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Abstract

Osmium analogue to ruthenium anticancer drug NAMI-A; (ImH)[trans-OsCl4(DMSO)(Im)]  (Im=imidazole, DMSO=dimethyl sulfoxide) (Os-NAMI-A) shows a three-fold higher activity in colon carcinoma. Hydrolysis mechanism of Os-NAMI-A has been investigated using density functional theory (DFT) in combination with CPCM solvation model. Calculated activation free energy values for the first chloro ligand hydrolysis in the gaseous and aqueous medium are found to be ΔGg=31.79 and ΔGaq=28.72 kcal/mol, respectively. While, activation free energy for the second cis chloro ligand hydrolysis calculated in the gas and solvent phases are observed to be significantly lower (ΔGg=29.12 and ΔGaq=22.61 kcal/mol), suggesting enhanced feasibility of second hydrolysis. However, hydrolysis of DMSO ligand in the formation of cis-[OsCl2(H2O)3(Im)]+ (P-3cis) is found to be thermodynamically preferred in aqueous medium (19.49 kcal/mol) with rate constant value of 3.20×10-2 s-1. In addition, molecular docking simulation reveals that cis-diaquated Os-NAMI-A (P-2cis) interacts with DNA (PDB ID: 1pgc) more effectively having binding energy -5.63 kcal/mol. Therefore, results of this investigation may lead us to understand the solution behaviour of osmium azole complexes as well as their mode of interaction with biomolecules which in return helps in potential anticancer drug designing.   
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1. Introduction

Incidence, mortality, and survival rate of colorectal cancer (CRC) is gradually rising globally on a daily basis.[1] Consequently, worldwide mortality of CRC causes significant health care challenges. Although chemotherapeutic drugs, 5-fluorouracil (5-FU) and oxaliplatin (Eloxatin) are benchmark treatment options for colorectal cancer [2-3]. Nevertheless, the response rate of oxaliplatin for treatment of colorectal cancer is just about 12 to 24% [4]. Hence, a promising anticancer agent would therefore be tremendously essential for the effective treatment of this type of cancer. However, the approval of cisplatin by FDA to be used on human, opened up a broad era of research on transition metal based chemotherapeutic drug designing. [5] On the other hand, drug resistance or worsening side effects of platinum based anticancer drugs promoted to discovery of new metal complexes with higher cytotoxicity.[6-7] In contrast, switching from platinum to other transition metal complexes provide altered cytotoxicity due to different rates of hydrolysis, ligand exchange kinetics and redox potentials.[8-12] Among transition metals, ruthenium and osmium are the most investigated non-platinum anticancer agents over the past few decades and currently few of them are in active clinical trials.[13-15] Recent interest in ruthenium anticancer drugs was stimulated by clinical success of two
complexes, namely, (ImH)[trans-RuCl4 (DMSO)(Im)] (NAMI-A) and (IndH)[trans-RuCl4(Ind)2] (KP1019).[16-18] Modern researchers paid considerable attention to platinum and ruthenium anticancer complexes with regard to their solution phase chemistry and interaction with nucleobases. Nevertheless, studies on the antitumor activity of osmium complexes are still very scarce.[19-20, 23] In search of a novel anticancer therapeutics agent, the heavier congener, osmium complexes were introduced as effective anticancer drugs in the beginning of twenty-first century. Additionally, osmium analogues which are equipotent to their ruthenium congeners are advantageous of being more inert under physiological conditions for drug formulation.[21] It is reported in several research articles that osmium complexes in oxidation states +2, +3, and +4 or even higher can play a crucial role in biological redox regulation within cancer cells.[22] Furthermore, three-dimensional octahedral configuration of osmium complex provides a versatile host platform for specific recognition and interaction with biological targets like proteins and DNAs. Initially, osmium anticancer agents were designed as analogues to the well known RuII/III complexes, including Os-RAPTA-C,[23] Os-RM175[24] and Os-NAMI-A[25, 29-30]. Surprisingly, chemical reactivity of osmium complexes can be finely tuned by the choice of oxidation state, ancillary ligands, and the coordination geometry, opens up a vast area of research in the field of medicinal chemistry.[26-28] Therefore, osmium complexes also deserve utmost attention for the development of effective anticancer drugs owing to their potential anticancer property. Keppler et al. in 2007 synthesized osmium(III) azole complex, namely, (ImH)[trans-OsCl4(DMSO)(Im)] (Os-NAMI-A) and reported its anticancer activity against colorectal cancer.[29] Again, the same authors predicted the higher stability of Os-NAMI-A in the aqueous medium on the basis of its solution chemistry. Egger et al.[30] in 2008 also investigated in vitro cytotoxicity assays of Os-NAMI-A and demonstrated three-fold higher activity against HT-29 (colon carcinoma) and SK-BR-3 (mammary carcinoma) in comparison to its parents complex, NAMI-A. 

According to activation strategy of prodrugs, metal complexes often become activated by the formation of aquated complex in aqueous media, which can then interact with bimolecular target such as DNAs or proteins.[31] In the last few years, several theoretical studies have been performed in order to elucidate the hydrolysis mechanism of ruthenium and osmium complexes. Recently, Chen et al. [32] in 2007 and Bešker et al. [33]  in 2008 investigated the hydrolysis mechanism of NAMI-A using DFT method and their results reveal that hydrolysis of this complex can occur spontaneously. Choice of the metal also has a significant influence on the aquation rates of these complexes. As per HSAB principle, osmium is slightly softer than ruthenium, which in turn is expected to form slightly different coordination preferences for biomolecules. Therefore, switching from ruthenium to osmium stimulated the foremost attention in the hydrolysis of Os-NAMI-A in the framework of DFT, since the aquation solution chemistry of osmium azole complex appears to be more desirable because of its position in same group of the periodic table. Moreover, aqueous chemistry and activation mechanism of osmium analogues of NAMI-A is not understood clearly. 

Therefore, we have investigated in details the aquation mechanism of trans-[OsCl4 (DMSO)(Im)]‑ in order to unravel their contrasting hydrolysis activities in relation to ruthenium analogues using DFT and CPCM solvation models. This study mainly focuses the substitution of two chloro and one DMSO ligands by aqua ligands. For the purpose of hydrolysis, five different steps are proposed, including two reaction pathways in each step (Scheme 1). However, the most favourable reaction pathway (shown by yellow colour aqua ligands) of each step is included in this work. Detail hydrolysis pathways are incorporated in supporting information of this article. Hydrolysis of Os-NAMI-A leads to the formation of five aquated complexes such as trans-[OsCl3(H2O)(DMSO)(Im)] (P-1), cis-[OsCl2(H2O)2(DMSO)(Im)] (P-2cis), trans-[OsCl2(H2O)2 (DMSO)(Im)] (P-2trans), cis-[OsCl2(H2O)3(Im)]+  (P-3cis) and trans-[OsCl2(H2O)3(Im)]+ (P-3trans). Since, DNA is assumed to the target for many of the anticancer drugs, therefore interaction of aquated Os-NAMI-A with DNA (1pgc) has been carried out by means of molecular docking simulation to understand their binding affinity. Therefore, results of this work will provide useful information on aquation of osmium azole complexes and also to help diverse pharmacological activity in rational drug designing.
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Scheme 1. Proposed hydrolysis mechanism of osmium(III) anticancer drug, (HIm)[trans-OsCl4 (DMSO)(Im)](Os-NAMI-A). Highlighted aqua ligands point toward the favorable hydrolysis pathways.
2. Computational Methods
Hydrolysis of Os-NAMI-A has been carried out in the framework of DFT utilizing Gaussian 09 software.[34] Optimization of the stationary points are carried out without imposing any symmetry constraints in the gas as well as solvent phases using the Truhlar’s M06-2X[35] parameterized functional, in combination with effective core potential LanL2DZ[36]  basis set for osmium atom only and 6-31G(d,p)[37]   basis set for C, H, N, O, S and Cl atoms. Harmonic vibrational frequency calculations are executed at the same level of theory in order to verify the nature of stationary points and also to incorporate thermal corrections to Gibbs free energy and enthalpy at 298.15 K. Each transition states are further clarified by evaluating intrinsic reaction coordinates (IRC).[38] Single-point calculations (SP) are performed in order to obtain improved values of internal energy at M06-2X/(LanL2DZ/6-311G++(d,p))[39] in gas and solvent phases. To evaluate the bulk effect of solvation, conductor-like polarisable continuum model (CPCM) with dielectric constant 78.39 is incorporated at the same level theory.[40] The natural population analysis (NPA)[41-42] is also evaluated to obtain atomic net charges on important atoms in connection with hydrolysis reaction. Rate constant (
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) of all the hydrolysis steps are evaluated at T = 298.15K using transition state theory proposed by Eyring [43] (Eq. 1). 
   
[image: image3.wmf]RT

G

B

e

h

T

K

T

k

/

)

(

¹

D

-

=

                            (1)
Where, KB is Boltzmann constant, T is absolute temperature and 
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is activation free energy.  Moreover, chemical properties on the basis of the nature of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Chemical hardness (
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), chemical potential (
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) are evaluated adopting Koopman’s approximation [44] (Eq. 2 and Eq. 3). 
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The global electrophilicity index (
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) is defined by Parr et al. [45] (Eq. 4) 
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Where, ELUMO and EHOMO are the energies of LUMO and HOMO, respectively. 

Subsequently, DFT optimized geometries of P-1, P-2cis and P-3cis and crystal structure of DNA (1pgc), taken from research collaboratory for structural bioinformatics (RCSB) protein data bank are used for molecular docking simulation. Molecular docking simulations are performed using AutoDock 4.0[46] software program as per the methodologies adopted in our earlier publication. [47] 
3. Results and Discussion

Herein, structural properties, activation free energies for the hydrolysis reaction of Os-NAMI-A are explored. For shake of simplicity, reactants, transition states and products are designated as   RC-N, TS-N and PC-N, respectively (N=1-3). Again, isomers of reactants and transitions states are assigned as RC-Ncis, RC-Ntrans and TS-Ncis, TS-Ntrans, respectively.
3.1. Structural Characteristics
Hydrolysis of trans-[OsCl4(DMSO)(Im)] (R-1) has been performed using quantum chemical method. Substitution of two chloro and one DMSO ligands with aqua ligands from R-1 are described in detail in the following three sections. Variations of important geometrical parameters are incorporated for discussion. Reactants and products attained pseudooctahedral geometry while, hepta coordinated pentagonal bipyramidal geometry is obtained for transition states during the process of hydrolysis.   
3.1.1. Hydrolysis of first chloro ligand (Cl1) 
Gas phase optimized structures of all the stationary points involved in first chloro ligand substitution of R-1 is shown in Figure 1 and significant geometrical parameters are listed in the Table 1. In the intermediate trans-[OsCl4(DMSO)(Im)]−…H2O (RC-1), the incoming aqua ligand is found to interact with two adjacent chloro ligands through H-bonding at a distance of Cl1…H1(wat1) = 2.51 Å and Cl4…H2(wat1) = 2.40 Å. Os−Cl1 bond distance in RC-1 is noticed to be 2.40 Å, while Os−O1 (wat1) distance is found to be 3.99 Å. In TS-1, Os−O1 (wat1) distance reduces gradually from 3.99 to 2.52 Å, whereas, Os−Cl1 distance is elongated from 2.40 to 2.93 Å and ∠Cl1−Os−O1(H2O) bond angle is found to be 61.4o. On the contrary, in intermediate, [OsCl3(H2O)(DMSO)(Im)]…Cl1−, Cl1− is replaced by aqua ligand with the formation of new Os−O1(wat1) bond (2.05 Å). While, leaving Cl1− ligand forms H-bonding with H1 atom of the coordinated water molecule having a distance of 1.78 Å. The monoaquated product P-1, trans-[OsCl3(H2O)(DMSO)(Im)] formed after one chloro ligand substitution from RC-1 is noticed to be pseudo octahedral geometry. Variation of Os−Cl1 and Os−O1 (H2O) bond lengths involved in the first step of hydrolysis are presented graphically in the Figure 2. 
	Step-1: hydrolysis of first chloro ligand (Cl1)
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Figure 1. Optimized structures for the species involved in first chloro ligand hydrolysis of Os-NAMI-A, calculated at M06- 2X/(LanL2DZ+6-31G(d, p)) level in gas phase

Table 1. Selected bond lengths (Å), bond angle (o) of all the stationary points involved in the first chloro ligand hydrolysis of Os-NAMI-A, calculated at M06- 2X/(LanL2DZ+6-31G(d, p)) level in gas phase   
	Reaction
	Parameters
	R-1
	RC-1
	TS-1
	PC-1
	P-1

	R-1→ P-1

(step-1)


	Os−Cl1
	2.39
	2.40
	2.93
	4.40
	--

	
	Os−O1(H2O)
	--
	3.99
	2.52
	2.05
	2.18

	
	∠Cl1−Os−O1(H2O)
	
	
	61.44
	
	


	[image: image16.png]-~ #-- 05-01(H,0)

Do o o
> W & b
1 1 Ll L

N
Q
L

b
N
1

.

N
1

0s-01(H,0)/0s-Cl1 bond length

®
ul

R-1 RC-1 TS-1
Reaction coordinate --







Figure 2. Variation of Os−O1(H2O) and Os−Cl1 bond lengths involved in the first chloro ligand hydrolysis of Os-NAMI-A  
3.1.2.  Hydrolysis of second chloro ligand (Cl2/Cl3) 
Monoaquated osmium complex, P-1 is considered as reactant for second chloro ligand hydrolysis. Two products, cis- and trans-diaquated Os-NAMI-A are obtained after hydrolysis of P-1 on the basis of approach of aqua ligands. Substitution of Cl2 with aqua ligand gives cis-diaquated product (step-2), while trans-diaquated product is obtained due to the substitution of Cl3 ligand (step-3). DFT evaluated geometries and important geometrical measurements of all the stationary points obtained during the hydrolysis of P-1 are shown in Figure 3 and in Table 2, respectively. Figure 3 shows that in case of RC-2cis, incoming aqua ligand forms two H-bonding with the two adjacent chloro ligands at distances of Cl2…H2(wat2) = 2.60 Å and Cl3…H3(wat2) = 2.50 Å. Likewise, H-bondings are also observed in case of RC-2trans at a distances of Cl2…H2(wat2) = 2.58 Å and Cl3…H3(wat2) = 2.49 Å. Os−O2(wat2) bond distances in RC-2cis is computed to be 3.92 Å,  while, Os−Cl2 bond distance is found to be 2.39 Å. On the other hand, Os−O2 (wat2) and Os-Cl3 bond distances in RC-2trans are noticed to be 3.91 Å and 2.37 Å, respectively. Optimized geometries of TS-2cis and TS-2trans reveal that Os−O2 (wat2) bond distances are reduced and Os−Cl2/Os−Cl3 bond distances are elongated. DFT evaluated Os−O2 (wat2) bond lengths in the cases of the transition states TS-2cis and TS-2trans are found to be in the range of 2.36-2.56 Å, whereas the leaving Cl- ligand lies at distances in the range of 2.81-2.86 Å from the osmium atom. Further, it is also noticed that the leaving Cl- forms hydrogen bonding with the coordinated aqua ligands in the cases of PC-2cis and PC-2trans (Figure 3). For clear understanding, variation of Os−O2(H2O) and Os−Cl2/Os-Cl3 bond distances involved in second chloro lignad hydrolysis are graphically shown in Figure 4.

	Step-2: hydrolysis of second cis chloro ligand (Cl2)
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	Step-3: hydrolysis of second trans chloro ligand (Cl3)
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Figure 3. Optimized structures for the species involved in second chloro ligand hydrolysis of Os-NAMI-A, calculated at M06- 2X/(LanL2DZ+6-31G(d, p)) level in gas phase
Table 2. Selected bond lengths (Å), bond angle (o) of all the stationary points involved in the second chloro ligandhydrolysis of Os-NAMI-A, calculated at M06-2X/(LanL2DZ+6-31G(d, p)) level in gas phase.  
	Reaction
	Parameters
	P-1
	RC-2cis
	TS-2cis
	PC-2cis
	P-2cis

	P-1→ P-2cis

 (step-2)
	Os−Cl2
	2.38
	2.39
	2.81
	3.87
	--

	
	Os−O2(H2O)
	--
	3.92
	2.56
	2.13
	2.19

	
	∠Cl2−Os−O2(H2O)
	
	
	63.48
	
	

	
	
	P-1
	RC-2trans
	TS-2trans
	PC-2trans
	P-2trans

	P-1→ P-2trans

 (step-3)
	Os−Cl3
	2.36
	2.37
	2.86
	4.06
	--

	
	Os−O2(H2O)
	--
	3.91
	2.36
	2.06
	2.16

	
	∠Cl3−Os−O2(H2O)
	
	
	62.25
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Figure 4: Variation of (a) Os−O2(H2O) and Os−Cl2, (b) Os−O2(H2O) and Os−Cl3, bond lengths involved in the second chloro ligand hydrolysis of Os-NAMI-A, calculated at M06- 2X/(LanL2DZ+6-31G(d, p)) level in the gas phase 
3.1.3.  DMSO hydrolysis of cis- and trans-diaquated Os-NAMI-A
Structural parameters of all the stationary points involved in the hydrolysis of DMSO ligand proceed through step-4 and step-5 is summarized in Table 3 and optimized geometries are shown in Figure 5. Cis- and trans-diaquated Os-NAMI-A namely P-2cis and P-2trans are considered as reactants for DMSO hydrolysis. Os−S(DMSO) bond distance in RC-3cis is calculated to be 2.34 Å, while same distance in RC-3trans found to be 2.36 Å. Os−O3(wat3) bond length in the cases of RC-3cis and RC-3trans are found to be 3.54 and 3.71 Å, respectively. Intermediate [OsCl2(H2O)2(DMSO)(Im)]+…H2O; is observed to be stabilized due to formation of a H-bonding network. In TS-3cis, Os−S(DMSO) distance is elongated by 0.44 Å in comparison to RC-3cis, and Os−O3(wat3) distance is shortened gradually from 3.54 to 2.57 Å. It is observed from Table 3 that in the transition state TS-3trans, Os−S(DMSO) bond is also increased up to 0.52 Å with respect to reactant RC-3trans and Os−O3(wat3) bond is decreased from 3.71 to 2.50 Å. Optimized geometries of PC-3cis and PC-3trans show that DMSO molecule is moved away from the central osmium atom and formed H-bondings with aqua (wat3) ligand. Os−O3(wat3) bond distance in PC-3cis as well as in PC-3trans are calculated to be around 2.20 Å. Variation of Os−S(DMSO) and Os−O3(H2O) bond lengths involved in DMSO hydrolysis are shown in Figure 6. 

	Step-4: DMSO hydrolysis of cis-diaquated Os-NAMI-A 
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	Step-5: DMSO hydrolysis of trans-diaquated Os-NAMI-A 
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Figure 5. Optimized structures for the species involved in DMSO hydrolysis of cis- and trans- diaquated Os-NAMI-A calculated at M06- 2X/(LanL2DZ+6-31G(d, p)) level in gas phase
Table 3. Selected bond lengths (Å), bond angle (o) of all the stationary points involved in the DMSO hydrolysis of cis- and trans-diaquated Os-NAMI-A, calculated at M06- 2X/(LanL2DZ+6-31G(d, p)) level in gas phase.
	Reaction
	Parameters
	P-2cis
	RC-3cis
	TS-3cis
	PC-3cis
	P-3cis

	P-2cis → P-3cis

(step-4)
	Os−S(DMSO)
	2.32
	2.34
	2.78
	4.42
	--

	
	Os−O3(H2O)
	--
	3.54
	2.57
	2.17
	2.20

	
	∠S−Os−O3(H2O)
	
	
	 63.09
	
	

	
	
	P-2trans
	RC-3trans
	TS-3trans
	PC-3trans
	P-3trans

	P-2trans → P-3tansr

(step-4)
	Os−S(DMSO)
	2.28
	2.36
	2.88
	4.39
	--

	
	Os−O3(H2O)
	--
	3.71
	2.50
	2.15
	2.20

	
	∠S−Os−O3(H2O)
	
	
	 63.53
	
	


	[image: image39.png]0s-03(H,0)/0s-S(DMO) bond length(A) ----->

48
~-¢-- 05-03(H;0)
451 | o-. 0sS (DMSO)
4.2 A
3.9
3.54

3.6
33
3.0
274
2.4

P
2.1 232
1.8

Pp-2¢is RC-3¢s TS-3¢s PC-3¢s PC-3¢s

Reaction coordinate --------mmmmmmmmmnaes >




	[image: image40.png]N I SR
28 2 0 08 & 8 hob
P S A S S S

05-02(H,0)/0s-CI13 bond length(A) [
n

--#-- 05-03(H,0)
.-@-- 0s-S (DMSO)

EY
|

Pp-2mans RC-3%ms TS-3mans

Reaction coordinate -






	(a)
	(b)


Figure 6. Variation of Os−O3(H2O) and Os−S(DMSO bond lengths involved in the DMSO hydrolysis of (a) cis-diaquated Os-NAMI-A (b) trans-diaquated Os-NAMI-A, calculated at M06- 2X/(LanL2DZ+6-31G(d, p)) level in the gas phase
3.2. Energy Profiles
To make quantitative assess to hydrolysis behavior of Os-NAMI-A complex, relative Gibbs free energy (ΔG), solvation free energy (Gsolv), change of enthalpy (ΔH) of all the stationary points in gas as well as in aqueous phases are computed at M06-2X/(LanL2DZ/6-311G++(d,p)) level of theory. In this work, Energy profiles for the chloro and DMSO ligands hydrolysis of Os-NAMI-A are discussed thoroughly in the following two sections.

3.2.1.  Hydrolysis of first and second chloro ligand 
Change of Gibbs free energies, enthalpies and solvation free energies of all stationary points for the substitution of Cl1 from trans-[OsCl4(Im)(DMSO)]− (R-1) and Cl2/Cl3 from trans- [OsCl3(H2O)(DMSO)(Im)](P-1) with aqua ligands have been computed in gas and solvent phases at 298.15 K and evaluated values are depicted in Table 4. Corresponding energy profile diagrams are displayed in Figure 7. It is observed from Table 4 that the activation free energy in gas phase (aqueous medium) for the first chloro ligand hydrolysis is calculated to be 31.79 (28.72) kcal/mol. These results show that the computed activation free energy for the first hydrolysis in aqueous medium is slightly higher than that of NAMI-A (ΔGaq=23.2 kcal/mol) complex.[48] That is, complex Os-NAMI-A is comparatively inert with respect to its first hydrolysis is concerned. It is also noticed that activation free energies for Cl2 substitution from P-1 proceeds through step-2 in gas and aqueous medium are lesser than Cl1 hydrolysis from R-1, while, contrasting result is obtained in the case of NAMI-A.[48] Computed activation free energies obtained for step-2 in favor of TS-2cis in gas and aqueous medium are observed to be 29.12 and 22.61 kcal/mol. On the other hand, activation free energies (TS-2trans ) calculated for Cl3 substitution from P-1 proceeds through step-3 are computed to be 31.75 and 29.56 kcal/mol in gas and aqueous medium, respectively. Thus, it can be mentioned that formation of cis diaquated complex, P-2cis from P-1 is likely to be easier with lower activation energy. It is also observed that substitution of chloro ligand from P-1 is faster in solvent phase in comparison to gas phase. Figure 7 shows that chloro ligand hydrolysis from R-1 and P-1 can quantitatively predicted to be endothermic.

Table 4. Solvation energies (Gsolv), change of Gibbs free energies (ΔG) and enthalpies (ΔH) for the first and second chloro ligand hydrolysis of Os-NAMI-A calculated at 298.15 K in gas and solvent phase. (Energy values are in kcal/mol) 
	Reaction
	Species
	Gsolv
	ΔG(g)
	ΔG(aq)
	ΔH(g)
	ΔH(aq)

	R-1→ P-1 

(step-1)


	RC-1
	-64.88
	0
	0
	0
	0

	
	TS-1
	-67.96
	31.79
	28.72
	31.76
	27.48

	
	PC-1
	-68.15
	4.50
	1.23
	4.04
	-0.11

	P-1→ P-2cis

(step-2)


	RC-2cis
	 -20.37
	0
	0
	0
	0

	
	TS-2cis
	 -26.88
	 29.12
	 22.61
	22.76
	21.13

	
	PC-2cis
	-22.90
	 7.39
	 4.86
	 6.16
	3.16

	P-1→ P-2trans

(step-3)


	RC-2trans
	-20.89
	0
	0
	0
	0

	
	TS-2trans
	-23.08
	31.75
	29.56
	29.78
	28.10

	
	PC-2trans
	-26.10
	11.02
	5.81
	9.53
	4.08
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Figure 7. Eenergy profile diagram for (a) first chloro ligand  hydrolysis, (b) second chloro ligand    hydrolysis of Os-NAMI-A,  calculated at M06- 2X/(LanL2DZ+6-311++G(d, p)) level in gas and aqueous phase  
3.2.2.  DMSO Hydrolysis of cis- and trans-diaquated Os-NAMI-A
Computed Gibbs free energies, enthalpies and solvation free energies of reactants, transition states and products in the substitution of DMSO by aqua ligand of cis-[OsCl2(H2O)2(DMSO)(Im)]+(P-2cis) and trans-[OsCl2(H2O)2(DMSO)(Im)]+(P-2trans) are presented in Figure 8 and calculated values are depicted in Table 5. Activation free energy obtained in substitution of DMSO is found to be lower in comparison to first as well as second chloro ligand substitution. That is, substitution of DMSO is thermodynamically more favorable. Herein, activation free energy values for the substitution of DMSO ligand of P-2cis in step-4 are calculated to be 19.53 and 19.49 kcal/mol in the gas phase and in the aqueous medium, respectively. On the contrary, substitution of DMSO ligand from P-2trans proceeds through step-5 requires the activation energy of 24.75 and 23.09 kcal/mol in gas and aqueous phases. Consequently, DFT evaluated activation energies suggest that DMSO replacement from P-2cis is energetically more favourable. Moreover, the computed ΔH values (Table 5) show that the DMSO hydrolysis of from P-2cis and P-2trans are exothermic and thermodynamically favorable
Table 5. Solvation energies (Gsolv), change of Gibbs free energies (ΔG) and enthalpies (ΔH) for the DMSO hydrolysis of cis and trans-diaquated Os-NAMI-A calculated at 298.15 K in gas and solvent phase. (Energy values are in kcal/mol)
	Reaction
	Species
	Gsolv
	ΔG(g)
	ΔG(aq)
	ΔH(g)
	ΔH(aq)

	P-2cis → P-3cis

(step-4) 
	RC-3cis
	 -52.90
	0
	0
	0
	0

	
	TS-3cis
	 -52.94
	 19.53
	 19.49
	 18.48
	 17.90

	
	PC-3cis
	-51.04
	 -10.41
	 -8.56
	 -8.79
	 -9.86

	P-2trans→ P-3trans

(step-5) 
	RC-3trans
	-54.69
	0
	0
	0
	0

	
	TS-3trans
	-56.35
	24.75
	23.09
	23.21
	20.41

	
	PC-3trans
	-50.08
	-10.03
	-5.42
	-8.76
	-5.92
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Figure 8. Eenergy profile diagram for DMSO hydrolysis of cis- and trans-diaquated Os-NAMI-A, calculated at M06- 2X/(LanL2DZ+6-311++G(d, p)) level in gas and aqueous phase  
3.3. Comparison of activation energies for all the hydrolysis steps

Herein, a comparison of the activation free energies in connection with the hydrolysis of Os-NAMI-A in gas as well as in solvent phases has been made and the calculated results are presented graphically in Figure 9. The energy profile diagram of all the hydrolysis steps suggests that the activation energies increases in the order of DMSO hydrolysis of P-2cis < second cis-chloro ligand hydrolysis of P-1 < DMSO hydrolysis of P-2trans< first chloro ligand hydrolysis of R-1  second trans-chloro ligand hydrolysis of P-1in aqueous medium. Activation free energy for hydrolysis of DMSO of P-2cis is found to be the lowest in gas phase (19.53 kcal/mol) as well as in aqueous medium (19.49 kcal/mol) which suggests that DMSO hydrolysis is thermodynamically most favorable. Comparatively slightly lower activation free energy is observed in the hydrolysis of cis chloro ligand in step-2 than first chloro ligand hydrolysis (Figure 9). Although, hydrolysis of trans chloro ligand of P-2trans in step-3 is less favourable in comparison to cis chloro ligand hydrolysis of P-2cis by 2.63 and 6.95 kcal/mol in gas phase and aqueous medium, respectively. Therefore, formation of cis-aquated complex is thermodynamically preferred over the trans isomers. It is also noticed that solvent also plays an important role in the hydrolysis of Os-NAMI-A that is activation barrier decreases noticeably in the hydrolysis in aqueous medium. Similar results are also obtained by Chen et. al. in the hydrolysis of NAMI-A.[48]
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Figure 9. Comparison of activation energies for all the hydrolysis steps of Os-NAMI-A in gas phase and aqueous medium, calculated at M06-2X/(LanL2DZ)+6-311++G(d,p)) level of theory 
3.4. Kinetic Analysis
The rate constants values (
[image: image45.wmf]k

) for the hydrolysis of R-1 computed within the transition state theory formalism, using the Eyring equation (Eq. 1) are summarized in Table 6. 
[image: image46.wmf]k

 values for the first chloro ligand substitution of R-1 in gas and solvent phases are obtained to be 3.08×10-11 s-1 and 5.48×10-9 s-1, respectively. On the other hand, rate constant for the substitution of cis-chloro ligand by H2O to form P-2cis is found to be 
[image: image47.wmf]g

k

=2.79×10-9 s-1 in the gas phase, while 
[image: image48.wmf]aq

k

=1.65×10-4 s-1 in the solvent phase calculation. On the contrary, rate constant in the formation of P-2trans from P-1 after hydrolysis is observed to be comparable with the first hydrolysis of Os-NAMI-A (R-1) (Table 6). That is, formation of diaquated P-2cis is kinetically faster. However, among all the substitution reactions, substitution of DMSO is calculated to kinetically the fastest (
[image: image49.wmf]g

k

=2.99×10-2 s-1; 
[image: image50.wmf]aq

k

=3.20×10-2 s-1). It is also observed that solvent phase calculations provide higher rate constant values. 

Table 6. Rate constant values (
[image: image51.wmf]k

in s-1) calculated for each hydrolysis step of Os-NAMI-A in gas and solvent phase  
	Reaction
	Rate constant (
[image: image52.wmf]k

)

(gas phase) in s-1
	Rate constant (
[image: image53.wmf]k

)
(aqueous phase) in s-1

	R-1 + H2O → P-1 + Cl‑
	3.08×10-11 
	5.48×10-9 

	P-1 + H2O → P-2cis + Cl‑
	 2.79×10-9
	1.65×10-4

	P-1 + H2O → P-2trans + Cl‑
	3.29×10-11
	1.33×10-9

	P-2cis + H2O → P-3cis + DMSO
	 2.99×10-2
	 3.20×10-2

	P-2trans + H2O → P-3trans + DMSO
	4.46×10-6
	7.35×10-5


3.5. Electronic Characteristics
To look deeper into the process of hydrolysis, natural population analysis (NPA) has been done on important atoms of all the stationary points using quantum chemical method (Table 7). Significant variations of net atomic charges are observed on central Os, leaving Cl or S (DMSO), and incoming O (H2O) atoms. Among these four atoms, larger charge variation is noticed on Os and Cl atoms due to larger Os−Cl bond length variation. Net atomic charges on important atoms of all the optimized stationary points are depicted in the Figure 10. During first chloro ligand hydrolysis, net charge on Os atom in reactant (R), reactant intermediate (RC), transition state (TS), product intermediate (PC) and product (P) are observed to be -0.225, -0.222, -0.019, -0.007 and -0.078 |e|, respectively. These results indicate that negative charge density on Os atom gradually decreases on going from R to PC and finally increases in P due to the formation of stronger bonds with incoming O(H2O) atom. Similar trends are observed in the variation of electronic charge on osmium atom in the case of second cis- and trans chloro ligand hydrolysis reaction (Figure 10). However, in the cases of DMSO hydrolysis of cis- and trans-diaquated Os-NAMI-A, positive charge on osmium atom gradually increases up to the formation of PC from R. This phenomenon of electronic charge redistribution is attributed to relatively stronger σ and π donor capability of chloro ligand in comparison to aqua ligand. In fact, net negative charge on leaving chloro ligand increases on going from respective reactants to products by about 0.454, 0.399 and 0.439 |e| for first, second cis- and trans-chloro hydrolysis, respectively. To meet the charge conservation in the studied hydrolysis reactions, the negative charge on O atom of the incoming aqua ligand decreases up to 0.156 |e| in the formation of a relatively stable complex (Table 7 and Figure 10). In addition, net positive charge on S atom reduces from 1.428 to 1.208 |e| in DMSO hydrolysis of cis-diaquated Os-NAMI-A and from 1.463 to 1.206 |e| in DMSO hydrolysis of trans-diaquated Os-NAMI-A. From Table 7 and Figure 9, it is also noticed that with the substitution of chloro and DMSO ligands by H2O, electron density on osmium atom decreases and makes it more reactive toward associative nucleophilic attack, such as proteins and DNA nucleotides.[49] Similar trends on electronic characteristics are also reported by Chen et al. in the hydrolysis of NAMI-A complex.[32] 
Table 7. NPA charges on the central Os, incoming O (H2O), leaving Cl or S (DMSO) atoms, calculated for each hydrolysis step of Os-NAMI-A  (in the unit of electronic charge |e|)
	Reaction
	Atom
	R
	RC
	TS
	PC
	P

	Hydrolysis of first chloro ligand (Cl1) 


	Os
	-0.225
	-0.222
	-0.019
	-0.007
	-0.078

	
	Cl1
	-0.331
	-0.352
	-0.666
	-0.785
	--

	
	O1(H2O)
	--
	-0.977
	-0.916
	-0.854
	-0.821

	Hydrolysis of second cis-chloro ligand (Cl2) 


	Os
	-0.078
	 -0.073
	 0.095
	0.184
	0.129

	
	Cl2
	-0.318
	 -0.339
	 -0.611
	-0.717
	--

	
	O2(H2O)
	--
	 -0.952
	 -0.907
	-0.885
	-0.825

	Hydrolysis of second trans-chloro ligand (Cl3) 
	Os
	-0.078
	-0.073
	0.140
	0.209
	0.186

	
	Cl3
	-0.295
	-0.322
	-0.621
	-0.734
	--

	
	O2(H2O)
	--
	-0.953
	-0.892
	-0.852
	-0.815

	DMSO hydrolysis of cis- diaquated Os-NAMI-A


	Os
	0.129
	 0.180
	 0.447
	0.553
	0.497

	
	S(DMSO)
	1.428
	1.445
	1.324
	1.208
	--

	
	O3(H2O)
	--
	 -0.968
	 -0.959
	-0.873
	-0.891

	DMSO hydrolysis of trans- diaquated Os-NAMI-A


	Os
	0.186
	0.195
	0.495
	0.638
	0.560

	
	S(DMSO)
	1.463
	1.487
	1.315
	1.206
	--

	
	O3(H2O)
	--
	-0.907
	-0.955
	-0.855
	-0.900
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Figure 10. NPA charges on the (a) central Os atom (b) incoming O(H2O) atom (c) leaving Cl or S(DMSO) atom, in each hydrolysis step of Os-NAMI-A  
3.6. Conceptual Density Functional Theory (CDFT) Analysis
Stability and chemical reactivity of Os-NAMI-A and its aquated complexes have been successfully analyzed by means of conceptual density functional theory (CDFT), evaluating chemical potential (
[image: image57.wmf]m

), chemical hardness (
[image: image58.wmf]h

) and electrophilicity index (
[image: image59.wmf]w

) and the calculated values are listed in Table 8. On the other hand, energy gap (∆E= ELUMO-EHOMO) has also been determined to get further details about chemical stability as well as chemical reactivity of the studied complexes. Table 8 shows the highest ∆E value (7.728 eV) in the case of P-3cis reflects its least reactivity. It is also known that larger is the chemical hardness, (
[image: image60.wmf]h

) value of a chemical species higher is its stability.[50]  Calculated chemical hardness values suggest that the complex P-3cis (
[image: image61.wmf]h

=3.864 eV) is the most stable and R-1 (
[image: image62.wmf]h

=3.684 eV) is the least stable. On the other hand, calculated 
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 values reveal the better electrophilicity of P-2cis (Table 8). Therefore, P-2cis exhibits comparatively better electrophilic efficiency towards nucleophile in the substitution reaction in comparison to other reactants.
Table 8. Energies of HOMO (EH in eV) and LUMO (EL in eV), chemical potential ((
[image: image64.wmf]m

 in eV), chemical hardness ((
[image: image65.wmf]h

 in eV) and electrophilicity index (
[image: image66.wmf]w

 in eV) of Os-NAMI-A and its aquated species  
	Complex
	EH
	EL
	∆E
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	R-1
	-3.968
	3.401
	7.347
	-0.283
	3.684
	0.010

	P-1
	-7.781
	-0.263
	7.510
	-4.022
	3.759
	2.151

	P-2cis
	-11.684
	-4.019
	7.673
	-7.851
	3.832
	8.042

	P-2trans
	-11.456
	-3.864
	7.591
	-7.660
	3.796
	7.728

	P-3cis
	-11.374
	-3.646
	7.728
	-7.510
	3.864
	7.298

	P-3trans
	-11.51
	-3.918
	7.591
	-7.714
	3.796
	7.837


3.7. Docking Simulation

DNA plays a crucial role in a broad spectrum of cellular processes, designing of novel chemotherapeutics and also acts as a superior target for treatment of cancer.[51] In addition, molecular docking is fundamental tools in drug discovery that effectively predicts the specific non-covalent interaction of a ligand with a particular receptor.[52] Therefore, molecular docking simulation has been performed to predict the binding affinity and interaction mode of trans-[OsCl3(H2O)(DMSO)(Im)]- (P-1), cis-[OsCl2(H2O)2(DMSO)(Im)]+ (P-2cis) and  cis-[OsCl2(H2O)3(Im)]+ (P-3cis) with DNA duplex of sequence d(CCTCAGGCCTCC)2 dodecamer by using Auto Dock 4.2 program. The relative binding energy values and hydrogen bondings of the studied complexes with DNA receptor are reported in Table 9 and most stable docked structures are shown in Figure 11. Docking conformations are viewed in PyMOL software.[53] Docking study reveals that all the hydrolysed complexes (P-1, P-2cis and P-3cis) fit into the major groove of the DNA receptor. Binding energies of P-1, P-2cis and P-3cis complexes with DNA receptor evaluated by docking simulation are found to be -4.40, -5.63 and -4.17 kcal/mol, respectively. It is understood that larger negative binding energy implies stronger binding affinity. It is seen from Table 9 that  binding energies of hydrolysed osmium complexes with DNA receptor evaluated by docking simulation decreases in the order of P-2cis > P-1 > P-3cis .That is, largest binding energy is recorded in the case of P-2cis with DNA (-5.63 kcal/mol). In addition, it is also understood that higher binding energy is obtained in drug-DNA interaction because of the possibility of formation of stronger hydrogen bonding interaction. Docked structures reveal that complexes P-1 and P-3cis form four H-bondings, while P-2cis form seven H-bondings with GC base pairs of the DNA receptor. Possibility of formation of seven hydrogen bonding between P-2cis and DNA makes P-2cis-DNA interaction more favourable. All the hydrogen bonding distances reported in this study are in the range of 1.34 to 2.24 Å. Similar results is also reported in the interaction of cysteine and DNA purine bases with aquated ruthenium(III) anticancer drug, ICR, where diaquated ICR interacts with DNA base pairs more effectively in comparison to mono aquated ICR.[54]
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Figure 11. Docked structures of (a) PC-1 (b) PC-2cis (c) PC-3cis with DNA duplex of sequence d(CCTCGTCC)2 (PDB ID: 1pgc)
Table 9. AutoDock calculated binding free energies (∆G in kcal/mol) for PC-1, PC-2cis and PC-3cis with DNA and H-bonding interaction with bond length (in Å) evaluated by docking analysis

	Complex
	∆G
(kcal/mol)
	H-bonding
	Bond length (Å)

	trans-[OsCl3(H2O)(DMSO)(Im)]-

(P-1)
	-4.40
	DG17:O6-H:Im
DA5:H7-O:DMSO
DG6:H7-O:H2O
DG7:O6-H:H2O
	2.09

2.06

1.34

2.06

	cis-[OsCl2(H2O)2(DMSO)(Im)]+
(P-2cis)
	-5.63
	DG7:O6-H:H2O
DG7:H7-O:DMSO
DG17:OP2-H:H2O
DG6:H7-O:DMSO
DG17:H7-O:H2O
DG17:O6-H:H2O
DC18:N4-H:H2O
	2.16

1.99

2.07
2.16
2.08

2.07

2.12

	  cis-[OsCl2(H2O)3(Im)]+

(P-3cis)
	-4.17
	DC18:H41-O:H2O

DG17:H7-O:H2O

DC18:N4-O:H2O

DG16:OP2-H:Im
	2.24
2.00
2.24
1.90


4. Conclusion
In the present work, the hydrolysis mechanisms of anticancer drug (ImH)[trans-OsCl4(DMSO)(Im)] (Os-NAMI-A) has been investigated by using DFT method with the incorporation CPCM solvation model. Transition states obtained in the hydrolysis of Os-NAMI-A acquired pseudooctahedral geometry. Calculated activation energy barrier reveals that second hydrolysis is more favourable over first hydrolysis. On the other hand, calculated activation free energy barrier and rate constants in aqueous medium suggest that hydrolysis of DMSO from P-2cis has lowest barrier (19.49 kcal/mol) and has larger rate constant (3.20×10-02 s-1). Higher electrophilicity of P-2cis in comparison to other hydrolysed complexes is reported on the basis of CDFT analysis. In addition, molecular docking simulation of P-1, P-2cis and P-3cis with DNA residue shows that P-2cis interacts with DNA more affectively with a binding free energy value of -5.63 kcal/mol. Intermolecular hydrogen bonding plays a crucial role in stabilizing drug-DNA interaction. Furthermore, natural population analysis demonstrates that charge redistribution is occurred in all the stationary points developed on the hydrolysis of Os-NAMI-A. 
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