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ABSTRACT

The kinetics of interaction between azide and cis-[RuCl(Me
2
SO)

3
(H

2
O)

2
]+ have been studied spectrophotometrically

as a function of[RuCl(Me
2
SO)

3
(H

2
O)

2
+], [azide] and temperature at a particular pH(5.0), where the substrate complex

exists predominantly as a diaqua species(in aqueous solution) and azide as the monoanionic species. The reaction
has been found to proceed via two distinct consecutive steps i.e., it shows a non-linear dependence on the
concentration of azide: both processes are [ligand] dependant. The rate constants for the processes are: k

1 
~ 10-3 s-

1 and k
2 
~ 10-5 s-1. The activation parameters were calculated from Eyring plots suggest an associative mechanism for

the interaction process. From the temperature dependence of the outersphere association equilibrium constants,
the thermodynamic parameters were also calculated, which gives a negative G value at all temperature studied,
supporting the spontaneous formation of an outersphere association complex.
 2010 Trade Science Inc. - INDIA

INTRODUCTION

A variety of displacement reactions of ruthenium(II),
in which one unidentate ligand is replaced by another,
have been reported in the literature. Anation studies on
different substrates indicate both dissociative[1,2] as well
as associative[3] mode of activation. No single mecha-
nism is adequate to explain the variety of observations
in ligand replacement reactions on ruthenium(II). On
the other hand there is a steadily increasing interest in
transition metal complexes other than the traditional Pt-
based compounds for use as chemotherapeutic agents
against cancer. Cis-platin[4] and carboplatin[5] are two
well�known drugs for cancer chemotherapy, but cer-

tain tumours are resistant to two drugs. Also platinum
complexes induce toxic effects such as nephrotoxicity
and neurotoxicity. Complexes of other (4d) and (5d)

metal ions, especially ruthenium, rhodium, iridium and
palladium, have been reported to have antibacterial
power[6,7]. Complexes of these metal ions with nucleic
acid constituents[5,8,9], di[10] and tri[11] peptides and other
bioactive ligands[12-15] were studied. Mechanistic study
on formation of these complexes by anation reaction
may help to understand the mode of in vivo activities
of these complexes. Especially ruthenium complexes are
becoming more and more popular due to their well de-
veloped synthetic chemistry and great flexibility to fine-
tune properties by modification to the ligand sphere.
Ruthenium(II) complexes are less toxic than cis-
platin[16,17]. A number of ruthenium compounds serve
as bacterial mutagens which indicate that at least some
ruthenium complexes are capable of damaging genetic
materials[18-21]. The studies on the bioactivities of
ruthenium(II/III) complexes are still a developing area.
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It was already established that [Ru(dmso)
4
Cl

2
] has

anticancer and antitumor activity[22] but no study were
done in aqueous medium. This is the first report where
the kinetic study on [Ru(dmso)

4
Cl

2
] is done in aqueous

medium.
Sodium azide is a useful probe reagent, mutagen,

and preservative. In hospitals and laboratories, it is
abiocide; it is especially important in bulk reagents and
stock solutions which may otherwise support bacterial
growth where the sodium azide acts as a bacteriostatic
by inhibiting cytochrome oxidase in gram-negative bac-
teria; gram-positive (pneumococci, lactobacilly) are re-
sistant[23], a characteristic similar to antibiotic resistance.
It is also used in agriculture for pest control. Azide in-
hibits cytochrome oxidase by binding irreversibly to the
heme cofactor in a process similar to the action of car-
bon monoxide. Sodium azide particularly affects or-
gans that undergo high rates of respiration, such as the
heart and the brain.

With this background we planned to study the in-
teraction of cis-[RuCl(Me

2
SO)

3
(H

2
O)

2
]+, the reactive

species of [Ru(dmso)
4
Cl

2
] in aqueous medium, with dif-

ferent bioactive ligands e.g., azide, glycylglycine, gly-
cyl-l-leucine, glycyl-l-valine etc. and with certain
nucleocides and nucleotides. In the present work the
kinetic and mechanistic details of the interaction of azide
in the aqueous medium at pH 5.0 was examined. The
importance of the work lies in the fact that in the aque-
ous medium the bonding mode of the substrate com-
plex is very interesting and the reactivity of this com-
plex in solution is promising.

EXPERIMENTAL

The reactant cis-[Ru(Me
2
SO)

4
Cl

2
] was prepared

and characterized according to the method reported
by Evans et al.[24]. The substrate complex [RuCl(Me-

2
SO)

3
(H

2
O)

2
]+ (1) was prepared in situ by dissolving

the above reactant complex in the aqueous solution[25].

Cis-[Ru(Me
2
SO)

4
Cl

2
] once dissolved in water, im-

mediately releases the O-bonded dimethyl sulfoxide
molecule[26]. This step was confirmed by conductivity
study[25].

The product (2) of the reaction between the sub-
strate complex and azide was prepared by mixing dif-
ferent molar ratios of reactants, viz., 1:1, 1:2 and 1:3 at
pH 5.0 and thermostating the mixture at 60ºC for 72h.

The absorption spectra of the resultant solutions were
recorded using an aqueous ligand solution of appropri-
ate molarity in the reference cell, and it was found that
the maximum spectral difference between the product
complex and the substrate complex, [RuCl(Me-

2
SO)

3
(H

2
O)

2
]+ (1) was observed at 257 nm (Figure 1).

The product composition was checked by Job,s method
of continuous variation as shown in figure 2 and was
found to have a 1:2 metal : ligand ratio in the product.
The pH was adjusted by adding a very small amount of
dilute p-toluene sulphonic acid and NaOH solution so
that the concentration of the reaction mixture remains
constant. The low pH was used to avoid the oxidation
of Ru(II) to Ru(III)[27].

Measurements of pHs were carried out with the
help of a Sartorius digital pH meter (model PB-11) with
an accuracy of  0.01 units. Doubly distilled water was
used to prepare all the solutions. All chemicals used
were of AR grade.

The IR spectrum of the product shows strong bands
at 3427 cm-1, 2925 cm-1, 2854 cm-1, 2123 cm-1, 2037
cm-1, 1134 cm-1, 638 cm-1

 
and 351 cm-1. Band appears

at 2036 cm-1 due to antisymmetric stretching of azide.
The additional band at 2123 cm-1 shows substitution
occurs with terminally azide, indicating Ru2+-N=N=N
structure. The presence of stretching frequency at ~351
cm-1[28] for Ru-Cl bond indicates that product contains
Ru-Cl bond. The IR study reveals that the Ru-Cl bond
remains intact in the product.

The aqueous solution of (complex 1) and azide
were mixed in a 1:2 molar ratio and the mixture was

A + ligand
KE1

A.ligand

A.ligand B
K1

Outer sphere association complex

Scheme 2
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Scheme 1 : Chemical behavior of cis-[Ru(Me
2
SO)

4
Cl

2
] in aque-

ous medium
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thermostated at 50C for 48 hours and used for ESI
mass spectra (Figure 3) of the resulting solution.

It is clear from this spectrum that the species at m/
z 500.7 has become the precursor species in the mix-
ture solution and this is tentatively attributed to [Ru + 3
dmso + 2 N

3
- + Cl- + 2Na+]+.

Kinetic studies

Kinetic measurements were carried out on a
Shimadzu UV1601PC spectrophotometer attached to
a thermoelectric cell temperature controller (model
Shimadzu, TCA 240, accuracy  0.1ºC). The conven-

tional mixing technique was followed and pseudo-first
order conditions were employed throughout. The
progress of the reaction was followed by measuring the
increase in absorbance at 257 nm, where the spectral
difference between the substrate and the product com-
plex is maximum. The k

1(obs)
 and k

2(obs)
 values were cal-

culated graphically (Figure 4 and 5) using the method
of Wyeh and Hamm[29]. We did not use Origin or Excel
softwares because where the first part is curved and
second part is linear then Weyh and Hamm method
gives good result. The rate data represented as an av-
erage of duplicate runs are reproducible within  4.

RESULTS AND DISCUSSION

The pKa value[30] of the azide is 4.59 at 25ºC. Thus

at pH=5.0 the ligand exists mainly as N
3
-. The interac-

tion with the HN
3
 may be neglected in comparison to

interaction with N
3
-

HN3
Ka

N3
- + H+ ;  pKa =4.59 at 25ºC (1)

The ln(A-A
t
) versus time, t plot indicates that the

reaction is not a single step process, a two step con-
secutive process may be assumed, both steps are[ligand]
dependent.

The rate constant for such process can be evalu-
ated by assuming the following scheme.

k1 k2A B C

A is the substrate complex, B is the intermediate
with ligand azide and C is the final product complex
[Ru(Me

2
SO)

3
(Cl)(L)

2
].

Calculation of k1 value for AB step

The rate constant k
1(obs)

 for AB step can be evalu-
ated by the method of Weyh and Hamm using the usual
consecutive rate law:
(A


-A

t
 ) = a

1
 exp (-k

1(obs)
t ) + a

2 
exp(-k

2
 t) or

(A-A
t
 ) - a

2
 exp (-k

2
 t) = a

1
exp (-k

1(obs)
t)

where a
1 
and a

2
 are rate constants dependent upon the

rate constants and extinction coefficient. Values of [(A

-

A
t
 )-a

2
 exp (-k

2
 t)] are obtained from X-Y at different

time t (Figure 4). So ln  = constant - k
1(obs)

 t. k
1(obs) 

is
derived from the slope of the ln  versus t (where t is
small) (Figure 5). A similar procedure is applied for each
ligand concentration in the 1.0010-3 mol dm-3 to
5.0010-3 mol dm-3 range, at constant [(1)] (1.010-4

Figure 1 : Spectral difference between substrate complex and
product. (1) [RuCl(Me

2
SO)

3
(H

2
O)

2
+] = 1.010-4 mol dm-3; (2)

[RuCl(Me
2
SO)

3
(H

2
O)

2
+] = 1.010-4 mol dm-3, [azide] = 2.010-

3 mol dm-3, pH = 5.0

TABLE 1 : 103 k
1(obs) 

values for different ligand concentra-
tions at different temperatures

Temperatures (C ) 
103 [Ligand] (mol dm-3) 

35 40 45 50 

1.0 0.74 1.21 1.62 1.97 

2.0 1.70 2.19 3.06 3.75 

3.0 2.36 2.95 3.77 4.47 

4.0 2.82 3.50 4.23 5.23 

5.0 2.98 3.79 4.63 5.37 

TABLE 2 : 105 k
2(obs) 

values for different ligand concentra-
tions at different temperatures [complex 1] = 1.010-4 mol
dm-3, pH =5.0

Temperatures (C ) 
103 Ligand] (mol dm-3) 

35 40 45 50 

1.00 1.69 2.38 3.57 6.25 

2.00 3.33 4.76 7.14 13.87 

3.00 4.55 6.56 9.09 15.29 

4.00 5.56 7.38 10.00 16.67 

5.00 5.88 8.33 11.11 19.19 
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Figure  2 : Job,s plot :[RuCl(Me
2
SO)

3
(H

2
O)

2
+] = 1.010-4 mol

dm-3, [azide] = 1.010-4 mol dm-3, pH = 5.0
Figure 3 : ESI mass spectrometry of azide substituted com-
plex (complex 2)

Figure  6 : Plot of k
1(obs) 

versus[azide] at different tempera-
tures. A = 35, B = 40, C =45, and D = 50C

Figure 7 : Plot of 1/ k
1(obs)

 versus 1/[azide] at different tem-
peratures, A = 35 , B = 40 , C = 45, and D = 50C

Figure 4 : A typical plot of ln (A-A
t
) versus time t. [com-

plex]= 1.010-4 mol dm-3, [azide] = 5.010-3 mol dm-3; pH =
5.0, Temp.= 40C

Figure 5 : A typical plot of ln  versus time t. [complex]=
1.010-4 mol dm-3, [azide] = 5.010-3 mol dm-3; pH = 5.0 ,Temp.=
40C

mol dm-3) at pH = 5.0 and at different temperatures viz.
35, 40, 45 and 5C respectively. The k

1(obs) 
values are

collected in TABLE 1.

The rate increases with increase in [ligand] and
reaches a limiting value (Figure 6 & 7), which is prob-
able due to the completion of the outersphere asso-



.180 Interaction between azide and ruthenium(II) complex

Full Paper
ICAIJ, 5(4) 2010

An Indian Journal
Inorganic CHEMISTRYInorganic CHEMISTRY

Figure 8 : Plot of k
2(obs) 

versus[azide] at different tempera-
tures. A = 35, B = 40, C =45, and D = 50C

Figure  9 : Plot of 1/ k
2(obs)

 versus 1/[azide] at different tem-
peratures, A = 35, B = 40, C = 45, and D = 50C

Figure  10 : Eyring plot (ln k
1
h / k

B
T versus 1/T ) for the step

AB
Figure  11 : Eyring plot (ln k

2
h / k

B
T versus 1/ T ) for the step

BC

ciation complex formation. Since the metal ion reacts
with immediate environment, further change in [ligand]
beyond the saturation point will not affect the reaction
rate and a gradual approach towards limiting rate is
observed. At this stage the interchange of the ligands
from outer sphere to the inner sphere occurs, i.e., azide
attacks the Ru(II) atom of the substrate complex and
forming intermediate. The outer sphere association
complex is stabilised through H-bonding between the
incoming azide ion and the coordinated water mol-
ecule[31,32].

Based on scheme 2 a rate expression can be de-
rived for AB step

 ]ligand[K1

]ligand][A[Kk

dt
]B[d

1E

1E1


 (1)

T)obs(1 ]A[k
dt

]B[d
 (2)

T stands for total concentration of Ru(II).Thus it can be
written,

 ]ligand[K1
]ligand[Kk

k
1E

1E1
)obs(1


 (3)

TABLE 3 : 103k
1(obs) 

and K
E1

 values at different temperatures

Temperatures (C ) 103 k1 ( s
-1 ) KE1 ( dm-3 mol-1 s-1 ) 

35 7.30 135 

40 8.62 163 

45 9.35 213 

50 11.49 273 

TABLE 4 : 105k
2(obs) 

and K
E2

 values at different temperatures

Temperatures (C ) 105 k2 ( s
-1 ) KE2 ( dm-3 mol-1 s-1 ) 

35 20.47 91 

40 25.54 105 

45 31.25 145 

50 41.67 160 
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where k
1 
is the anation rate constant for the formation

of intermediate (B) from the substrate complex, cis-
[RuCl(Me

2
SO)

3
(H

2
O)

2
]+ (A). K

E1
 is the outersphere

association equilibrium constant.
The equation can be written as

]ligand[Kk
1

k
1

k
1

1E11)obs(1

 (4)

The plot of 1/ k
1(obs) 

versus 1/[ligand] should be
linear (Figure 6) with an intercept of 1/ k

1
 and slope 1/

k
1
K

E1
.

The k
1 
and K

E1
 values obtained from the inter-

cept and from slope to intercept ratios are given in
TABLE 3.

Calculation of k2 for step BC step

The rate constants were calculated from latter lin-
ear portions of the graphs and are collected in TABLE

3. This is again dependent on [Ligand] and shows a
limiting value at higher concentration of the ligand (Fig-
ure 8). A new azide ligand attacks the ruthenium(II)
center. The intermediate here also possibly stable
through hydrogen bonding between coordinated H

2
O

and the approaching azide. The k
2
 and K

E2 
for the B to

C step is calculated similar to eq. (4) (Figure 9) and
collected in TABLE 4.

Based on the experimental findings a two-step as-
sociative interchange mechanism is proposed for the
substitution process.

Effect of change in pH on the reaction rate

The reaction was studied at five different pH val-
ues. The k

 (obs)
 values are found to increase with in-

crease in pH in the pH range studied. The k
1 (obs)

 values
are collected in TABLE 5. The enhancement in rate
may be due to the increase in percentage of more reac-
tive ligand N

3
- from HN

3 
[which is known from its pK

a

values] with the increase of pH.

Effect of temperature on the reaction rate

Four different temperatures with varied ligand con-

TABLE 5 : The 103 k
1(obs)

 and 105 k
2(obs) 

values at different pH
values; [RuCl(Me

2
SO)

3
(H

2
O)

2
+] = 1.010-4 mol dm-3, [azide] =

3.010-3 mol dm-3, temp. = 50ºC

pH 103 k1(obs) (s
-1 ) 105 k2(obs) (s

-1) 

4.0 3.97 8.67 

4.5 4.07 11.46 

5.0 4.47 15.29 

5.5 4.98 16.89 

6.0 5.39 17.21 

TABLE 6 : Activation parameters for [complex 1] by azide in
aqueous medium, pH = 5.0

Ligand ÄH1
 

(kJ mol -1) 
ÄS1

 

(J K-1 mol-1) 
ÄH2

 

(k J mol-1) 
ÄS2

 

(J K-1 mol-1) 
Azide 20.1 ± 3.49 -162 ± 11 35.5 ± 4.2 -105 ± 13 

S
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Cl

O
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SH

O

O

OH2
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centrations were chosen and the results are listed in
TABLE 6. As there is no report in the literature, we
could not compare our data with another system. The
activation parameters for the step (1)  B and B 
(2) are evaluated from the linear Eyring plots (Figure
10 and 11). As this study is first on this system, we
could not compare with other reports.

The low H values are in support of the ligand
participation in the transition state for both steps. The
positive energy required for the bond breaking process
is partly compensated for by the negative energy ob-
tained from bond formation in the transition state and,
hence, a low value of H is observed. The highly nega-
tive S values, on the other hand, suggest a more
compact transition state than the starting complexes and
this is also in support of the assumption of a ligand par-
ticipated transition state. H

2
 is higher than H

1


which is quite expected for the second step which is
slower than the first step.

Mechanism and discussion

In the studied reaction condition i.e., at the pH 5.0,
azide exists in the deprotonated form. The interaction
of azide with the title ruthenium complex proceeds via
two distinct consecutive substitution steps of aqua mol-
ecules (k

1 
~ 10-3 s-1 and k

2 
~ 10-5 s-1). Each step pro-

ceeds via an associative interchange activation. At the
outset of each step outer sphere association complex
results, which is stabilized through H-bonding and is
followed by an interchange from the outer sphere to the
inner sphere complex. The outer sphere association
equilibrium constants, a measure of the extent of H-
bonding for each step at different temperatures are
evaluated. From the temperature dependence of the K

E1

and K
E2

 the thermodynamic parameters are calculated
H

1
 = 36.1 ± 4.0 kJ mol-1, S

1
 = 87 ± 12 J K-1 mol-1

and H
2 
= 30.8 ± 4.5 kJ mol-1, S

2
 = 108 ± 14 J K-1

mol-1. G values, calculated for both steps at all tem-
perature studied, have a negative magnitude which is
once again in favor of the spontaneous formation of an
outer sphere association complex. A plausible mecha-
nism is shown in scheme 3.

ACKNOWLEDGEMENT

The authors thankfully acknowledge the assistance

received from the University of Burdwan, Burdwan
713104, India. One of the authors (A. Mandal) is in-
debted to UGC, New Delhi, India for providing a fel-
lowship to him. Authors are also indebted to Dr. P.
Chattopadhyay, Reader, Department of Chemistry, The
University of Burdwan, for his help to prepare the starting
material.

REFERENCES

[1] T.W.Kallan, J.E.Earley; J.Chem.Soc.Chem.
Commun., 851 (1970).

[2] A.K.Shilova, A.E.Shilov; Kinet.Catal(USSR), 10,
262 (1969).

[3] N.R.Davies, T.L.Mullins; Aust.J.Chem., 21, 915
(1968).

[4] B.Rosenberg, L.Vancamp, J.E.Trosko, V.H.Man-
sour; Nature, 222, 385 (1969).

[5] P.Umapathy; Coord.Chem.Rev., 95, 129 (1989).
[6] M.J.Clarke; In: A.E.Martell (Ed.); �Inorganic Chem-

istry in Biology and Medicine�, ACS Symp, Ser 140,

American Chemical Society, Washington DC, and
references cited therein, 157 (1980).

[7] F.P.Pruchink, M.Bien, T.Lachowicz; Met.Based
Drugs, 3, 185 (1996).

[8] B.P.Esposito, R.Najjar; Coord.Chem.Rev., 232, 127
(2002).

[9] D.Banerjee, T.A.Kadam, H.Sigel; Inorg.Chem., 20,
2586 (1981).

[10] S.K.Bera, G.S.De; Indian J.Chem.A, 43, 1882
(2004).

[11] A.Goswami, K.De; Indian J.Chem.A, 43, 2087
(2004).

[12] A.M.Goswami, K.De; Transition Met.Chem., 30,
677 (2005).

[13] H.Chattopadhyay, A.K.Ghosh; Transition
Met.Chem., 29, 24-30 (2004).

[14] H.Chattopadhyay, A.K.Ghosh; Indian J.Chem.A,
44, 483 (2005).

[15] Tandra Das (Karfa), B.K.Bera, A.K.Ghosh;
Transition Met.Chem., 34, 247 (2009).

[16] M.J.Clarke; Met.Ions Biol.Syst., 11, 231 (1980).
[17] R.E.Yasbin, C.R.Matthews, M.J.Clarke; Chem.

Biol.Interact., 31, 355 (1980).
[18] M.Zhao, M.J.Clarke; J.Biol.Inorg.Chem., 4, 325

(1999).
[19] E.Galardon, P.Lc Maux, A.Bondon, G.Simonncaux,

Tetrahedron, 10, 4203 (1999).



Alak K.Ghosh et al. 183

Full Paper
ICAIJ, 5(4) 2010

Inorganic CHEMISTRYInorganic CHEMISTRY
An Indian Journal

[20] D.R.Frasca, M.J.Clarke; J.Am.Chem.Soc., 121,
8523 (1999).

[21] V.G.Povsc, J.A.Olabe; Transition Met.Chem., 23,
657 (1998).

[22] Enzo Alessio, Giovanni Mestroni, Giorgio Nardin,
Wahib M.Attia, Mario Calligaris, Gianni Sava, Sonia
Zoret; Inorg.Chem., 27, 4099 (1988).

[23] C.Lichstein, Herman, H.Malcolm Soule; Journal of
Bacteriology, 47(3), 221 (1943).

[24] I.P.Evans, A.Spencer, G.Wilkinson; J.Am.Chem.
Soc., Dalton Trans, 204 (1973).

[25] Enzo Alessio, Giovanni Mestroni, Giorgio Nardin,
Wahib M.Attia, Mario Calligaris, Gianni Sava, Sonia
Zoret; Inorg.Chem., 27, 4099 (1988).

[26] J.R.Barnes, R.J.Goodfellow; J.Chem.Res.,
Miniprint, 4301 (1976).

[27] N.R.Davies, T.L.Mullins; Aust.J.Chem., 20, 657
(1967).

[28] A.Vertova, I.Cucchi, P.Fermo, F.Porta, D.M.Proser-
pio, S.Rondinini; Electrochimica Acta, 52, 2603
(2007).

[29] J.A.Weyh, R.E.Hamm; Inorg.Chem., 8, 2298
(1969).

[30] L.G.Sillen, A.E.Martell; Stability Constants of Metal
Ion Complexes, The Chemical Society, London Spe-
cial Publication No. 17, Table no. 31, 160 (1964).

[31] G.A.Jeffrey; �An Introduction to Hydrogen Bond-

ing�, Oxford University Press, Oxford (1997).
[32] G.R.Desiraju, T.Steiner; The Weak Hydrogen Bond-

ing in Structural Chemistry and Biology, Oxford Uni-
versity Press, Oxford (1999).


