CHAPTER 4

HYDROLYSIS MECHANISM OF RUTHENIUM(I11) ANTICANCER
COMPLEXES

4.1 Introduction

Attempts to find a new metal based anticancer drugs except platinum, number
ruthenium complexes have recently been investigated for their antitumor activity.** In
particular, Keppler type complexes (HL)[trans-RuCl,L,](L= heterocyclic nitrogen
ligand) and related tetrachlororuthenium(111) DMSO complexes of the type (X)[trans-
RuCl4(DMSO)L] (L=imidazole; X= Na or HL) such as NAMI or NAMI-A exhibit
remarkable antimetastatic properties (discussed in chapter 3). Extensive researches on
the chemical properties and effects of these ruthenium complexes on the cellular level
have been done®® but definite mechanism of action is yet been understood.
Furthermore, no clear structure-activity relationship (SAR) has been established. For
platinum based anticancer complexes like cisplatin, carboplatin etc, hydrolysis
process has been proven to be a key activation step before reaching its intracellular
target®° because aqua complexes are much more reactive toward biomolecules than
the parent chloro complexes.”™® Experimental studies on ruthenium complexes also
suggest similar activation at physiological condition.** These ruthenium(lII)
complexes (NAMI-A™Y KP1019*® and [Him][trans-RuCls(im),] (ICR) etc.**?°) are
relatively labile, undergoing hydrolysis to the corresponding more reactive aquated
form. In other word, they appear to be prodrugs that on hydrolysis in vivo form a
number of potentially active species.>® Therefore, a proper investigation on hydrolytic
properties of these type of complexes are very important in order to understand the
nature of the active species that could be useful to optimize the protocols for the
administration of the drugs.

In comparison with the experimental efforts, theoretical studies regarding the action
mode of ruthenium anticancer complexes at the ab initio quantum-mechanical (QM)
level are still very less.?>?? In a recent DFT study, Chen et. al. have investigated the
hydrolysis mechanism of a series of ruthenium(l11) complexes including NAMI-A and
ICR.%?" In addition, deeper insight into the aquation of the NAMI-A and ICR are
further explored by Besker et. al. and Vargiu et. al. using DFT-PB and DFT-PCM
methods.?®*° However, the indazole and triazole analogues have possessed different

structural characteristics. Therefore, theoretical studies on the hydrolytic properties of
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these complexes are very important at the molecular level for understanding the mode
of action and revealing the structure-activity relationship (SAR).

In this study, we have carried out a systematic investigation on hydrolyses of two
ruthenium complexes Il and IV (scheme 1) using combined density functional theory
(DFT) calculation and an implicit description of the solvent through the conductor-
like polarizable continuum model (CPCM).*° In this hydrolysis mechanism we have
mainly focused on CI" and DMSO dissociation up to second aquation since poly-o0xo
species are rapidly formed during the second hydrolysis which involves in interaction

with tumor cells.
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Schemel Proposed hydrolysis mechanism of ruthenium(I11) complex

4.2 Computational Details

Hydrolysis mechanism of ruthenium(lll) complexes have been carried out in the
framework of the density functional theory, employing the Gaussian 09 package.*
Full in vacuo optimization without imposing any symmetry constraint on the
intermediates and transition states have been done using the B3LYP3? exchange-
correlation functional with 6-31G(d,p) basis set on N, S, C, O, H and CI atoms and
LANL2DZ* basis set on Ru atom. A vibrational analysis at the same level of theory
is performed to ensure that optimized structures are local minima or transition state

and to estimate zero-point vibrational energy and thermal and entropic corrections.
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The transition states are also confirmed by intrinsic reaction coordinate (IRC)
calculations.®**® Single-point energies are computed on optimized structures using a
higher basis set of LanL2DZ (on Ru atom), 6-311+G(d, p) (on H, C, N, O atoms) and
6-311+G(3d) (on CI, S atoms) in vacuo and in solvent medium using implicit
solvation model CPCM to obtain an improved value of the internal energy.*”*°

Gibbs free energies and enthalpies are computed with the following

equations:?®

G,,, =G G

solv solvent” “ gas

H (aq) = EZPE (g) + Gsolv + cherm (g)
G(aq) = EZPE (g) + Gsolv + Gtherm (g)

Where G, is the solvation free energy, G is the Gibbs free energy in solvent

solv solvent

medium, G, is the Gibbs free energy in gas phase, H(aq)is the enthalpy and
G(aqg)is the Gibbs free energy in aqueous medium, H,..(9) is the thermal

correction to enthalpy and G,,,,(9) is the thermal correction to Gibbs free energy in

therm

the gas phase.

4.3 Results and Discussion

4.3.1 Structural characteristics of the species involved in CI” hydrolysis

The gas phase optimized structures of all the species involved in first step of CI
hydrolysis of complexes Il and IV (pathl) are shown in Fig. 4.1 and those in the
second step of the hydrolysis (path 2 and path 3) are depicted in Fig. 4.2. The
calculated significant geometrical parameters of the optimized stationary points are
listed in Table 4.1 and 4.2 and important optimized geometries presented in Fig. 4.1
and 4.2. From the Table 4.1 and Table 4.2 and Fig. 4.1 and Fig. 4.2, quite a numbers
of geometrical variations in the structure of reactants, products and intermediates are
noticed and only the important ones are discussed in detail. Ruthenium complexes (11
and 1V) and their hydrolyzed products attain pseudo-octahedral geometry around the
central ruthenium atom. Aqua ligand in the hydrolyzed product forms hydrogen
bonding with CI" or DMSO ligand
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4.3.1.1 First hydrolysis step

Geometrical parameters of complexes Il and 1V have already discussed in Table 3.1
in chapter 3. Table 4.1 summarized the geometrical parameters of first step of CI’
hydrolysis. It has been observed from Table 4.1 that in the first intermediate, 11-1, the
incoming water molecule forms hydrogen bonding with two adjacent chloro ligand at
distances of 2.31A (Cl14-HOH) and 2.28 A.

Table 4.1 Selected bond lengths (A) and bond angles (°) calculated for all stationary
points in the first step of CI” hydrolysis for the complexes 11 and IV.

Parameters Complex 11 Complex IV
-1 TSIH-1 11-2 Il-a IV-1 TSIV-1 IV-2 IV-a
Ru—ClI1 2.43 3.72 2.38 3.00
Ru—CI2 241 2.37 242 237 2.46 2.57 244  2.38
Ru—CI3 2.44 2.35 241 234 2.48 242 243 237
Ru—Cl4 2.46 2.37 240 245 2.42 2.40 237 241
Ru—O(wat) 4.06 3.28 210 2.20 2.53 213 2.18
Ru—S 241 245 235 2.36 2.40 242 237 2.36
Ru—N 211 211 210 211 2.10 2.10 210 2.08
N—Ru—S 1773 1774 1783 177.3 1769 175.9 1740 175.3
Cl1—Ru—CI12  89.7 88.6 90.8
C2—Ru—CI3 90.4 93.5 913 973 87.9 82.0 89.9 945
CI3—Ru—Cl4 894 96.3 923 96.5 89.5 84.5 91.7 949
Cl4—Ru—CI1  90.5 81.6 91.8 76.2
Cl4—Ru—O 889 813 91.8 833
Cl1—Ru—O 51.9 61.8
O—Ru—CI2 728 875 869 69.6 86.6 87.3

(C11-HOH), while in intermediate 1V-1, hydrogen bonds are formed at a distance of
2.48 A (Cl14-HOH) and 2.45 A (Cl11-HOH). The transition states (TSI1-1 and TSIV-
1) found for the first hydrolysis step of complexes Il and 1V is confirmed by presence
of one imaginary frequency each having pentagonal bipyramidal geometry. The
distance between Ru** ion and O atom of the incoming water molecule reduces from
4.06 A in 11-1 to 3.28 A in TSII-1 and from 4.29 A in 1V-1 to 2.53 A in TSIV-1,
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while, Ru—Cl distance increases from 2.38 A to 3.72 A in TSII-1, and from 2.37 A
to 3.00 A in case of TSIV-1. That is, in both the complexes (Il and 1V), formation
Ru—O(wat) bond and breaking of Ru—CI bond take place same time simultaneously
exhibiting interchange dissociative mechanism. In the intermediates 11-2 and 1V-2,
the CI" ligand has been completely replaced with H,O molecule and forms a bond
with Ru** ion at distance of 2.11 A and 2.13 A, respectively. On the other hand, the
leaving CI" ligand forms intermolecular hydrogen bonding with H atom of the
coordinated water molecule at distance of 1.92 A in 11-2 and 1.87 A in IV-2. The
hydrolysis products Il-a and IVV-a acquire pseudooctahedral geometry, in which the
leaving CI" ligand is being removed completely with water molecule which forms a

hydrogen bonding with O atom of DMSO molecule at a distance of 1.86 A.
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Fig.4.1 Optimized structures for the species involved in the first step of CI” hydrolysis

of complex Il and 1V (path 1).
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4.3.1.2 Second step of hydrolysis

The optimized geometrical parameters evaluated by DFT for hydrolysis of mono aqua
ruthenium complexes I1-a and 1V-a are listed in Table 4.2 and geometries are shown
in Fig. 4.2. In this study, two paths are depicted for the second hydrolysis of
ruthenium complexes: path 2 corresponds to the replacement of CI” ligand cis to the
first coordinated water molecule and path 3 corresponds to the replacement of CI
ligand trans to the first coordinated water molecule from I1-a and 1V-a complexes. In
the path 2, 11-3 exhibits two hydrogen bonds (CI3-HOH= 2.67 A, CI4—HOH= 2.69
A) resulting from the interaction of entering water molecule with two adjacent CI°
ligands (Fig. 4.2). Similar types of hydrogen bonding interactions have been exhibited
by the intermediate 1V-3 at distances 2.62 A (CI3-HOH) and 2.44 A (CI4—HOH).
The geometry of transition states, TSII-2 and TSIV-2 reveal an interchange
dissociative rather than associative character. In both the cases the entering water
molecule approaches the metal center and form Ru—O bond before complete removal
of CI' ligand from the ruthenium ion. The structures of TSII-2 and TSIV-2 are found
to be similar to that of TSII-1 and TSIV-1, that is, the bond length Ru—O(wat2)
reduces and the Ru-Cl4 distance correspondingly increases. In the intermediates 11-4
and 1V-4 the bond lengths Ru—O(wat2) are found to be in the range of 2.11-2.19 A
whereas the leaving CI ligand lies at distances of 3.97 A and 3.99 A from the
ruthenium coordination center. Further, it is noted that the expelled CI" ligand forms
two hydrogen bonds with the two coordinated water molecules (Fig. 4.2). cis-
diaquated products 11-b and IV-b obtained due second hydrolysis of complexes Il and
IV proceed through path 2 show pseudooctahedral geometry. Similar geometrical
parameters are observed for the stationary points obtained, proceed through path 3
(Fig 4.2 and Table 4.2) .
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Table 4.2 Selected bond lengths (A) and bond angles (°) calculated for all stationary points in the second step of CI™ hydrolysis of complex I1

and IV
Parameters Complex 11 Complex IV
Path2 Path3 Path2 Path3
-3 TSH- 14 b 013 TSH- 14 1-b’ 1v-3 TSIV- V-4 IV-b Iv-3 TSIV- Iv4 v
2 2/ 2 2/
Ru—ClI2 237 235 234 229 237 239 236 239 238 237 238 235 238 239 235 237
Ru—Cl3 235 241 237 236 235 308 4.19 238 241 236 231 2338 304 432
Ru—Cl4 246 288  3.97 246 255 243 240 242 278 3.99 242 251 241 237
Ru—O(W1) 219 220 212 216 219 216 216 214 217 223 216 219 217 212 211 205
Ru—O(W2) 272 219 224 228 203 203 429 268 211 217 429 239 211 218
Ru—S 238 241 238 241 238 236 242 239 238 237 236 237 238 239 238 241
Ru—N 211 211 210 209 211 211 211 211 208 208 211 211 208 209 208 210
N—Ru—S 1755 1739 1771 1743 1755 1765 1743 1741 1742 176.1 177.0 1741 1704 170.7 167.1
C2—Ru—O(W1) 862 811 921 919 862 788 891 891 867 780 878 889 815 932 989
CI2—Ru—ClI3 956 873 971 990 956 931 852 957 989 935 753
CI3—Ru—Cl4 95.1 84.6 95.1 95.5 954 1232
Cl4—Ru—O(W1) 831 67.8 83.1 84.4 84.7 679 849 791
O(W2)—Ru—O 86.2 851 88.3 80.4
(W1)
Cl4—Ru—O(W2) 62.9 93.0 63.9
CI3—Ru—O(W2) 84.3 93.5 92.4 85.9
CI2—Ru—O(W2) 935 89.9 915 835

64




65



Iv-3' TSIv-2/ Iv-4/ IV-b/
Fig.4.2 Optimized structures for the species involved in the second step of CI

hydrolysis of complex 11 and 1V (path 2 and 3).

4.3.2 Structural characteristics for the species involved in DMSO hydrolysis

Geometrical parameters of the stationary points involved in the hydrolysis of DMSO
group proceed through paths 4 and 5 are summarized in Table 4.3 and Table 4.4 and
optimized structures are shown in Fig. 4.3 and 4.4. In intermediate 11-5 the incoming
water molecule is stabilized by a hydrogen bonding network. The hydrogen bonding
distance between oxygen atom of leaving DMSO molecule and hydrogen atom of
water molecule calculated to be 2.07 A, however, no hydrogen bonding is observed in
intermediate 1V-5 (Fig. 4.3). The transition states TSII-3, TSIV-3 are characterized
by presence of one imaginary frequency each. The data reported in Fig. 4.3 and Table
4.3 reveal that in the TS, the Ru—S(DMSO) bond breaks and Ru—O (water) bond
forms. Further, both the TS structures follow an interchange dissociative mechanism
like that of the TS structures involved in CI* hydrolysis. In the optimized
intermediates 11-6 and I1V-6, the entering incoming water molecule replaces the
DMSO molecule, which is moved far away from the ruthenium center, shown by the
Ru—0=2.21 A and Ru-S of DMS0=5.28 A in case of 11-6 while, Ru—0= 2.17 A and
Ru—S of DMS0=4.43 A in case of 1V-6. The optimized stationary points for the path
5 are quite similar with that of the path 4 and also show similar hydrogen bond

pattern.
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Table 4.3 Selected bond lengths (A) and bond angles (°) calculated for all stationary
points in the first step of DMSO hydrolysis of complex 11 and IV.

Parameters Complex 11 Complex IV
-5 TSII-3 11-6 I-c IV-5 TSIV-3 V-6 IV-c
Ru—Cl1 2.39 242 243 244 2.38 241 241 242
Ru—CI2 242 2.38 240  2.39 2.46 2.47 247 245
Ru—Cl3 244 242 240  2.39 248 2.37 248 247

Ru—Cl4 2.49 2.48 248 249 242 241 238 241
Ru—O(wat) 4.27 3.06 221 221 4.28 3.10 217 218

Ru—S 2.39 3.42 5.28 2.40 3.49 4.43
Ru—N 2.12 2.02 206 2.06 2.10 2.00 206 2.06
N—Ru—S 1785 150.2 1525 1769 148.0 125.2

Cl1l—Ru—CI12  91.7 91.6 90.6 90.6 90.8 90.9 89.1 89.1
CI2—Ru—CI3 914 90.6 915 924 87.9 82.0 873 874
CI3—Ru—Cl4  88.3 89.3 88.9 88.7 89.5 84.5 90.7 90.3
Cl4—Ru—Cl1  88.5 88.5 88.6 881 91.7 76.2 928 92.6
S—Ru—O 592.7 396 318 52.6 51.9 55.1
O—Ru—N 156.3 175.7 175.2 159.8 1779 1779
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V-5 TSIV-3 V-6 IV-c
Fig.4.3 Optimized structures for the species involved in the first DMSO hydrolysis of
complex Il and 1V (path 4).

Table 4.4 Selected bond lengths (A) and bond angles (°) calculated for all stationary
points in the second step of DMSO hydrolysis of complex Il and V.

Parameters Complex 11 Complex IV
-7 TsH-4 18 1id IV-7 TSIV-4 IV-8 IV-d
Ru—O(watl) 2.20 218 221 221 2.17 2.15 219 218
Ru—CI2 2.38 237 237 237 2.38 2.37 239 2.38
Ru—ClI3 2.34 234 232 234 2.48 2.37 236 237
Ru—Cl4 2.45 245 249 245 2.42 2.41 242 242
Ru—O(wat2) 4.61 219 210 208 4.29 2.88 213 213
Ru—S 2.37 356 235 2.38 3.55 441

Ru—N 2.11 202 210 210 2.08 1.99 2.07 2.08

N—Ru—S 177.3  153.9 1769 1549 - -

O(watl)—Ru—CI2  87.0 87.8 872 872 86.7 87.2 87.9 878
CI2—Ru—CI3 96.9 95.8 965 973 931 93.7 958 955
ClI3—Ru—Cl4 94.6 94.2 955 955 95.4 93.3 94.7 947

Cl4—Ru—O(watl) 81.5 81.9 79.8 810 84.9 85.4 81.7 817

S—Ru—O(wat2) 49.6 56.9 55.4 554 71.2 57.6 54.7 547

O(wat2)—Ru—N - 148.2 176.3 177.4 - 146.7 176.6 176.8
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V-7 TSIV-4 V-7 IvV-d
Fig.4.4 Optimized structures for the species involved in the second DMSO hydrolysis

of complex I1 and 1V (path 5).

4.3.3 Reaction Profiles of the Hydrolysis Processes

4.3.3.1 Comparison of first and second step of CI" hydrolysis

Change of enthalpies (AH ) and Gibbs free energies (AG) for the hydrolysis reaction
of complexes Il and IV in gas and solvent phases calculated at DFT-B3LYP level are
presented in Table 4.5 and Table 4.6. It can be observed from Table 4.5 and Table 4.6
that the computed Gibbs free energy in aqueous medium for the path 1 in the
hydrolysis reaction of complex 11 and complex IV (AG =16.94 and 18.80 kcal mol™)
are found to be lower than that of NAMI-A (AG =23.2 kcal mol™')?. Fig. 4.5 shows
the reaction pathway of first and second CI hydrolysis reactions of complex Il
calculated at gas and solvent phases at UB3LYP/(LANL2DZ+6-31G(d,p) level. From
Fig. 4.5(a), it is noticed that the activation barrier for pathl is 25.10 kcal mol™
whereas for path 2 and path 3 are found to be 25.73 and 33.26 kcal mol™,
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respectively. These observations reveal that hydrolysis mechanism proceeds through

path 3 is found to be more difficult than the path 1 and path 2.

Table 4.5 Total ZPE (E,,, ), Change of enthalpies (AH), Gibbs free energies

(AG) and entropies (AS) at 298.15 K for all intermediate species and transition

States of the hydrolysis processes of complex 11

First CI" hydrolysis(pathl)

Species AE,, AE e AH AG AS
-1 0 0 0 0 0
TSIHI-1  25.73(20.71) 25.10(18.20) 25.10(18.19) 25.10(16.94) -1.30(-3.01)
-2 15.06(9.41) 15.06(10.04) 15.68(9.41) 15.06(9.41) -1.02(-2.64)
Second CI" hydrolysis (Path2)
-3 0 0 0 0 0
TSII-2  25.10(24.47) 25.10(23.85) 24.50(23.85) 25.73(24.47) 3.53(3.31)
-4 8.15(3.75) 7.53(3.77) 6.90(3.14) 8.16(3.77) 3.48(3.50)
Second CI" hydrolysis(Path3)
-3 0 0 0 0 0
TSII-2/  32.00(28.24) 32.00(29.49) 30.75(29.49) 33.26(29.49) 6.07(7.98)
-4/ 10.66(6.90)  10.04(6.90)  8.79(5.65)  10.67(8.16)  5.46(8.93)
First DMSO hydrolysis(Path4)
11-5 0 0 0 0 0
TSII-3  22.59(20.08) 21.34(18.83) 21.34(18.20) 20.71(19.45) -1.56(4.89)
11-6 6.90(6.90) 6.28(6.28) 6.28(6.28) 3.77(5.65)  -0.90(-1.76)
Second DMSO hydrolysis(Path5)
-7 0 0 0 0 0
TSII-4 3.77(0) 3.77(0) 3.77(0.63)  3.14(-1.88) -3.62(-7.53)
11-8 10.04(6.28)  10.04(6.28)  10.04(6.90)  8.79(3.77)  -4.38(-10.23)
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Table 4.6 Total ZPE (E,,, ), Change of enthalpies (AH), Gibbs free energies

(AG) and entropies (AS) at 298.15 K for all intermediate species and transition
States of the hydrolysis processes of complex 1V

First CI" hydrolysis (pathl)

Species AE AE ., e AH° AG AS°

tot

V-1 0 0 0 0 0
TSIV-1  27.61(25.86) 27.61(25.86) 26.36(25.86) 28.24(18.81)  3.54(1.98)
V-2 5.02(5.02)  5.02(5.02)  4.39(5.02)  5.02(-9.31)  1.10(0.56)

Second CI" hydrolysis (Path2)

V-3 0 0 0 0 0
TSIV-2  20.71(21.96) 21.33(21.96) 20.08(21.96) 22.59(22.59)  5.96(2.10)
IV-4  1.88(-1.88)  251(-1.26)  1.26(-1.25)  3.77(-1.21)  6.68(2.91)

Second CI hydrolysis(Path3)

Iv-3' 0 0 0 0 0
TSIV-2/ (28.24) 25.72(28.24) 25.50(28.24) 26.98(29.49) 5.78(2.09)
Iv-4/ (5.65) -6.27(5.02) 6.12(5.65) 2.44(5.02)  6.23(-3.17)
First DMSO hydrolysis(Path4)
V-5 0 0 0 0 0

TSIV-3  20.08(18.83) 18.20(18.20) 18.83(17.57) 17.57(17.57) 7.29(-1.47)
IV-6  565(76.56) 5.02(77.18)  6.26(76.56)  3.14(76.56)  8.30(-2.26)

Second DMSO hydrolysis(Path5)

V-7 0 0 0 0 0
TSIV-4  1757(14.43) 17.57(15.06) 16.32(13.18) 16.94(13.80) -0.058(2.30)
V-8 1.88(-2.51)  251(-2.51)  1.88(-2.51)  1.26(-2.51) -2.77(-0.18)

The similar sequences of energy barrier heights can also be noticed in Fig. 4.5(b). The
computed Gibbs free energies for the formation stationary points involved in
hydrolysis reactions follow path 1, Path 2 and path 3 for the complex Il calculated
using CPCM solvation model in aqueous solution have been presented in Fig. 4.5(b).
Fig. 4.5(a) and Fig 4.5(b) reveal that, on incorporation of solvent effect decreases the
activation barriers of all the steps involves in the hydrolysis of complexes Il and IV.

The decrease in activation barriers on incorporation of solvent effect is due to the
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solvation of the reactant and intermediate species. Fig. 4.6 presented the computed
relative free energies for CI” hydrolysis reaction of complex IV in gas phase (Fig. 4.6
(@) as well as in solvent phase (Fig. 4.6 (b)). Fig. 4.6 (b) also suggests that path 3 in
the second hydrolysis step is slow in comparison to path 1 and path 2. Energy profile
diagram for the hydrolysis of complexes Il and IV indicate that the second hydrolysis
leading to the trans isomer is comparatively slower than the formation cis isomer
which is may be due to trans effect and hydrogen bonding. Higher trans effect of
leaving CI" ligand than that of incoming water ligand lead to the formation of cis-
diaqua complexes. Free energy profile diagram Fig. 4.5(b) shows that the proposed
three reaction pathways (pathl, path 2 and path 3) for the hydrolysis of complex I1 is
found to be endothermic by 9.34, 3.77 and 8.16 kcal mol™. On the other hand,
hydrolysis of the first CI" and path 2 in the second hydrolysis for the complex 1V are
predicted to be exothermic by 9.31 and 1.21kcal mol™, while path 3 is endothermic by
5.02 kcal mol™.

(a) (b)
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204 path2
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10 104
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5 T T T T T T T T T T -
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Fig. 4.5 Free energy profile diagram for the first hydrolysis of complex Il in (a) gas

phase and (b) in solvent phase.
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Fig. 4.6 Free energy profile diagram for the first hydrolysis of complex 1V in (a) gas

phase and (b) in solvent phase.

4.3.3.2 Comparison of first step of CI" and first step of DMSO hydrolysis

In Fig 4.7, the computed Gibbs free energies for first step of CI" hydrolysis (path 1)
and DMSO hydrolysis (path 4) of complexes 11 and IV are presented for comparison.
The activation free energy values for the substitution of CI" and DMSO ligands with
H,O molecules of complex 11 are comparable. However, for complex Il
thermodynamically CI" dissociation is found to be more favorable than DMSO (Fig.
4.7(a) and Fig. 4.7(b)). In gas phase (Fig. 4.7(a)), the activation energy barrier for
path 4 is lower than path 1 indicates that DMSO dissociation occurs easily. On
incorporation of water effect the reaction proceeds faster for CI" dissociation as the
activation free energy values of the second Cl-water exchange decreases (path 1)
compared to DMSO-water exchange i.e. path 4 (Fig. 4.7(b)). Further, The larger
stability of 11-a as compared to I1-c is because of the presence of one intramolecular
(DMSO—HOH) hydrogen bond at a distance 1.85 A, whereas no hydrogen bonding
interaction is observed for Il-c. Hence larger stability favors dissociation of CI°
ligand. Similar to complex 11, DMSO substitution is found to be favorable in the gas
phase for complex 1V (Fig. 4.7(a) and Fig. 4.7(c)) but in the solvent phase, different
results are obtained for both the complexes (Fig. 4.7(b) and Fig. 4.7(d)). Thus,
occurance of DMSO dissociation is found to be difficult and more accurate model in
solvent medium is required to design. Thus, both kinetic and thermodynamic

parameters evaluated for the hydrolysis of complexes Il and IV suggest that
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substitution of chloro ligand is more favorable. Results derived in this investigation

are in agreement with the available experimental and theoretical results.? *
(a) (b)
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Fig. 4.7 Free energy profiles of CI" (path 1) and DMSO (path 4) hydrolysis of
complexes 11 and V.

4.3.3.3 Comparison of second step of CI"and DMSO hydrolysis

The free energy profiles for the second step of CI" and DMSO hydrolysis of
complexes 11 and IV computed in the gas and solvent phases are displayed in Fig. 4.8.
The analysis of the second hydrolysis reaction reveals interesting features. Fig. 4.8(a)
and Fig. 4.8(b) show that similar to the previous step, in second step, DMSO
dissociation becomes kinetically unlikely with respect to that of CI". But in case of
complex 1V opposite results are obtained, i.e., dissociation of neutral DMSO ligand is
favored with respect to the CI" ligand, yet product 1V-b stability (stabilized by a
hydrogen bonding) favors CI" dissociation.
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Since the 20" century the hydrolysis process of platinum based anticancer complexes
has been investigated and the theoretical methods and models are well established.
But the theoretical study is newer in the case of ruthenium complexes, hence to
explore and design more accurate solvent model for the hydrolysis of NAMI-A and
NAMI type of complexes is a very difficult task. During the investigation of
hydrolysis mechanism of complexes Il and 1V, second step of DMSO hydrolysis is
found to be very complicated and different results are obtained. However, our present
quantum chemical studies provide some aspects which may be helpful in

understanding the reaction mechanism of these complexes with the biomolecular

target.
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Fig. 4.8 Free energy profile diagram for the second step of CI" (path 2) and DMSO
(path 4) hydrolysis reaction of complexes Il and V.
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4.4 Conclusion

In this chapter, we have investigated detail hydrolysis mechanism of complex Il and
complex 1V using density functional theory method. The stationary points formed
during the course of hydrolysis reveal pseudooctahedral geometries and follow

interchange dissociative mechanism. The computed Gibbs free energies (AG) in

aqueous medium for the replacement of one chloro ligand with aqua ligand from the
complexes 11 and 1V are found to be 16.94 and 18.81 kcal mol™. Substitution of
second CI" ligand with water molecule through path 2 proceed more favorably, i.e.,
the Kinetic preference for the formation of cis-diaqua ruthenium complexes.
Calculated thermodynamic parameters suggest the replacement of one CI™ ion from
the complexes 11 and IV are more favorable in comparison to DMSO substitution. For
the second hydrolysis step of DMSO dissociation, some disagreement still exists,
since different results are obtained for the two complexes and thus more accurate
solvent model needs to be designed. Present study suggests that first step of
hydrolysis for the complexes 11 and IV occur mainly by the substitution chloro ligand
and then follow path 2 for the second step of hydrolysis.
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