CHAPTER 3

STRUCTURE AND REACTIVITY OF RUTHENIUM(IIT1) ANTICANCER
COMPLEXES

3.1 Introduction

As discussed in chapter 1, ruthenium complexes could be an alternative to the use of
the classic platinum anticancer drugs."* An example of this type of complexes is
NAMI-A which shows a remarkable activity against the cancer metastases formation®
and recently completed phase Il clinical trials.*> The interaction mechanism of
ruthenium(I1l) complexes and their ultimate target, DNA or protein has been the
subject of extensive research over the last 25 years. Two mechanisms i.e. activation
by reduction®’ and activation by hydrolysis®® have recently been proposed for
ruthenium(l1l) complexes towards biomolecular targets. Activation by reduction is
based on the assumption that ruthenium(l1l) complexes are likely to remain in the
inactive state until they reach the tumor site and after reaching the tumor environment,
reduction to more active ruthenium(ll) occurs due to the lower oxygen content and
higher acidity than that of normal tissue.’®!!* Whereas, in activation by hydrolysis,
ruthenium(I11) complexes are subjected to hydrolysis after dissolution by the ligand
exchange process.” These results provide a better insight into the interaction
mechanism of ruthenium(l11/111) complexes with biomolecular targets. In case of
NAMI-A, very interesting information has been reported examining the crystal
structure of adduct between lactoferrin—NAMI-A and carbonic anhydrase—NAMI-
A The crystal structure of carbonic anhydrase—NAMI-A adduct reveals that
ligands of ruthenium complex are progressively lost during protein binding and in
final adduct ruthenium is found to be associated with amino acid residues such as
imidazolium nitrogen atom of His64 and carbonyl oxygen atom of Asn62.'* Recently,
Mazuryk et al. has investigated the binding properties of NAMI-A with apo-
transferrin.’® They have reported that NAMI-A and its reduced form binds with the
apo-transferrin by formation of aqua derivatives and the presence of at least one labile
aqua ligand is sufficient to form adducts. Some in vivo and in vitro studies have
shown that albumin—NAMI-A adduct substantially reduces the biological activity of
human carcinoma cells and mammary carcinoma cells in comparison to NAMI-A
alone.’® Again, treatment of human colorectal cancer with (IndH)[trans-RuCl.(Ind),]

— apo-TTf adduct exhibits high antiproliferative activity in relation to free complex.
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Thus, it is believed that these proteins successfully deliver ruthenium complexes into
the tumor cells.*” These results motivated us to study the interaction of ruthenium
complexes with albumin to obtain a better insight in to their mechanism of interaction
inside the receptor.

In the past two decades, scientists were using computational methods to analyze the
molecular properties and the mode of action of different drugs. Conceptual DFT
provides a series of reactivity descriptors (global hardness'®, chemical potential,
softness'®, electronegativity, etc.) for the description of a chemical processes. QSAR
model is widely used to describe toxicity of drug molecules from their chemical
structures and corresponding physicochemical properties. In some recent QSAR
studies DFT based reactivity parameters have been used successfully to obtain the
most accurate QSAR model.?*# Chattaraj et al.** has recently reviewed the
importance of DFT based reactivity descriptors for the development of QSAR model.
Electrophilicity has been used effectively in developing QSAR model to describe
toxicity and biological activity of different organic molecule.?*%*

In this study, quantum chemical calculations have been performed to investigate the
structure and reactivity of ruthenium(l1l) complexes, such as imidazolium [trans-
RuCl,; (3H-imidazole) (DMSO-S)] (), indazolium [trans-RuCl,; (2H-indazole)
(DMSO-S)] (1), 1,3,4-triazolium [trans-RuCl, (4H-1,3,4-triazole) (DMSO-S)] (I11),
4-amino-1,2,4-triazolium [trans-RuCl, (4-amino-1,2,4-triazole) (DMSO-S)] (1V), 4-
methyl-1,3,4-triazolium [trans-RuCl, (4-methyl-1,3,4-triazole) (DMSO-S)] (V) and
imidazolium [trans-RuCl4(3H-imidazole);] (VI1). To study the activity of these
ruthenium complexes, we have evaluated global reactivity descriptors such as global
hardness, electrophilicity and chemical potential and local philicity which is a local
reactivity descriptor. Variation of reactivity trend on inclusion of solvent effect has
also been demonstrated. Simple linear regression technique is carried out to build a
QSAR model by using calculated reactivity descriptors in order to investigate the
cytotoxic activity of the ruthenium complexes against HT-29 colon carcinoma cell

line in both gas and solvent phases.
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3.2 Computational details

GAUSSIAN 09 program package® is employed to carry out DFT calculations at
Becke’s®! three parameter hybrid exchange functional (B3) and the Lee-Yang-Parr
correlation functional (LYP) (B3LYP)* to study electronic structure and properties of
ruthenium metal complexes. LANL2DZ basis set,** which describe effective core
potential of Wadt and Hay (Los Alamos ECP) on ruthenium atom and 6-31G (d, p)
basis set* for all other atoms are used for ground state geometry optimization. The
gas and solvent phase optimization of the ruthenium complexes have been done using
unrestricted B3LYP method without imposing any symmetry constrain with tight
convergence criteria. A vibrational analysis has been performed to ensure achieving
true minimum. To incorporate the solvent effect (water) on the minimum energy
structure, a solvation method of polarizable continuum model (PCM)* using the
integral equation formalism (IEF) variant are considered in this study. Various global

reactivity descriptors such as global hardness (77), chemical potential (),

electrophilicity (@) and local reactivity descriptor namely local philicity (") have
been calculated using respective standard equations described in the theoretical
background section. One parameter QSAR studies® have been performed using the
least square error estimation method®’ to evaluate and compare the cytotoxicity (log

IC;}) of ruthenium complexes.

3.3 Results and discussion

3.3.1 Structure

The significant geometrical parameters of optimized complexes evaluated in the gas
and the solvent phases are listed in Table 3.1 and their gas phase optimized geometry
evaluated by DFT at B3LYP level are shown in Fig.3.1. The complex | containing
ruthenium(I1l) as a central atom shows distorted octahedral configuration with four
equatorial chloride ligands and two axial ligands namely DMSO and imidazole
molecules. The Ru—CI1, Ru—Cl2, Ru—CI3 Ru—Cl4 Ru—NI1 and Ru—S1 bond
distances in gas phase are found to be 2.393, 2.430, 2.474, 2.443, 2.099 and 2.405 A,
respectively. The bond angles Cl1—Ru—Cl12, CI12—Ru—Cl3, CI3—Ru—Cl4 and
Cl4—Ru—Cl1 are calculated to be 90.4, 90.2 88.4 and 90.9°, respectively. However,
the bond angle N1—Ru—S1 (178.1°) reflects a little deviation from its experimental
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value (176.9%). Similar geometrical parameters are reported by Zheng and his
coworker on studying the aquation of NAMI-A.*® A slight variation of the bond
angles have been noticed when the solvent effect is taken into consideration (Table
3.1). We obtained a distorted octahedral structure of complex Il and geometrical
parameters of the complex are found to be comparable with the experimental data of
complex V. In case of complex 11, we got a pseudo octahedral configuration where
1, 3, 4-triazole ligand coordinates via the N1 atom to ruthenium(lll) in the axial
position.* The Ru—CI2 bond length is found to be longer while Ru—CI1, Ru—Cl3,
Ru—Cl4 Ru—NI1 and Ru—S1 bond lengths are shorter than that of complex | in
their gas phase. Our calculated geometries of complexes IV and V are closer to their
reported X-ray data.* It is noticed from Table 3.1 that the geometry of complex VI is
comparable with geometry of complex I. This complex adopts a pseudo octahedral
configuration with two imidazole ligand in their axial positions. Thus it is observed
that the computed structural parameters of studied complexes are comparable to the
X-ray crystallographic data. However, slightly higher values of bond lengths observed
for all complexes from the experimental data can be thought as systematic errors

caused by computation method, basis set and environment factors.*®
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Table 3.1 Selected bond lengths (A) and bond angles (°) calculated for all complexes at B3LYP level both in the gas phase and solvent phase.

Solvent phase calculated values are given in parenthesis.

Parameters | [ 1l ] v v Vv Vv Vi
(X- ray) (X-ray) (X-ray)
Ru—cCl1 2.393 2.345 2.384 2.391 2.373 2.357 2.391 2.337 2.442
(2.427) (2.422) (2.423) (2.421 (2.426) (2.444)
Ru—CI2 2.430 2.323 2.421 2.442 2.466 2.341 2.442 2.342 2.442
(2.433) (2.425) (2.432) (2.439) (2.432) (2.442)
Ru—cCIl3 2.474 2.359 2.451 2.473 2.495 2.354 2.473 2.362 2.442
(2.439) (2.431) (2.439) (2.442) (2.437) (2.444)
Ru—Cl4 2.443 2.340 2.484 2.428 2.411 2.373 2.429 2.381 2.442
(2.434) (2.455) (2.432) (2.429) (2.431) (2.441)
Ru—NI1 2.099 2.081 2.118 2.097 2.099 2.091 2.097 2.094 2.101
(2.107) (2.129) (2.111) (2.109) (2.109) (2.123)
Ru—S1 2.405 2.296 2.398 2.396 2.405 2.291 2.398 2.278 -
(2.439) (2.423) (2.423) (2.437) (2.427)
N1—Ru—Sl1 178.1 176.9 178.5 178.1 176.9 177.4 178.1 179.1 -
(178.6) (178.9) (178.9) (177.9) (178.7)
Cl1—Ru—CI2 90.4 90.8 91.3 90.9 90.3 - 90.9 - 88.7
(89.5) (89.9) (89.8) (89.2) (89.9) (89.6)
C12—Ru—CI3 90.2 89.3 90.6 88.4 87.2 - 88.4 - 91.3
(90.8) (91.0) (90.1) (89.4) (90.3) (90.4)
CI13—Ru—Cl4 88.4 89.7 88.6 90.1 89.8 - 90.1 - 88.7
(90.0) (90.1) (90.6) (90.6) (90.4) (89.6)
Cl4—Ru—Cl1 90.9 90.2 89.5 90.4 92.6 - 90.4 - 91.3
(89.6) (88.9) (89.4) (90.7) (89.4) (90.4)

49




Fig. 3.1 Optimized geometries of ruthenium (I11) complexes with appropriate
numbering obtained from B3LYP/ (LanL2DZ+6-31G(d,p) calculation.

3.3.2 Global reactivity

The calculated chemical hardness (77), chemical potential ( z) and electrophilicity (

) values for the ruthenium(ll1) complexes (in gas as well as solvent phases) are
shown in Table 3.2. Maximum hardness principle states that the most stable
compound has the maximum hardness value.* It seen from Table 3.2 that complex VI
has the highest value of chemical hardness. Hence, Complex V1 is least reactive in the
gas phase. The least reactivity of the complex VI can also be predicted from the
highest value of chemical potential and the lowest value of electrophilicity. On the
other hand, complex Il has the highest value of electrophilicity, (e ) and lowest value

of chemical potential () and hardness (7) indicate its highest reactivity. The
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reactivity of ruthenium complexes changes on incorporation of solvent effect (water).
The lower values of chemical hardness (Table 3.2) in solvent medium indicate the
increased reactivity of all the complexes. Solvent phase calculation predicts complex
IV as the most reactive among the ruthenium complexes in contrast to their gas phase
result. The solvent molecules may coordinate with the ruthenium center by ligand
exchange or may interact with the ligand coordinated to the ruthenium ion through
hydrogen bond, affecting the reactivity of the metal complexes. Higher reactivity of
complex 1V agrees well with the experimental results reported by Grossl et al.*® They
have investigated the activity of some ruthenium(lll) anticancer complexes by
measuring the half-life of binding to plasma proteins in vitro and found higher
reactivity of complex IV. Again, it is observed that all the complexes have higher
values of electrophilicity () in solvent medium than that in the gaseous medium.
This variation indicates that with the inclusion of solvent effect, ruthenium complexes
have exhibited higher electrophilicity values, which might be the reason behind higher

cytotoxic effect of these complexes.

Table 3.2 Calculated hardness (7 in eV), chemical potential (x in eV),

electrophilicity (@ in eV), local philicity (" in eV) for all complexes in gas phase

and solvent phase. Local philicity value for the ruthenium atom is reported.

Complexes Gas phase Solvent phase
n H w o n H w o’

| 1.280 -1.066 0.443 0.872 1260 -4.856 9.356 16.260
I 1.213 -1.407 0.816 1.342 1.206 -4.988 10.319 13.198
i 1.282 -1.278 0.637 1.296 1276 -4.966 9.667 17.454
v 1.264 -1.064 0.448 0.986 1202 -5.106 10.850 24.031
Vv 1.281 -1.233 0.594 1.145 1274 -4978 9.727 16.759
VI 1.289 -0.439 0.075 0.066 1.207 -4.451 8.207 13.928

3.3.3 Local reactivity

Local philicity (o, at k site) is one of the most widely used local reactivity descriptor

to describe the relative reactivity of a chemical species undergoing nucleophilic
attack. Ruthenium anticancer drug-DNA binding mechanism involves the
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nucleophilic attack at ruthenium atom. Hence, we have calculated local philicity (@)

for ruthenium atom of all the complexes in gas and solvent phases and these values

are presented in Table 3.2. The gas phase reactivity order of »" is found to be:

complex Il > complex 111 > complex V > complex IV > complex | >complex VI.

Interestingly, the solvent phase reactivity order of w"are found to be different
compared to their respective counterparts in the gas phase. This difference in

reactivity trend may be due to the different extent of solvation for different ruthenium

complexes. On the other hand, the solvent phase @" values of all the complexes are
found to be higher than their gas phase values (Table 3.2) which indicates that
ruthenium atom of all the studied complexes are chemically softer in solvent phase

than that of gas phase.

3.3.4 QSAR study

Quantitative structure-activity relationship (QSAR) experiment has been done on
ruthenium(I1l) complexes using simple linear regression analysis based on their
observed anticancer activity. For this purpose cytotoxicity (ICsp) values of the
ruthenium complexes against a HT-29 colon carcinoma cell line have been taken from
the experimental results reported by Grossl et al.*’ These cytotoxicity (ICso) values are

converted to log Ic,: form for practical utility in QSAR analysis. Simple linear
regression analysis is performed for solvent and gas phases with different reactivity
descriptors namely hardness (77), chemical potential (), electrophilicity (@), local
philicity (") etc. We utilize the reactivity descriptor as independent variable while,
experimental cytotoxic activity (logc:) values as a dependent variable both in the gas
and solvent phases. It is observed that the cytotoxic activity of the complexes cannot

be predicted by hardness (7), chemical potential ( «) and electrophilicity (@ ) values.

However, solvent phase local philicity (»") values can predict the cytotoxic activity
of the complexes correctly indicating the significance of solvent model for studying

biomolecules.
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The modeled regression equation obtained in the solvent phase is as follows:
Solvent phase: log ic;}=—1.886 — 0.038 x @" (3.2)
n=6, r=0.954 r’=0.910, SE=0.048, F=40.72, p<0.05
Where r is the correlation coefficient, r? is the square of correlation coefficient, F is
the overall F-statistics for the addition of each successive term, p is the value using
the F statistics and SE is the root mean square error of regression. The modeled
regression eq. (3.1) obtained with r? value 0.910 is statistically significant. A

correlation plot between experimental cytotoxicity (logic;!) and calculated

cytotoxicity (logic;!) values of ruthenium complexes in solvent phase is shown in Fig

3.2 which indicates that this reactivity parameter (") can successfully be used in the

prediction of cytotoxicity of ruthenium complexes.

n=6, r = 0.954, SE=0.048
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Fig. 3.2 Plot of experimental and calculated cytotoxicity (log ic:) values of

ruthenium complexes against HT-29 colon carcinoma cell line.

3.4 Conclusion

Systematic DFT calculations have been carried out in order to investigate the
structure, stability and reactivity of some ruthenium(l11) anticancer complexes in gas
and solvent phases. The significant geometrical parameters of the ruthenium
complexes calculated in both gas and solvent phases correlate well with available
experimental results. Calculated global reactivity descriptors reveal that complex 11 is

more reactive in gas phase. However, with the inclusion of solvent effect reactivity
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trend of ruthenium complexes found to be different. Complex IV is calculated to be
the more reactive in solvent phase. The generated QSAR model is very informative as
they show good correlation with the experimental results. QSAR result indicates the
importance of local philicity in the prediction of structure-activity relationship of
ruthenium complexes.
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