constant, and T is the temperd288.15 K). We have used the values
GvadH") = —6.28 kcal/mdPf andAGs(H") = —263.98 kcal/mol extrapolated from cluster ion
solvation dat&*

Standard redox potentials were calculated on tisesbaf the thermodynamic cycle
similar to the one used for the prediction of agidtonstants. The SRP is related to the

reaction free energy of electron attachment pro@ss-€ — Red in water4G®?) by:

SRP = —AG*¥zF) —~ASRRe
with AG* = —AGs(Ox) +AG! + AGso(Red)
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AG' is the reaction free energy in vaciGs,(Ox) andAGso(Red) are the solvation free
energies of the oxidized and reduced form, F =&®,&/mol = 23.061 kcal/(Vmol) is the
Faraday constant, and z = 1 for one-electron reshgtThe SRPs are shifted ASRRue =
4.28 V to align the results to the scale of therNarHydrogen Electrode (NHES.

The chemical intuitive energy decomposition analysis implemented in the
Amsterdam Density Functional 2007 programs packA@¥)®® was successfully applied in
the similar computations on the nature of bondmguthenium complexes of the formula
[Ru(NHs)sB]** (Z = 2,3), where B is a nucleobase or a proteimleh® We performed the
single point calculations ob-10at the B3LYP/ZORA' level using the large QZV4P basis
set at ruthenium and the other atoms.
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Table S1. Geometrical parameters used for the hygisanechanism assessment

Experimental activation

M—CI(O) M-OH, parameters
R RA (L) RA (E) TS AR) TrA P PA(E) PA(L) TS AP) St rsYrA ref AH AS ref
A A A A A A A A A A A A A kJ/mol J/mokK
Cisplatin 2.370 2.383 3.610 2.742 0.37 5.99 2.087 2.03 3.9532.401 0.31 5.14 -0.85 16a 19.67 -15 29
2.390 2.399 3.667 2.819 0.43 6.07 2.042 4.135 2.42 5.24 -0.83 16a*
2.277 3.183 2.693 5.46 2.027 3.885 2.344 5.04 42-0. 30
2.361 3.862 2.798 6.22 2.082 4.083 2.467 5.27 —0.96 16d*
trans-[Pt(NH),L "(H,O)]™ 27
L"=H,0 2.066 2.408 2.066 2.426
LT = NH, 2.109 2.470 2.109 2.476
LT=0H 2.190 2.689 2.190 2.688
L'=F 2.140 2.561 2.140 2.562
L"=cr 2.180 2.566 2.180 2.566
LT=Br 2.203 2.581 2.203 2.581
LT=H,S 2.136 2.446 2.136 2.450
LT=CHS 2.281 2.826 2.281 2.880
LT=scN 2.179 2.570 2.179 2.583
LT=CN 2.224 2.581 2.224 2.581
LT=PHs 2.189 2.483 2.189 2.484
L"=co 2.125 2.396 2.125 2.396
LT=NO,~ 2.219 2.564 2.219 2.564
LT=CHy 2.335 3.684 2.335 3.785
LT=H 2.319 3.075 2.319 3.294
LT = GH, 2.197 2.268 2.197 2.734
Carboplatin 2.42 2.38 88 88.4 -15 31
Oxaliplatin 2.00 3.47 2.45 5.47 2.01 3.19 2.34 4.79 —-0.68 32
2.00 3.46 2.48 5.46 2.08 3.28 2.44 4.92 —0.54 32*
Rhodium 2.07 2.93 0.86 2.07 2.64 0.57 89 49.0+1.0 0 -6 33
Tetracarboxylate
[(n®-benzene)Rl(en)CIT 2.418 3.090 0.67 2.244 2.620 0.38 21 794+3.  -30.8+11.5 34
2.424 4.138 3.099 6.56 2.142 3.898 2.586 569 880. 35
2.479 4.221 3.238 6.70 2.168 4.271 2.884 6.12 —0.58 35*
NAMI-A 2.42 2.44 4.86 3.679 1.26 7.30 2.23 2125 64 3.127 0.90 6.81 —0.49 18c
2.42 2.387 4.506 3.92 1.50 6.89 2.23 2.141 4.608 .23 3 1.00 7.15 0.26 18c*
2.43 2.45 4.30 2.99 0.56 6.75 2.21 2.14 4.69 2.56 0.35 5.55 -1.20 18a
2.44 2.45 4.12 4.26 1.82 6.57 2.20 2.15 4.68 3.89 1.69 8.15 1.58 **
ICR 2.44 2.48 4.16 3.21 0.77 6.64 2.24 2.16 4.62 274 500 5.95 -0.69 19 117.0+£7.0 55.0+23.0 36
2.43 2.43 4.07 4.12 1.69 6.50 2.23 2.14 4.60 371 481 7.83 1.33 **
TzICR 2.434 2.455 4.078 3.520 1.09 6.53 2.156 #4.53 3.020 6.54 0.01 18d
(2-NH,)TzICR 2.450 2.462 4.084 3.044 0.59 6.55 2.227 2.25 4.765 2.606 0.38 5.65 —0.09 18d

* optimization in solution, ** data in this workga — the sum of the metal-leaving ligand bond RA(hYl dhe metal entering ligand RA(E) in

the reactant compleXis — the sum of the metal-ligands bonds of the tteomsstate involved in substitution.
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Table S2. Geometrical parameters of Ru(lll) spefawed during aquation d~4

1st step 2nd step ¢is) 2nd steptftans)
R RA TS PA P 54 R RA TS PA P P P° R RA TS PA P P P°

1  Ru=Cl 244 245 426 4.68 235 237 288 401 233 235 285 4.17

Ru-Qy 412 389 215 220 403 265 216 2.16/2.21 202. 403 240 206 2.07/2.16 224

Ru-Q, 1.96 1.96 1.98/1.9p 1.93  1.99/2.04
2 Ru-=Cl 243 243 412 4.60 238 239 360 4.00 231 232 284

Ru-Qy 407 371 214 223 420 351 217 2.19/2.18 232. 420 2.38 2.11/2.11  2.26

Ru-Q, 1.99 1.96  1.99/2.0p 1.92 2.01/2.02
3  Ru-Cl 2.45 4.26 2.39 3.60 2.30 2.85

Ru-Q, 3.50 2.23 3.34 2.18/2.19 2.22 2.40 21 225

Ru-Q, 1.96 1.97 1.97/1.9] 1.93  2.00/2.00
4 Ru-Cl 2.44 3.79 2.38 3.59 2.32 2.84

Ru-Q, 3.41 2.22 3.38 2.18/2.19 2.22 2.39 212 225

Ru-Q, 1.96 1.97  1.97/1.9] 1.91 2.05/2.05

R reactantsRA reactants adduciBS-transition strature$?A products adduct® products. Ru—CIl bond broken during aquation, Ry—O
ruthenium aqua ligand bond formed during aquattu-Q, rutheniium hydroxido ligand bond, formed by deprattion of aqua ligand.
2 hydroxido complexe$ di-hydroxido complexes

Table S3. Geometrical parameters of Ru(ll) spefciesed during aquation &-8

1st step 2nd step ¢is) 2nd stepttans)
R TS1 TS2 P p TS1 TS2 P P TS1 TS2 P P P

5 Ru-Cl 255 417 252 375 244 470

Ru-Q 336 227 2.20/2.23 2.24 3.32  2.15/2.18 .322

Ru-Q 2.07 2.07 2.07/2.0p 206 2.11/2.19
6 Ru-Cl 254 361 257 349 243 454

Ru-Q 3.82 227 2.23/2.24 227 417  2.17/2.17 372

Ru-Q, 2.08 2.08 2.10/2.1p 2.06  2.15/2.16
7 Ru-Cl 2.57 3.53 258 332 2.46

Ru-Qy 396 223 2.22/2.22 3.80 2.16/2.17

Ru-Q, 2.08
8 Ru-ClI 2.55 3.89 250 371 245 484

Ru-Q, 382 223 430 2.22/222 223 3.53 2.16/2. 2.33

Ru-Q 2.19 2.04  2.05/2.0p 2.02  2.09/2.09

R reactantsT S-transition statesT({S1/TS2first/second step dd mechanism)P products. Ru—Cl bond broken during aquation, Ry—O
ruthenium aqua ligand bond formed during aquattir-Q, rutheniium hydroxido ligand bond, formed by depration of aqua ligand.
2 mono-hydroxido complexe8 di-hydroxido complexes
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Table S4. Computed pkof mono and di-aqua species

mono-aqua cisdi-aqua transdi-aqua
pKa pKal  pKa2 pKl  pKa2
3.4 -04 65 -18 100
4.3 2.0 8.7 1.0 10.8
3.1 -0.6 6.6 05 115
2.3 -24 6.1 -34 8.0
18.6 13.7 195 146 20.9
16.4 17.1 19.0 19.0 20.0
16.0 16.1 17.8
12.7 150 16.7 169 18.0

O~NOOTh~ WN P

Table S5Free energies relative to separated reactanteddptecies involved in the aquation process updasdtond step (kcal/mol) of Ru(ll)
compounds. Dissociative mechanism

R TSD1* 11 TSID2 Pl cisTS2D1 cisl2 cisTSD2 cisP2 transTSZ2D1 transl2 transTS2D2 transP2
5 0 129 24 11.7 -5.6 10.0 3.1 -5.9 16.0 2.2 15.9 -6.0
6 0 11.8 4.6 105 0.1 7.6 3.5 -2.3 16.8 5.3 11.0 -4.2
7 0 95 4.0 10.3 -1.8 7.7 4.1 -3.8 4.7 9.2 -5.8
8 0 121 5.2 11.3 -1.7 10.7 5.6 12.1 -2.5 18.9 6.7 114 4.5

* The digit following the transition states desigpra(TS) denotes the aquation step. The first @odisd steps dD mechanism are symbolized
by D1 andD2 respectively.
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Table S6.Free energies relative to separated reactantseosplcies involved in the aquation process up ¢ost#tond step (kcal/mol) of

ruthenium(ll) compounds. Interchange mechanism

R TS1 P1 ©cis-TS2 cis-P2rans-TS2 trans-P2

5 0 -5.6 142 5.9 21.9 -6.0
6 O 0.1 136 -2.3 23.6 —4.2
7 0 136 -1.8 13.2 -3.38 22.6 -5.8
8 0 16.1 -1.7 16.8 -2.5 24.8 —4.5

Table S7. Interaction energies of the metal orbiath the axial ligands orbitals #+4 and6—10(kcal/mol)

Orbital Representation Formula 9 10 2 6 3 7 4 8
Con Coy

dz2,5s ) a a -69.8 -61.4 -65.5 -57.0 -65.0 -56.6 —-64.5 -58.2

5p, by by by -16.5 -174 -17.7 -17.2 -21.1 -20.5 -20.1 -20.4

4d,, by 2 & -23.1 -355 -15.6 -31.3 -15.8 -33.1 -20.9 -54.0

4d,, & by bi—b, -200 -31.3 -94 -132 -12.7 -16.4 -129 -16.6

4d,y by b, by—a -39 27 -74 53 -60 -36 52 -13

4do_y» & & 0

5px by a o

5p, a b, a -33 61 -28 -33 -30 -39 -32 -58

&assumption
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Table S8Decomposition of interaction energy between [RIGT and the axial ligands i, 3 and in their reduced forngand7 (kcal/mol)

Czh C2v
2 6 3 7 2 6 3 7

Eint -75.7 551 -879 -79.1| -756 552 -86.8 -—77.7
Eson -79.9 -2143 -63.6 -191.0f -80.0 -214.3 -63.1 -192.3
Eint+solv -155.6 -269.4 -1515 -270.1] -155.6 -269.5 -149.9 -270.0
AEpauii 183.6 1975 1836 197.9| 1835 1974 183.3 1975
AEqist -165.6 -158.5 -172.6 -176.0| -165.5 -158.5 -172.5 -175.7
AEorn -93.7 -941 -989 -101.0/ -93.7 -941 -976 -994
AEr; : Con (Coy)

ag (&) -75.0 -70.2 -79.1 -743| -655 -57.0 -65.0 -56.6
by (a) -23.0 -365 -21.8 -36.7| -156 -31.3 -158 -33.1
ay (by) -2.8 -3.3 -3.0 -39| -271 -304 -33.8 -36.9
b, (by) -17.7 -17.2 -21.1 -20.5| -10.3 -8.6 -9.2 7.5

Table S9Basis set dependence of the charge transfer betweth orbitals and axial ligands orbitals2#4 and6—10(Cap)

Representation 9 10 2 6 3 7 4 8
Con
ay 0.43(0.46) 0.39(0.39) 0.32(0.36) 0.28(0.31) 0.3%p 0.29(0.31) 0.33(0.35) 0.31(0.32)
a, 0.05(0.07) 0.07(0.12) 0.05(0.06) 0.11(0.13) O.amp 0.15(0.17) 0.08(0.09) 0.29(0.32)
by 0.00(0.00) 0.00(0.00) 0.00(0.00) 0.00(0.00) O.0mFp 0.00(0.00) 0.00(0.00) 0.00(0.00)
b, 0.00(0.20) 0.00(0.18) 0.00(0.12) 0.00(0.03) O0.a0(p 0.00(0.10) 0.00(0.10) 0.00(0.02)

Values are computed at BSLYP/ZORA level using QZ\b&Ris at ruthenium and other atoms. Values implaesis are computed by using
TZV2P quality basis.
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Table S10Basis set dependence of the charge transfer betweth orbitals and axial ligands orbitals2#4 and6—-10(Cy,)

Representation 9 10 2 6 3 7 4 8
C2v
& 0.43(0.46) 0.39(0.39) 0.32(0.36) 0.28(0.31) 0.3 0.29(0.30) 0.33(0.35) 0.31(0.32)
& 0.04(0.04) 0.07(0.12) 0.05(0.06) 0.11(0.13) O0.08p 0.15(0.17) 0.08(0.09) 0.29(0.32)
b, 0.00(0.20) 0.12(0.16) 0.00(0.11) 0.00(0.11) O.amgp 0.00(0.10) 0.00(0.10) 0.00(0.03)
b, 0.00(0.00) 0.00(0.03) 0.00(0.00) 0.00(0.00) O.0WP 0.00(0.00) 0.00(0.00) 0.00(0.00)

The values are computed at B3LYP/ZORA level usi@y@P basis at ruthenium and other atoms. Valugaranthesis are computed by using
TZV2P quality basis.

Table S11. Decomposition of interaction energyranstrans -[RuCh(OH,)(Hpz),] (trans-di-aqua?) andtranstrans -[RuCh(OH,)(Hind);]

(trans-di-aquas8) (kcal/mol)

C2h C2v
trans-di-aqua7 transdi-aqua8 | transdi-aqua7 transdi-aqua8

Eint -98.0 -95.7 -96.7 -94.7
Esolv —26.7 -26.5 -27.8 -27.2
Eint+solv -124.7 -122.1 -124.5 -121.9
AEpayii 192.3 208.6 191.9 208.5
AEeist -187.8 -196.3 -187.6 -196.3
AEom -102.5 -108.0 -101.1 -106.9
AEr 1 Gn (G)

3y (an) —78.5 -80.7 -62.2 -64.3
by () -24.9 -30.8 -19.2 -25.9
ay (1) -3.4 -3.7 -33.9 -34.4
by () -18.9 -19.0 -9.0 -8.5
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Table S12. Computed standard redox potentials inseMHE

Y
Cl SH, MeSH Me,S Ade OH Gua Im NH; MeNH, MeS OH™
1-Y 0.07 042 0.32 0.29 0.31 0.27 0.12 0.14 0.14 0.11 -0.34 -0.65
2-Y -0.25 0.12 0.03 -0.01 -0.10 -0.18 -0.27 -0.25 -0.29 -0.29 -0.68 -0.89
3-Y -0.19 0.31 0.25 0.18 0.10 0.02 -0.04 -0.03 -0.03 -0.07 -0.56 -0.72
4-Y 0.02 0.40 0.36 0.29 0.22 0.16 0.11 0.10 0.09 0.04 -0.42 -0.50
pKa (exp)  —8.00 <—20° -170 ~3° 7.11® 925 10.64 10.40 15.75
Table S13. Experimental and computed,pKalues of free azoles
calc  exp®
H-Ind 1.1 1.25
H-Pz 3.1 2.64
H—Im 7.8 7.11
Table S14. Computed standard redox potentials imnseeNHE, atz = 10
Y
Cl SH, MeSH Me,S  Ade OH, Gua Im NHs; MeNH, MeS OH™
1-Y -0.53 0.20 0.14 0.04 0.02 -0.05 -0.15 -0.12 -0.100.13- -0.93 -0.95
2-Y -0.70 0.10 0.02 -0.04 -0.10 -0.19 -0.30 -0.26 -0.240.30 -1.08 -1.28
3-Y -0.88 -0.15 -0.24 -0.27 -0.35 -0.45 -0.57 -0.5456-0.-0.56 -1.29-1.51
4-Y —0.48 0.19 0.12 0.06 0.09 0.04 -0.14 -0.11 -0.09 .11-0 -0.89 -1.18
pKa(exp)  —8.00 <20d° -170 ~3° 711" 925 10.64 10.40 15.75
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Table S15. Predicted activatiohG,) and reaction free energiesd;) in kcal/mol of the aqua substitution in mono—aqamplexes ofl—4 by
Y (Chart 2)

AG,
SH, MeSH MeyS Ade Gua Gua* Im NH3 MeNH, MeS
1-OH, 21.7 22.8 240 26,5 237 27.6 23.2 24.5 24.2 28.9
2—0OH; 19.8 20.0 209 208 20.1 22.3 18.9 23.7 22.6 23.3
3-0OH, 20.8 215 21.7 215 20.1 19.7 20.3 21.2 24.5 20.6
4—OH, 21.3 22.2 21.7 21.7 20.6 23.7 20.0 20.3 24.1 20.6
AG;
1-OH, -2.6 -5.2 -53 =27 -19 -9.1 -13.3 -14.0 -15.0 -=-20.7
2—0OH; 4.1 —6.6 -64 -68 -3.8 =159 -14.2 -14.4 -14.7 =22.9
3-0OH, -3.8 —6.7 -73 53 47 -14.3 -146 -14.2 -155 -24.6
4—0OH, -3.5 —6.3 -6.9 55 -54 -104 -145 -14.3 -155 =249

Table S16. Predicted activatidis, and reaction free energia&, in kcal/mol of the biological moded (Chart 2) binding t&—OH, : 8—OH,.
Second step dd mechanism

AG,
SH, MeSH MeyS Ade Gua Gua* Im NH3 MeNH, MeS
5-0OH; 13.4 13.5 16.8 191 191 14.8 17.9 13.5 15.9 17.9
6—0OH; 9.7 10.0 114 11.2 134 6.5 11.9 9.0 8.9 11.4
7—0OH; 10.6 12.3 11.9 123 134 6.4 9.9 10.4 10.4 8.8
8—-0OH; 11.8 11.8 12.7 123 141 10.1 10.4 11.9 11.8 111
AG;
5-0OH;, -6.1 7.1 -59 37 1.7 -12.8 -10.1 -11.0 -11.5 —-6.3
6-OH, -11.0 -116 -108 -87 =20 =175 -125 -11.9 -12.0 -10.4
7-OH, -106 -119 -113 -73 =31 -16.2 -134 -129 -13.2 -10.7
8-0OH, -95 -111 99 71 -44 -16.3 -13.1 -12.7 -13.0 -10.9
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Table S17. Characteristic metal-ligand bonds in@dlin the substitution process at Ru(lll) centarsibno-aqua complexes bt4.

Reactants Transition Structures Products
R R* SH, MeSH MeS Ade Gua Gua* Im NH; MeNH, MeS SH, MeSH MeS Ade Gua Gua* Im NH; MeNH, MeS
1-OH, Ru-CF 2.33 2.30 2.29 2.29 2.29 2.29 2.34 2.34 2.28 2.3@.30 2.39 2.35 2.36 2.37 2.37 2.36 2.32 2.38 2.36.37 2 2.43
Ru-CI
Ru-C 2.20 2.21 3.93 3.89 3.94 3.64 3.57 2.59 3.81 4.03.92 2.57
Ru-O* 2.16 2.21 2.10
Ru-S 4.03 4.00 4.29 3.11 2.51 25 2.48 332.
Ru—N! 3.50 3.98 2.58 3.67 3.56 3.73 2.18 2.17 242 213 2.17 2.18
2-OH, Ru-CF 231 2.31 2.28 2.28 2.28 2.28 2.28 2.31 2.28 2.28.29 2.33 2.33 2.34 2.34 2.34 2.34 2.34 2.35 2.34.352 2.46
Ru-CI
Ru-C 2.23 2.21 3.95 3.88 3.72 3.53 3.68 3.67 3.54 3.88.79 3.42
Ru-O* 2.19 2.16
Ru-S 3.54 3.75 3.90 4.31 2.51 2.48 2.50 2.32
Ru—N! 3.35 4.21 3.49 3.48 3.48 3.46 2.19 2.192.18 2.16 2.17 2.18
3-OH, Ru-CF 2.30 2.32 2.27 2.27 2.27 2.27 2.28 2.27 2.27 2.22.29 2.32 2.32 2.33 2.33 2.34 2.33 2.33 2.34 2.33.332 2.46
Ru—Cl
Ru-C 2.22 2.19 3.89 3.75 3.64 3.71 3.70 3.60 3.37 3.43.60 3.22
Ru-O* 2.18 2.11 2.10
Ru-S 3.61 3.76 3.79 3.96 2.51 2.48 2.50 312
Ru—N! 3.65 3.73 3.47 3.28 3.17 3.71 2.19 2.19 .162 215 2.18 2.19
4-OH, Ru-CF 2.32 2.32 2.28 2.27 2.27 2.27 2.27 2.31 2.29 2.22.29 2.32 2.31 2.32 2.33 2.35 2.32 2.33 2.34 2.33.332 2.45
Ru—Cl
Ru-C& 2.22 2.19 3.84 3.69 3.61 3.67 3.95 3.66 3.89 3.8B.64 3.20
Ru-O* 2.18 2.10 2.16
Ru-S 4.09 3.77 3.78 3.97 2.52 2.49 2.50 312
Ru—N 3.57 3.63 3.34 3.60 3.18 3.69 2.17 2.25 .172 2.16 2.18 2.19

#transbonded Cl ligand to the leaving/entering ligand
P Ru—O(leaving water)

¢ Ru=S(entering sulfur containing ligands)

4 Ru—-N(entering nitrogen containing ligands)

* Substitution atis-di-aqua species
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Table S18. Characteristic metal-ligand bonds inedhin the substitution process at Ru(ll) center&-+#OH, : 8-OH,. Second step oD

mechanism
Reactants Transtition Structures Products
R R* SH, MeSH MeS Ade Gua Gua* Im NH; MeNH; MeS SH, MeSH Me,S Ade Gua Gua* Im NH; MeNH; MeS

5-OH, Ru-CF 2.44 2.44 2.39 2.39 2.39 2.38 2.42 2.37 2.38 2.39 2.38 2.39 2.50 2.48 2.48 2.48 2.48 2.43 2.49 249 492 252

Ru—Cl

Ru-C 2.24 2.27

Ru-O 2.24 2.18 2.18

Ru-S 4.02 4.31 3.95 4.4 2.40 2.37 2.39 482

Ru—N! 3.88 2.78 4.02 3.28 3.64 3.73 2.16 211 212 215 2.15 2.16
6-OH, Ru-CFP 2.43 2.44 2.38 2.38 2.39 2.38 2.39 2.39 2.39 2.38 2.38 2.44 2.46 2.47 2.47 2.47 2.47 2.45 2.48 248 482 254

Ru—Cl

Ru-& 227 227

Ru-O 2.27 2.21 2.19

Ru-S 3.96 3.67 4.09 3.9 2.34 2.34 2.36 452

Ru—N! 4.61 3.25 4.15 3.01 3.27 3.69 2.14 2.10 .082 211 2.14 2.16
7-OH, Ru-CFP 2.46 2.45 2.37 2.37 2.38 2.40 2.38 2.37 2.39 2.37 2.37 2.42 2.44 2.45 2.45 2.47 2.45 2.46 2.50 246 462 250

Ru—Cl

Ru-& 223 223

Ru-O 2.23 2.20 2.18

Ru-S 4.68 3.94 4.18 3.9 2.36 2.36 2.37 482

Ru—N! 473 3.26 3.95 2.93 3.36 4,01 2.15 2.11 102 211 2.15 2.17
8-OH, Ru-CF 2.45 2.45 2.36 2.37 2.36 2.37 2.40 2.37 2.38 2.36 2.36 2.40 2.43 2.44 2.44 2.48 2.43 2.45 2.47 245 452 249

Ru—Cl

Ru-& 223 223

Ru-O 2.23 2.18 2.18

Ru-S 4.15 3.89 4.38 4.1 2.37 2.37 2.38 A72

Ru-N! 4.40 3.27 3.92 3.05 3.36 4.32 2.15 2.18 .102 2.12 2.15 2.17

#transbonded Cl ligand to the entering ligand
P Ru—O(leaving water)
¢ Ru=S(entering sulfur containing ligands)

4 Ru—-N(entering nitrogen containing ligands)
* Substitution atis-di-aqua species
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Table S19. Ru(ll) radii calibration to experimerdata on energetics (kcal/mol) of the substituposcess: RULsOH, +Y — RU'LsY + H,O

Y OH;, py ACN
r (Ru) A R TSD1 |  TSD2 P TSD2 P TSD2 P
exp 19.972 16.2° 16.7°
[RU"(OH,)e] =" 1.48 0 1229 598 12.29 0
1.58 0 14.01 8.33 14.01 0
1.68 0 15.23 10.30 15.23 0
1.78 0 16.05 11.87 16.05 0
1.88 0 16.71 13.17 16.71 0
1.98 0 17.26 1398 17.26 0
2.08 0 17.67 14.68 17.67 0
2.18 0 17.84 1526 17.84 0
[RU"(NHa3)5(OH2)]=* 1.48 0 1251 1.89 15.40 -10.97 5.22 -18.77
1.58 0 1246 3.55 15.36 -10.98 5.86 -18.81
1.68 0 1253 461 15.31 -11.01  8.02 -18.72
1.78 0 1297 555 15.20 -11.05  7.98 -18.86
1.88 0 1329 6.25 15.23 -11.02  8.61 -18.81
1.98 0 1344 6.72 15.23 -11.03  8.88 -18.80
2.08 0 1353 7.07 15.05 -11.05  9.24 -18.81
2.18 0 1365 7.38 15.21 -11.06 9.42 -18.83

R-reactantsT S-transition stated -intermediates, and products in the limitindD mechanism witb1-first, andD2-second step.The calibration
was started from default radius for ruthenium atamslefined in Jaguar 7°q1.48 A) with the step size of 0.1 A. We have @mthe value of
2.08 A for computations since the consideratiotagjer radii (2.18 A) does not improve the actioatenergies of processesH ~ 0.2 kcal/mol
by changing Ru radii from 2.08 A to 2.18 A) and #aue of 2.18 A already exceed the Ru—N(azoledatistances. The calibration does not

change the preference for theoverld mechanism of aquation process of studied redysecies (Table S20).

Table S20. Influence of Ru(ll) radii calibration tre AG, (kcal/mol) of aquation of and8

r (Ru") 1.48 2.08
Mechanism Id D Id D

7 14.8 94 136 10.3
8 179 177 161 121
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V. Electrochemistry of Antineoplastic Gallium, Iron and
Ruthenium Complexes with Redox Non-Innocent a-N-

Heterocyclic Chalcogensemicarbazones.

This chapter constitutes a collaboration betwegregment and theory. Only sections
V.4, V.5 and the theoretical parts of sections W6/ are being submitted as part of the

thesis.

V.1. Abstract

The electrochemical properties of a series ob-N-heterocyclic
chalcogensemicarbazones (HL), namely thiosemicarie® selenosemicarbazones and
semicarbazones and their gallium(lll), iron(lll)daruthenium(lll) metal complexes with the
general formula [ME][Y] (M = Ga, Fe or Ru; Y = P§ or NG;") were studied in detail by
cyclic voltammetry. All complexes show several, thoseversible, redox waves attributable
to the reduction of the non-innocent chalcogensarbazone ligand(s) at lower potentials (<
—0.4 Vvs. NHE) than the metal-centered iron or rutheniudorewaves (> 0 Ws. NHE) in
organic electrolyte solutions. The cyclic voltammeanrgs of the gallium complexes display at
least two consecutive reversible one-electron reoluavaves. These reductions are strongly
shifted by ~0.6 V to lower potentials in the copesding iron and ruthenium complexes.
The ligand-centered reduction is supposed to td&eepat the CEC=N double bond by
comparing electrochemical, chemical and spectrasatgia. Quantum chemical calculations
on the geometric and electronic structure of asemaicarbazone HL, the corresponding
metal complexes [Ga(b])" and [F&(L),], and the one-electron reduction product for eafch
these species support this assignment of the redugite and elucidate the observed order of
the ligand-centered redox potentidsi([Fe' (L)2]) < Ex(HL) < Ey[Ga(L)]").
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V.2. Introduction

Metal-based anticancer prodrugs may be activatettseely in the hypoxic tumor
tissue upon reduction by biological reducing agéhtElectron-transfer can occur either to
the metal-centeqr, if in the biologically accessible range, to finnocent ligands, resulting
in reactive species capable of attacking biolotyaalevant target molecules either by ligand
displacement at the low valent metal center or &gicals formed at the ligand entity,
respectively An “activation-by-reduction” step is thought to be important for platinum(IV)
complexes which have been evaluated in clinicakettgpment,e.g. tetraplatin ([PtCi(1,2-
(NH.),CsH4)], abandoned), satraplatin ([P$EAC)x(NH3)(NH.CeHs)], phase IlIl), and
iproplatin  ([PtCh(OH)»(NH-'Pr),], abandoned}, as well as for the activation of
investigational ruthenium(lll) prodrugs lik&rans-[RuCly(Hind),]” (KP1019) andtrans-
[RUCly(Him)(SDMSO)] (NAMI-A), both of which have already finished pleat clinical
trials*® Indeed, an increasing metal-centered redox palew@és shown to correlate with
higher cytotoxicity for a series of platinum(I%And azole-based ruthenium(lll) compoufds.
Metal-centered redox pontenials can be tuned amdigied by application of Lever’s
parametrization method, facilitating markedly thelesign as bioreductive drufy3®
Although hypoxia-selective organic drugs are undetensive investigation,e.g.,
nitroimidazoles: little is known about reductively activated metaised compounds
containing electronically non-innocent ligands witphysiologically accessible redox
potentials. One such example is ferrocenyl hydramxyixifen, containing a ferrocene-moiety
attached to a hydroxylated form of the estrogeeptar modulator tamoxifen which shows

high activity on estrogen receptor positive andatieg cell lines>*3

Thiosemicarbazones are versatile redox non-innokgamds with a wide range of
coordination modes in metal complexes, in particutben their binding capacity is further
increased by condensation with an aldehyde or ketontaining an additional donor atom in
a suitable position for chelatidh. Beside their exciting coordination chemistry,
thiosemicarbazones have evoked considerable ihtbezsuse of their broad spectrum of
pharmacological activity. In particulao-N-heterocyclic thiosemicarbazones were found to
possess antitumor, antimalarial, antibacterialifiamgal and antiviral activity> The enzyme

ribonucleotide reductase (RR) has been identifisdtiee principal molecular targkt.
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Ribonucleotide reductase converts ribonucleotidesd¢oxyribonucleotides necessary for
DNA synthesis and is highly expressed in tumor sceflaking it a suitable and well
established target in cancer chemotheragnitially, the inhibition of RR was attributed to
the ability of thiosemicarbazones as strong chedaim remove iron from the enzyme active
site, but later it was found that preformed iroreletes of some thiosemicarbazones with a
terminal NH group {NH,) show higher RR inhibitory activity than the unquexed
thiosemicarbazoneg? This is in agreement with data of 3-aminopyridinea2boxaldeyde
thiosemicarbazonéeT(iapine®), an investigational drug currently in phase lihical trials?

where an increase in cytotoxicity upon coordinatmiron was reported.

We reported previously that in the presence of r@uctant dithiothreitol (DTT)
iron(l1l) complexes with*N-disubstituteda-N-heterocyclic thiosemicarbazone ligands show
the fastest destruction of the R2 specific tyrogmee radical in mouse RR followed by the
metal-free ligands and the corresponding galliuth@@mplexes? In the absence of DTT no
radical quenching was observed, and the cytotgxddtta for the same compounds tested in
the cancer cell lines 41M (ovarian carcinoma) akdBR-3 (mammary carcinoma) are in
reversed order: the gallium complexes exhibiteghsly higher cytotoxicity in the low
nanomolar range in comparison to the metal-freankly whereas the iron(lll) complexes
displayed a much lower cytotoxicity in the micromolange. Thus, iron is essential floe
fast quenching of the tyrosyl radical in RR, buisinot solely responsible for the antitumor
potency of the'N-disubstituted thiosemicarbazone derivatives sugupshe existence of
additional molecular targets. The requirement of amlequate reductane.§., DTT) for
successful radical quenching indicates that tha(ip complex is reduced to its iron(ll)
form prior radical quenching. Similar observatiomere reported previously foFriapine®

and other thiosemicarbazongg?

These findings prompted us to prepare a series atfun(lll), iron(lll) and
ruthenium(lll) complexes of the general formula [N[Y] (M = Ga, Fe and Ru; Y = Rfor
FeCl,"), where HL is a chalcogensemicarbazone ligandrfChand 2) and to investigate the
effect of coordination to the metal on their metahd ligand-centered redox properties by
carrying out detailed electrochemical investigadi@md quantum chemical calculations. We
were particularly interested to clarify if the red@roperties/potentials of the prepared
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compounds are of physiological relevanice, to elucidate whether a relation between their
electrochemical properties and antiproliferativéivély or R2 specific tyrosine free radical

guenching ability can be found.

Chart 1. The chalcogensemicarbazone ligands ugbdsistudy

IﬁN X
Y\/\KN\NJJ\R
H

HLA : X =S, Y =CH, R = N(C4Hs) (A)

HLB: X =S, Y = CH, R = N(CH3), (B)
HL®: X =S, Y = CH, R = NH(CgHs) (C)
HLP: X =S, Y = CH, R = NH(p-CgH4NO,) (D)
HLE: X =S, Y =N, R = N(C4Hs) (E)
HLF: X =S,Y =N, R =N( CsHyq) (F)
HLG: X =S, Y =N, R = N(CH3), (G)
HLH: X =S, Y =N, R = NH(CgHs) (H)
HL: X =3S,Y =N, R = NH(p-CgH4sNO,) V)
HLY: X =0, Y = CH, R = N(CH3), )
HLK: X = Se, Y = CH, R = N(CH3), (K)
| H
= N\NJ\N/
H
HLM (M)
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ML2][Z]

M=Ga,L=LA Z=PFg
M=Ga,L=L8 Z=PFg
M=Ga,L=LC Z=PFg
M=Ga,L=LP, Z=NO;
M=Ga,L=LE Z=PFg
M=Ga,L=LF,Z=PFgq
M=Ga,L=LC Z=PFg
M=Ga,L=L"Z=N0O;
M=Ga,L=L'Z=N0O;
M=Ga,L=L',Z=PFg

M=Ga,L=LK Z=PFq

(1D)
(1E)
(1F)

(1G)

Chart 2. The library of metal chalcogensemicarbateooamplexes

+

M=Fe,L=L" Z=PFq
M=Fe,L=L% Z=PFq
M=Fe,L=LC Z=PFq
M=Fe, L=LP, Z=NO,
M=Fe, L=LE, Z=PFgq
M=Fe, L=LF, Z=PFg
M=Fe,L=LC Z=PFq
M=Fe,L=L"Z=N0;
M=Fe,L=L"Z=NO;
M= Fe, L =LA Z=FeCl,
M=Fe, L=LB Z=FeCl,
M=Fe, L=LE Z=FeCl,
M=Fe, L=LF, Z=FeCl,

M=Fe, L=L%, Z=FeCl,

M=Ru,L=LB Z=PFg
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(2F)
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V.3. Electrochemical Studies

V.3.1. Ligand-Centered Reduction.

The electrochemical data for the metal complexed EBgands under study are
summarized in Table 1 and Table S1, respectively, their electrochemical behavior is
shown in Scheme 1. In general, all complexes stexeral redox waves attributable to the
reduction of the non-innocent thiosemicarbazonaniits at lower potentials (< —0.4 &
NHE) than the metal-centered redox waves for thie and ruthenium complexes (> Ov§.
NHE; see below). The cyclic voltammograms of 0.2QrivBusN][BF 4]/CH3CN solutions of
the gallium thiosemicarbazonate complefés-11 display two consecutive reversible one-
electron (as confirmed by controlled potential #felysis of1B) redox waves witfi, /%, =
1.0 atv > 50 mV/s withAE, = 60 — 70 mV at 0.20 V/s (Scheme 1a, Figure 1¢ fddox
potential of the first ligand reduction (wa\t€®®) occurs between —0.38 and —0.96 V, and the
second (wavéL"™% between —0.62 and —1.25%. NHE depending on the ligand identity
(Table 2). As expected, compléA with the 2-pyridinyl and 4-pyrrolidinyl substituenat
the thiosemicarbazone ligands shows the most rvegegdox potentials, whereas compldx
with the more electron—withdrawing moietigsitroanilinyl and 2-pyrazinyl (the latter being
weakerog-donor and stronget-acceptor than the 2-pyridinyl moiety) has the nmussitive
redox potential for the ligand centered reductiohfier these two consecutive reversible
reduction processes a third irreversible redox w4 is observed for the pyridinyl
complexeslA — 1C between-1.63 and —1.81 Vs. NHE, whereas wav&L"™%is a reversible
one-electron reduction process at —1.35 and —1.56. WHE for the pyrazinyl containing
complexeslE — 1H and is followed by a fourth partial quasi-reversibbne-electron
reduction wave,"L™" atca. —-1.80 Vvs. NHE (AE, = 100-150 mV) (Figure 2a). For
complex1H this fourth reduction wave is irreversible becatigeerlaps with a further wave
at ca. —1.95 Vvs. NHE. Waves"L™ and VL™ were not detected fotD and 1I, both
containing a nitro-group attached to the thiosembazone ligand, but instead a quasi-
reversible AE, = 90-100 mV) reduction of the N@roup* at Ey, = —=1.04 and —1.01 Vs.

NHE was observed, respectively. Complexes withordigrivatives are scarcely soluble in
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CH3CN and were therefore measured in 0.20nA\B{1;N][BF4]/DMF. However, no variations
in redox properties/potentials of the complexesehbeen observed in DMF or GEN

electrolyte solutions as established for com@Bx

Table 1. Summary of the Electrochemical Data ferNretal Complexes

Gallium complexe

E1/2 / ILrec E1/2 / IILrec E1/2 / IIILrec

1A —0.9¢ —1.2¢ ~1.81°¢
1B -0.93 -1.22 ~1.77
1C -0.79 -1.05 ~1.63
1DP -0.70 -0.84 N/A'
1E ~0.60 -0.88 ~1.56
1F —0.58 -0.84 ~1.49
1G -0.58 -0.85 ~1.51
1H ~0.46 -0.72 ~1.35
11P -0.3¢8' —0.62 N/A
1J ~1.03 ~1.34 —2.64
1K ~0.94 -1.22 ~1.78

Iron complexe

E1/2 / CFErec E1/2 /AFErec E1/2 / ILrec E1/2 / IILrec Ep / IIILrec

2A 0.0¢€ - -1.62° —2.01°¢ —2.01°¢
2B 0.08 - -1.64  -1.999 ~1.999
2C 0.18 - -1.4% -1.72 —2.1%°
2D° 0.27 - N/A N/A N/A
2E 0.32 - -1.23 -1.65 -2.92
2F 0.32 - -1.21 ~1.64 -2.69
2G 0.34 - ~1.22 -1.64 -2.93
2H 0.43 - -1.08 ~1.47 -1.9%
21° 0.51 - N/A' N/A N/A
2’A 0.06 0.30 -1.60

2'B 0.08 0.30 -1.61

2E 0.31° 0.37 -1.20°

2F 0.3 0.37 -1.2¢f

2'G 0.3% 0.3% -1.22

Ruthenium comple

E1/2/ RU”I/” E]_/Z/ RUIV/I” E]_/2 / ILrec Ep / ||LI'6C Ep / 11l Lrec

3B +0.21 +1.27 ~-1.56 —2.0C¢¢ —2 0(Cet

a) Potentials in V £ 0.0%s. NHE in 0.20 M p-BusN][BF4)/CH3CN; b) measured in 0.20 M
[n-BwN][BF,/DMF; c) for the irreversible wave, thE, valuesare given; d)™i, / ™4,
between 0.6 and 0.8 at 0.2 V/s; e) two or multcet® process (see text); f) for complexes
with nitro-containing ligands, the reduction ofslgroup ata. —1.0 Vvs. NHE prevented the
detection of further ligand-centered redox wavese (text); g) could not be detected as

separate waves.
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Scheme 1. Schematmverview of theelectrochemical behavior of the studied Ga (a)(ldje

and Ru (c) complexes

MIV/MIII MII[/MII ILred IILred IIILred

—r— —— —— —A— —t—

+ +e- . +€~ - +4ne-
Ga”'L2 ‘—Gallll_z -—C—‘Ga'”Lg — (@)

_e— -

+| +e- +e~ - +e- 2- +ne-

Fell, Fe'llL, == Fe'll, =—Fe'L, — (b)
-e- -e- -e-

vy 2t X, e T P T 2

Ru L2 o Ru L2 o Ru L2 o Ru L2 ‘_e__ Ru L2 E—— (C)

Figure 1. Cyclic voltammograms of (4A and (b)1F in CHsCN containing 0.20 Mrj-
BusN][BF,4] at a scan rate of 0.20 V'asing a platinunworking electrode. Square wave
voltammograms (SWVs; c¢) of 1.0 mMA (black line) and1lF (gray line) electrolyte
solutions were measured with 2 mV step height, 25pulse and 100 Hz frequency. The

solid line on the bottom right refers to the cutr€tD pA) for a—c. For the assignment of

waves, see text

(a)
-
(b) ILred
IILred
-
(c) /
| 10 uA
IILred ILred

IILred ILred

-2.0 -1.5 -1.0 -0.5 0.0
E/V vs. NHE
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The influence of the chalcogen atom X of the chgdesemicarbazone ligands (Chart
1) on the redox potential was studied with compdei® 1J and1K, which contain a sulfur,
oxygen or selenium atom, respectively. Comddx(X = O) displays the lowest reduction
potentials at —1.03 and —1.34v¢. NHE for 'L" and"L" respectively, whereakK (X =
Se) andlB (X = S) have a similar redox potential at —0.94-@093 and —1.22 Vs. NHE for
the corresponding redox waves. Thio- and selenasgbrazone ligands are known to have
comparable NMR spectfd,and the gallium complexelB and 1K also possess simildH
and**C NMR chemical shifts with the largest deviationtiie *C NMR spectra of the C—X
resonance (detected at 176.1 and 173.8 ppm, réspert>?® Complex 1J shows a
considerably different spectrum with the C—X resw®aat 167.1 ppm and strong high field
shifts for both carbon resonances at thes©HN moiety (B: 14.9, 149.0 ppmiK: 15.6,
147.4 ppm1J: 12.6, 139.3 ppm); in accordance with the loweorsepotential of completJ

(see below).

The ligand-centered reduction A-21 at the iron(ll) center (for Fe_ Fe' process

see below) is similar to the gallium analogued)algh the corresponding redox potentials

ILred IILred

and are considerably more negative between —1.08 aréP-V, and —-1.47 and —

2.01 Vvs. NHE, respectively (Scheme 1b, Figure 2b, Tabldrijhe case o2A and2B the

IILred

wave at —2.01 and -1.99 Ws. NHE overlaps with"'L™ resulting in two

L' between —1.97 and —

indistinguishable redox waves. Comple2&-2H are reduced at
2.15, close to the solvent cut-off potential. Thaeci lower redox potentials of the iron(ll)
complexes in comparison to the gallium(lll) comm@excan be explained at least partially by
the different charges of the complexes. The undthngon(ll) posses a higher electron
density and is therefore harder reducible thanpibstively charged gallium(lll) complex.
For the nitro group containing complex&3 and2l only one irreversible reduction wave at —
0.97 V and -0.93 Ws. NHE was detected which can be attributed to tloeicon of the
nitro group. This is only slightly shifted to mop®sitive potential compared to that in the
analogous gallium complexes. The presence of tingctdoridoferrate counteranion HA—
2'G prevented the accuratietection ofthe second reduction walle™ in these complexes,

because the counteranion reacts readily with gantl radical formed upon reductior ¢
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The ruthenium comple3B shows the first ligand reduction Bt, = —1.56 Vvs. NHE
(Scheme 1c, Figure 2c), wherdds® like for the pyridine containing iron complexas

and2B, overlaps witH' L™ resulting in an irreversible reduction wave a2V (Figure 3).

Figure 2. Cyclic voltammograms & (a), and2E (b), and3B (c) in CHCN containing 0.20
M [n-BuN][BF4] at a scan rate of 0.20 V'susing a glassy carbon working electrode,
displaying the ligand (%, the F&'/Fd' (F€®9), and the RU/RU' and RU'/RU" redox

couples

— ‘ 10 uA

(a) ILred

IIILred "Lred

IVLred
-—
®) I red Fe"/Fe"
IILred

(© -— Ru"Y/Ru"

ILred Ru"/Ru"

-2.0 -1.0 0.0 1.0 2.0
E/V vs. NHE

Figure 3. Cyclic voltammogram &B in CH;CN containing 0.20 Mr-BusN][BF4] at a scan

rate of 0.20 V S using a glassy carbevorking electrode

30 7

v
i Ru

I, red Ru
L
<30 1
-60 7 IILred + IIILred
-90 w w \
-2.5 -1.5 -0.5 0.5 15 2.5
E/Vvs. NHE

Increasing electron donor properties of substitsieste known to increase the
effective negative net charge on the correspondiognpounds and result usually in a
decrease of their redox potentials. Plotting tkg palues of the attached amine moieties
[dimethylamine (10.73), pyrrolidine (11.31), pipéine (11.12), aniline (4.87) ang@-
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nitroaniline (1.02)]" vs. E1» results in a linear relationship (Figure 7). Byngsthe resultant
linear equations (see caption of Figure 4 for tineagions of F& — Fé' and'L"™% and the Ka
values of the attached amine moieties the redoxenpials of novel synthesized 2-
acetylpyridine(pyrazine) thiosemicarbazone gallililh@nd iron(lll) complexes in CECN
solution can be predicted. The increased redoxnpiateof complexes containing a pyrazine
(1E-11, 2E-2Il) instead of a pyridinel@—1D, 2A-2D) moiety can also be rationalized by the
increased net donor properties of the latte(giidine) = 0.25 V, E(pyrazine) = 0.33]and
the different K.-values [Ky(pyrazine) = 0.65, ¥4 (pyridine) = 5.23], respectivef/.

Figure 4. Plot of K, values of attached amine moieties on thiosemicanm ligandss.
ligand- and metal-centerds],, values for the galliumlA-11, top) and iron ZA-2l, bottom)
complexes. For the complex@® and 2l the reduction of the nitro group prevented the
detection of the ligand reductiorfé=e®® = Fé'/Fée' redox couple of complex cationf.=
ligand-centered reduction; thiosemicarbazonate ¢exep with pyrazine or pyridine moieties
are shown separately and indicated with pz or pgpectively. Linear equations: Gallium
complexes'L"™(pz): E (V) = —0.3592 — 0.0208p(r = 0.996);'L"™(py): E (V) = —0.6726 —
0.0247fK, (r = 0.997). Iron complexes: Fe.Fd' (pz): E (V) = 0.5244 —0.018f (r =
0.995); F&'/_ F€' (py): E (V) = 0.2847 — 0.019FKa(r = 0.995);'L"%(pz): E (V) = —0.9692 —
0.0227fKa(r = 0.998)L"™(py): E (V) = —1.3021 — 0.0284@(r = 0.999)
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The metal-free thiosemicarbazone liganéisl exhibit an irreversible reduction
response at —1.01 to —1.47v8 NHE (Table S1). The second reduction wave coulgl ba
observed occasionally and was hardly reproducitdicating the instability of the radical
formed after the first reduction process. For fheitrophenyl ligandsD and| a quasi-
reversible nitro reduction wave was detected @4-and —1.03 Ws. NHE, respectively?In
agreement with the remote position of the nitrougro the ligands, these potentials are only
slightly more negative than those of the correspundigands in the gallium and iron
complexeslin addition, an irreversiblpre-wave was observed &t = —0.82 and —0.80 Vs.
NHE, respectively, which was also reported demitrotoluene andn-nitrotoluene in aprotic
solvents”® In contrast to the ligand centered reduction & thetal complexes where all
ligands are forced to adopt the same configuratiba, metal-free ligands are present as
different isomers in solution, therefore showingaomclusive correlation between tBgand
pK, values of the amine moieties of the ligand. Intipalar, for ligandB three different
isomers were found in DMSO solutiéhfwo of them with strong intramolecular hydrogen
bonds, whereas ligand in the same solvent did not undergo any isomeorzgisee NMR
data). The metal-ion stabilizes the reduced ligatticals preventing their decompaosition in
the time-scale of cyclic voltammetry and allowingr fthe observation of two or three
reversible ligand-centered redox waves upon coatiin. The gallium-complexes are
reduced at ~0.3-0.8 V more positive redox potethiah the uncoordinated ligands, whereas
the same ligand centered reductions in the ironéihd ruthenium(ll)-ions occur at ~0.0-0.4
V more negative redox potentials than in the mig&d- thiosemicarbazones. Therefore
complexation to different metal ions strongly irghces the ligand centered redox potentials
which offers the possibility to specifically shifie redox potentials into the physiologically

accessible range.

V.3.2. Metal-Centered Redox Processes.

The cyclic voltammograms of the iron comple@#s-21 (Figure 5a, Table 1display
one reversible single-electron reduction waed®®, at 0.06 to 0.51 Ws. NHE, which is
assigned to the Fe. Fe' process of the cationic compleXig /*4, = 1.0 forv > 0.05 V/s
with AE, = 0.60 — 0.70 V at 0.2 V/s). As observed for iigarid-centered redox behavior, an

increasing net electron-donor character correlatitls a decrease in redox potential. The
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correlation of K, values with redox potentials for the coordinat@idgemicarbazone ligands
also holds true for the iron-centered redox cougkegure 4). Whereas complex2s-—2|
showed only one reduction wave (Figure 5a), théogaais complexe® A—2'G displayed a
second wave at 0.20.01 V vs. NHE, which is attributed to the reduction of the
tetrachloridoferrate aniorf}F€®® (Figure 5b). Wave'Fe® overlaps in2’E-2'G with the
reduction wave of the complex cation, and could Ibetresolved by CV or SVW scans,
indicating that a set of two tridentate ligarifls- G acts as a net electron-donor as strong as
four tetrahedrally coordinated chlorido ligands.eThkurrent height in2’E-2'G (same
concentration and experimental conditions) was @pprately two-foldcompared t@E-2G

as confirmed by cyclic voltammetry (Figure 5c). Sguwave voltammetry revealed that the
unresolved wave i2'E - 2'G arises from an overlap of the"H&€' waves of the cationic
iron-complex and the tetrachloridoferrate anionigating the two-electron nature of this
reduction wave, one from the reduction of the caxpkation and one from the
tetrachloridoferrate anion (Figure 5). The two-&lec nature of the overlapped redox wave
from 2’E - 2'G was confirmed by controlled potential electrolysi’'F at 0.14 Ws. NHE.

The ruthenium(lll) complex shows two reversible atetentered redox waves with
the first one at +0.21 V for the Bu. RU" redox couple and the second at +1v87NHE
attributable to the RU- Ru" redox process (Figure 2c). The 1.06 V difference the
RU"/RU' and RU/RU" redox couple is narrow compared to the commonlgeoked
separation of these two redox wavescaf 1.6 V for ruthenium complexes with octahedral
coordination sphere in non-aqueous solvéhksowever, this difference can be explained by
the distortion of the octahedral geometry by tidetrtate thiosemicarbazonate ligands, which

makes direct comparisons with other sterically nonstrained complexes difficult.
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Figure 5. Cyclic voltammograms (top) and squareemastammograms (bottom, 2 mV step
height, 25 mV pulse, 100 Hz frequency) of 2&) (black), (b)2’'A (gray), (c)2'E (black) in
0.20 M h-BusN][BF4]/CHsCN at a scan rate of 0.20 V'$y using a platinum working
electrode “F€*? indicates the metal-centered reduction of the agtithcomplex, and'Fe*®

the reduction of the [Feg}l counteranion
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V.3.3. Location of Reduction Site.

Most of theliterature dealing with electrochemical propertesa-N-heterocyclic
thiosemicarbazone complexes are exclusively focused the metal centered redox
reactions’®> neglecting the ligand centered redox processesedéictions are described
which are associated with the ligand, the positwimere reduction takes place in the
thiosemicarbazone moiety is either undefitt&tbr changes between the thione portibthe
azomethine patt® or both of thent® whereas no further studies are described to stippor
these assumptions. Detailed investigations ondHeation pathway were performed for the
metal-free 2-formylpyridine thiosemicarbazone intme@ol?* The data showed that the
ligand will be first protonated at the azomethingagen then cleaved at the N-N bond

forming thiourea and the 2-pyridinemethaniminiunm iavhich is then further reduced to
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protonated 2-picolylamine. Two other reduction nmagbms were excluded in this study
namely the reduction at the pyridine ring resultingdihydropyridine and the formation of
the thiol by reduction of the C=S double bond. direct reduction of the azomethine bond is
not discussed, but was already described 20 yedosebfor the same ligand in waféThere

is only one publication dealing with the metal imfluence on the redox potentials of a
thiosemicarbazone ligarfd. Although no reference electrode was reported, nuaka
guantitative comparison impossible, the reportetbxepotentials of the perchlorate salt of
the iron(lll) complex2B and the ligandiL ® appeared at considerably different values for all
reduction waves than observed in the present sitmlyhe best of our knowledge this is the
first detailed electrochemical study of the influerof metal ions on the redox properties of
thiosemicarbazones and the influence of the chaltogonor identity on the reduction

processes.

There exist two possible locations, where the lkigeentered reduction of the
complexes takes place: either at the C=N doubled bointhe 2-acetylpyridine moiety
(CH3C=N) or at the C=N double bond in close proximitythe chalcogen atom. Comparing
the **C NMR data of the gallium complexds#\ — 11 with the Ey, redox potentials a good
correlation can be found for both carbon resonasfckhe CHC=N moiety (Figure 6 and

'_rd correlates with enhanced electronic

Figure 7); an increasing redox potentiall&t® and
deshielding resulting in lower-field chemical shiftor the corresponding’C nucleus. In
contrast no correlation could be found for the GeSonancelA: 172.9 ppm;1B: 176.1
ppm; 1C: 172.5 ppm;1D: 172.4 ppm). Therefore, we suppose that the ometreh ligand-
centered reduction site located at the 2-acetylpyridine C=N bond. Tkigi agreement with
guantum chemical calculations (see below) and ltteenecal reduction of this C=N bond for
the metal-free and coordinated ligands. AdditiomNaBH, to an ethanolic solution of ligand
HL® resulted in the reduction of the C=N bond and fdvenation of ligandHL™ which
exhibits its first reduction wave only at —2.10v8/ NHE. Similarly, reduction of the nitrate
salt of 1B (obtained by precipitation with diethyl ether prim the addition of ammonium
hexafluorophosphate) with NaBHielded a product containing the uncoordinateduced

ligandHL ™ in around 50 % vield.
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Figure 6. Plot of{**C=N) of the CHC=N moietyvs. E;), of complexedA-1H
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V.4. Quantum Chemical Studies.

Density functional calculations were performed tocelate () why the ligand
centered reductions of the iron(ll) complexes'[E®,] (formed by reduction of the iron(lll)
complex [F&'(L),]") have dower standard reduction potential (SRP) than the notaiated
thiosemicarbazonedH( ) and (i) to locate the site of reduction at the thiosemtuaaone
ligands. The reduction of a compound should bengtyofacilitated by forming a complex
with a dicationic metal ion, which should have beeffected by a considerabhygher redox

potential. The one-electron-reduction events invgvthe species,LE)", HL®, [Ga(l®),]*
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and [FE(L®),], yielding their reduced formsLE)*", (HL®)", [Gal®),] and [FE(L®),] ,
respectively, have been investigated and comp&fetd that thedeprotonated species|(®)”
shall serve as the intuitive reference compounauincalculations, as the reduction potential
of (L®)” may be controlled by either protonatioHL(®) or metalation ([Gd(®),;]* and
[Fe"(LB),]). Table 2 shows an excellent agreement of owutaled and experimental SRPs,

validating the computational approach employedHa study.

Table 2. Calculated and experimental standard rgoobentials (SRP, in Ws. NHE),
Hirshfeld partial charges in the oxidized and restlftorms, and LUMO energy level of the

oxidized species (Bwvo, in eV)

partial charge

SRF OX rec
compouni calc exg M?* L1 L2 M? L1 L2 ELumo
(L% -1.6E ~1.0C -2.0C 1.14
[Fe(L®),]®" -1.56 —-1.61 0.02 —0.01 —-0.01 0.02 -0.51 —-0.51 -2.39
(HLBYO" -1.15 -1.21 0.08 -0.08 0.08 -1.08 -3.00

[Gal®)]"" -0.94 -0.93 0.32 0.34 0.34 0.32 -0.24 -0.08 -5.84

%H, Ga, and Fe, respectively

Figure 8 displays the predicted structures of the Epecies and their reduced forms.
Only the isomers ofL(®)” and HL® that are calculated to be most stable in acetenitr
solution are shown here, while all isomers andrtredative free energies are given in Figure
9. The predicted bond lengthsHit ® and [Gal ®),]" are in good to excellent agreement with
available X-ray crystallographic structures (TaldB). The calculations reveal structural
changes in the entire compounds upon reductiothdrfree ligandl(®)™ (Figure 8, top), the
C-S bond is elongated (+0.04 A) upon reduction aifijacent C=N bond is shortened (—-0.04
A), the N-N bond is elongated (+0.03 A), the agstsiline C=N bond is elongated (+0.03
A), the adjacent C-C bond is shortened (—0.04 A} the C=N bond in the pyridine is
elongated (+0.04 A). Similar structural changesuoaghen the protonated species tHis
reduced (Figure 8). Upon reduction of [G),]*, such structural changes occur in one of the
ligands (L1), whereas the distances in the secwahd (L2) do not change significantly
(Table S5). In [F&LB),], the structural changes occur in both ligandstbua lesser extent
than those in L1 of [G&P),]*. The iron complex maintains i& molecular symmetry upon

one-electron reduction, as both ligands remain vedgmt, whereas the gallium complex
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becomes asymmetric. The reduction of the metal éexep is also accompanied by changes
in the metal-ligand distances (Table 3). Both GéeNds to L1 are significantly shortened (—
0.09 A each), while all other Ga-ligand bonds domgated by up to 0.06 A. In contrast, all

Fe-ligand bond lengths are either elongated upduacten or remain constant.

Figure 8. Calculated structures of the oxidized came(L®)”, HL®, [Ga(L®),]* and
[Fe" (L®),] (left) and their reduced forms (right). Bond lemgytn A

e
1.3! 1.3@.3 1.4,
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Figure 9. Calculated relative energies (in kcal)nwdl plausible isomers of 2-acetylpyridine
N,N-dimethylthiosemicarbazonél(. ®) and its deprotonated for¥)” in acetonitrile
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Table 3. Calculated metal-ligand bond lengths in A
metal-S metal-N(N-N) metal—
compount moiety OX rec OX rec OX rec
[Ga(lL®),]"® L1 2.3¢ 247 2.0¢ 2.0C 2.1 2.1C
L2 239 245 209 215 218 2.21
[FelL®)]"" L1 236 2.3¢ 194 1.¢4 1.9 1.9¢
L2 236 239 1.94 1.94 1.99 1.99
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Table 2 lists the electron-density-based Hirshfeddtial charges on the ligands, the
metals, and the proton in the four species and teduced forms. The calculated charges at
the H, Fe, and Ga atoms HL°®, [F€'(L®),] and [Gal®);]" are +0.08, +0.02, and +0.32,
respectively, while the charge on each ligand i98,0-0.01, and +0.34, adding up to a total
charge of 0, 0, and +1 in these compounds. Upouctaxsh, the charges at H, Fe, and Ga
remain constant, while the additional electroniarge is distributed over the ligands. Equal
charges on both ligands in the reduced iron comgle (L®);]", but different charges on
both ligands in the reduced gallium complex, [G3§], are consistent with the structural
changes upon reduction and suggest that the on&eglereduction of the iron complex
occurs on both ligands in a delocalized manner redsit occurs in the gallium complexes
primarily on either ligand. Partial charges caltedbusing various other approaches are given
in the Supporting Information (Table S4); note ttiegt basis-function-based Mulliken partial
charge on the Fe atom would change by —0.8 upouctied, which would erroneously
indicate a metal-centered reduction of the irorgtlinplex.

Figure 10 displays the semi-occupied moleculartallf5OMO) of the four reduced
species I(®)?", (HL®)", [F€'(L®),]", and [Gal ®),]. This orbital corresponds in each case to
the lowest unoccupied orbital (LUMO) of the oxidizearm (Figure 11). The LUMO energy
levels of the oxidized species are also listed abl& 2 and correlate with the reduction
potentials: the lower the LUMO energy, the eadierreduction. The SOMO of.£)*~ and its
conjugate acid{L ®)” are very similar; they are distributed over thérem system and have
both bonding and antibonding character leadindnéobiond distance changes upon reduction
(see above). For instance, as the SOMOHY)~ has a bonding contribution to the C=N
bond adjacent to the sulfur atom (marked with Bigure 10), this bond is shortened when an
electron occupies this orbital. The SOMO BiLE)™ has an antibonding contribution to the
C=N bond adjacent to the pyridyl group (marked vatim Figure 10), thus elongating this
bond upon reduction. This result is consistent \iligh chemoselective hydrogenation of the
latter C=N bond by NaBH(see above). The SOMO of the reduced metal coraplekow
the same bonding and antibonding patterns as fhotbee SOMO of the free ligand. In the
gallium complex, the SOMO is mainly distributed oweither ligand. The asymmetric
reduction with the strong shortening of the Ga—Ndsoto either ligand maximizes the
predominantly electrostatic interactions betweenrttetal center and the reduced ligand. In

contrast, the SOMO of the reduced iron complexgisadly distributed over both ligands. It
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contains a small fraction of a metal d orbital, ethcombines with the ligand orbitals in an
antibonding fashion. Note that the Fe—N bond lemgthange only insignificantly during
reduction, indicating an enhanced Pauli repulsemvben the ligand orbitals and the partially

filled d shell in the reduced iron complex.

Figure 10. SOMO of the reduced species
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Figure 11. LUMO of the oxidized specids’j ", HL®, [F€'(L®),] and [Gal[ ®);]"
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V.5. Computational Details.

The geometries of the deprotonated 2-acetylpyridine®N,*N-
dimethylthiosemicarbazone ligand. )", its conjugated acidHL®, the metal complexes
[Ga(L®),]*, [F€'(LB),], and the reduced form of each of these species ommized using
the 3-parameter fit of exchange and correlatiorctionals of Beck&? (B3LYP), which
includes the correlation functional of Lee, YangdaParr (LYPY** as implemented in
Gaussian 032 The LANL2DZ effective core potentials (ECEsjpnd the corresponding
valence-basis sets were used on the metals ang-316&(d,p) basis sets were used on the
other atoms. Vibrational frequencies calculatedh& level confirm that all structures are
minima on the potential energy surfaces. Improvedrgies were calculated by using a

combination of the exchange functional of B&€keand the correlation functional of
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Perdei’® (BP86) together with the same ECPs and valends-bason the metal atoms but
totally uncontracted and augmented with one sétfofictions on F&2 together with the 6-
311+G(3d) basis set on the S atoms, and the 6-3HlpYdasis sets on the other atoms. Free
energies in vacuo were calculated by adding caoamgtfrom unscaled zero-point energy
(ZPE), thermal energy, work, and entropy evaluatetie B3LYP level at 298.15 K, 1 atm to
the improved energies. Standard reduction potent&RPs) were calculated according to our
previous approact?, which was carefully validated for the reduction&df ruthenium(l1i/11)
complexes (bearing formal charges from 3+/2+-t(2%) in four solvents and shall be readily
transferable to other metal complexes, as the nwtak not solvent-exposed in any of those
Ru complexes. The SRP prediction is based on antfdynamic cycle and involves the
calculation of solvation free energies using this&m-Boltzmann finite element methiBds
implemented in Jaguar*7with dielectric constant of 37.5 representing aoitile as the
solvent. In the present work, the only differenceotir previous SRP calculation appro&ch
is the use of the BP86 functional for calculatimgproved energies, which leads to excellent
agreement with experimental SRPs (see below) arslengloyed for similar purposes as
well.>? The overestimation of the contribution of exchaegergy by the B3LYP functional
is well documented® and may result in the overestimation of the sitgbibf high-
multiplicity spin states in iron complexes. A compan of the relative energies of the
electronic states of [F€.®),] and [Fé(L®);]” and of the SRPs calculated using the BP86 and
B3LYP improved energies is given in the Supportinfiprmation (Table S2 and Table S3)
and indicates that multireference approaches wbeld/orth considering if permitted by the
available computational resources. Other promisimgthods for this particular purpose
include the spectroscopy oriented configuratiorriattion (SORCI) method and a ligand
field theory (LFT)-based approacff.Atomic partial charges at BP86 were calculatedisi
the Mulliker?*®scheme based on basis functions as implement@diissian, the Hirshfeld
scheme based on electron density as implement&Bi>* and the ESE® scheme of fitting

atomic charges to reproduce the electrostatic fiatén Jaguar®
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V.6. Conclusions

The electrochemical properties of a series of gali iron-, and ruthenium-
chalcogensemicarbazone compleres investigated in detail. The electrochemicalavedr
of these complexes can be specified Byphysiologically accessible metal-centered redox
potentials for the iron(lll) and ruthenium(lll) cqexes, (i) formation of stable ligand
radicals on the time-scale of cyclic voltammetryompreduction of the non-innocent
chalcogensemicarbazone ligands in aprotic solveii$, quenching of these reductively
induced ligand radicals by watety)(favorable shift of the ligand-centered redox ptitd in
the physiologically accessible range for some giadlcomplexes when electron-withdrawing
moieties are incorporated into the ligand, aydigand-reduction for the gallium complexes
occurs at the C§C=N double bond. Quantum chemical calculations stwat reduction of
the coordinated and metal-free thiosemicarbazayentls occurs at @ orbital that spreads
over the entire thiosemicarbazone moiety with #abuction occurring on both ligands in the
iron complex [F&(L®);] and predominantly on either ligand in the galliutomplex
[Ga(lL®);]". The ligand-centered reductiofis® and "L"™ take place at 0.6-0.8 V more
positive potentials for the gallium complexes tl@nthe uncoordinated (protonated) ligands,
which on the other hand are easier to reduce thardrresponding iron(ll) complexes. The
redox potentials increasing in the ordeP) < [F€'(L®),] < HL® < [Ga( P),]* correlate both
with the calculated Hirshfeld partial charges oe thiosemicarbazone moieties in these
compounds and with the energy levels of their LUMMDjch becomes semi-occupied upon
reduction. The intuitive assumption that the reuncbf a compound is facilitated when it
binds to a metal ion appears to be valid only & ftee ligand (L®)", in our case the
thiosemicarabazonate, is considered as the referemmpound, whereas a proton promotes
the reduction of the thiosemicarbazone more stgottudn does the iron(ll) ion with its®

low-spin electron configuration.
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V.7. Supporting Information

Table S1. Redox potentilsf the metal-free liganddL *—HL ™

Liganc E,/'L™

A -1.2¢
B -1.21
cP -1.47
D" N/AC
E -1.06
F -1.02
G -1.01
HP -1.31
P N/A®
J -1.83
K -1.13
M N/A

a) Potentials in V £ 0.02s. NHE in 0.20 M p-BusN][BF4)/CH3CN; b) measured in 0.20 M
[n-BusN][BF,4] / DMF; c) for the nitro-containing ligands, onflge reduction of this group at

ca. —1.0 Vvs. NHE and a pre-wave aa. 0.80 Vvs. NHE can be observed (see text).

Table S2. Comparison of standard reduction potesn{iBRPs, in V vs. NHE) calculated at

B3LYP and BP86

Compound B3LYP BP86 exp
(LB -1.81 -1.69

(HLB)%" -1.18 -1.12 -1.21
[GalL®),]”® -1.35 -0.86 -0.93
[FeL®),]”" —2.00 -156 -1.61

Table S3. Relative energies (in kcal/mol) of plalssielectronic states of [fg.®),] and

[Fe'(L®)a]
multiplicity B3LYP BP86
[Fe"(LP),] 1 10.6 0
3 59  15.0
5 0 206
[Fe'(L®),] 2 13.5 0
4 0 6.3
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Table S4. Calculated partial charges on the ligamdison the metal or hydrogen

Mulliken (Ib> Mulliken (sbY  ESP (sb) Hirshfeld’

Compound moiety o0x red 0X red 0X red 0X red
(LP)"* -1.00 —2.00 -1.00 —2.00 —-1.00 —2.00 —1.00 —2.00
(HL %)~ H 0.30 0.29 0.29 0.28 -0.04 -0.01 0.08 0.07

L —-0.30 -1.29 -0.29 -1.28 0.04 -0.99 -0.08 -1.07

[GalL®),]"® Ga 1.90 1.92 094 1.00 042 048 0.32 0.32
L -045 —0.96 0.03 -0.50 0.29 —0.24 0.34 -0.16

[FeL®),]”~ Fe —-0.82 -0.84 -0.02 -0.02 -0.16 —-0.10 0.02 0.02
L 0.41 -0.08 0.01 -0.49 0.08 -0.45 —0.01 -0.51

& Large basis set. Totally uncontracted LANL2DZ oa &d augmented with one set of f
functions on Fe, together with the 6-311+G(d,p)idaets on the other atoms, and the 6-
311+G(3d) on S.

P Small basis set. LANL2DZ on the metal, 6-31G(adp)the other atoms.
¢ Same small basis set, denoted LACVP** in Jaguar.

4 Scalar relativistic ZORA, TZV2P basis on the metahd TZVP basis set on the other

atoms.
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Table S5. Calculated bond lengths (in A)

C1-S C1-N1 N1-N2 N2-C2 C2-C3 C3-N3 Metal-S Metal- Metal-N3
Compound 0X red (0% red [0 red 0X red (0% red [0 red ox red (0% red [o)'¢ red
(LB Calc 1.719 1.757 1.364 1.327 1.340 1.373 1.331 561.3 1.464 1.442 1.373 1.414
(HLB)" Calc 1.713 1.739 1.389 1.343 1.327 1.360 1.328 641.3 1.466 1.428 1.362 1.395
X-ray? 1.723 1.350 1.353 1.299 1.474 1.352
[Gal®),]"" Calc 1.755 1.759 1.362 1.346 1.338 1.355 1.331 431.3 1.464 1.445 1.370 1.387 2412 2.453 2.089 2.052.141 2.119
X-ray’ 1.741 1.342 1.356 1.304 1.465 1.361 2.373 .032 2.131
[FelL®)."" Calc 1.747 1.752 1.349 1.336 1.358 1.369 1.344 551.3 1.442 1.428 1.383 1400 2.318 2.341 1.902 1.902.942 1.944
| | |
LBy /N\q/Nl\N/CZ\ca AN N M c|2\
| 2 ” N NS o XY
s L | |
M(L5) I
N Ny, C
HLB \ci/ \hizf/ \C”sij NN N N N
s H N | |

&Kowol, C. R.; Eichinger, R.; Jakupec, M. A.; Gakin M.; Arion, V. B.; Keppler, B. K. J. Inorg. Balhem.2007, 101, 1946.

® Arion, V. B.; Jakupec, M. A.; Galanski, M.; UnfdeP.; Keppler, B.K. J. Inorg. Bioche®002 91, 298.
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