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ABSTRACT

Thekinetics of interaction between azide and cis-[RuCl(Me,SO),(H,0),]* have been studied spectrophotometrically
asafunction of[RuCl(Me,SO),(H,0),"], [azide] and temperature at aparticular pH(5.0), where the substrate complex
exists predominantly as a diaqua species(in agueous 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, ~ 10° s
tand k,~ 10°s™. Theactivation parameterswere cal cul ated from Eyring plots suggest an associative mechanismfor
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.
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INTRODUCTION

A vaiety of digplacement reactionsof ruthenium(ll),
inwhich one unidentate ligand isreplaced by another,
have been reported intheliterature. Anation studieson
different substratesindicate both dissociative’? aswell
as associative® mode of activation. No singlemecha
nismisadequateto explainthevariety of observations
inligand replacement reactionson ruthenium(l1). On
theother hand thereisasteadily increasing interest in
trangition metal complexesother than thetraditiona Pt-
based compoundsfor use as chemotherapeutic agents
against cancer. Cis-platin® and carboplatin® aretwo
well-known drugs for cancer chemotherapy, but cer-
taintumoursareres stant to two drugs. Also platinum
complexesinducetoxic effects such asnephrotoxicity
and neurotoxicity. Complexes of other (4d) and (5d)

metd ions, especialy ruthenium, rhodium, iridiumand
palladium, have been reported to have antibacterial
powerls”, Complexesof thesemetal ionswith nucleic
acid condtituentd®29, dil% and tril*¥ peptidesand other
bioactiveligands> ¥ were studied. Mechanistic study
on formation of these complexes by anation reaction
may hel p to understand the mode of invivo activities
of these complexes. Especially ruthenium complexesare
becoming more and more popular dueto their well de-
veloped synthetic chemistry and greet flexibility tofine-
tune properties by modification to theligand sphere.
Ruthenium(l) complexes are less toxic than cis-
platin®s11, A number of ruthenium compounds serve
asbacteria mutagenswhichindicatethat at least some
ruthenium complexesare capabl e of damaging genetic
material§%2U, The studies on the bioactivities of
ruthenium(11/111) complexesare<till adeveloping area.
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Scheme1: Chemical behavior of cis[Ru(Me,S0),ClL ] in aque-
ousmedium

It was al ready established that [Ru(dmso) Cl,] has
anti cancer and antitumor activity'?? but no study were
donein aqueousmedium. Thisisthefirst report where
thekinetic study on[Ru(dmso),Cl.] isdonein aqueous
medium.

Sodium azideisauseful probereagent, mutagen,
and preservative. In hospitals and laboratories, it is
abiocide; itisespecidly important in bulk reagentsand
stock sol utionswhich may otherwi se support bacteria
growth wherethe sodium azide actsas abacteriostatic
by inhibiting cytochrome oxidasein gram-negetive bac-
teria; gram-positive (pneumococa, lactobacilly) arere-
sstant’®®, acharacteristicamilar toantibioticresistance.
Itisalsousedinagriculturefor pest control. Azidein-
hibitscytochromeoxidaseby bindingirreversbly tothe
heme cofactor in aprocesssimilar to theaction of car-
bon monoxide. Sodium azide particularly affectsor-
gansthat undergo high rates of respiration, such asthe
heart andthebrain.

With thisbackground we planned to study thein-
teraction of cis-[RuCl(Me,SO)(H,0),]*, thereactive
speciesof [Ru(dmso),Cl,] inagueousmedium, with dif-
ferent bioactiveligandse.g., azide, glycylglycine, gly-
cyl-I-leucine, glycyl-I-valine etc. and with certain
nucleocides and nucleotides. In the present work the
kineticand mechanigtic detailsof theinteraction of azide
inthe aqueousmedium at pH 5.0 wasexamined. The
importance of thework liesinthefact that in theagque-
ous medium the bonding mode of the substrate com-
plex isvery interesting and thereactivity of thiscom-
plexinsolutionispromising.

EXPERIMENTAL

Thereactant cis-[Ru(Me,SO),Cl,] was prepared
and characterized according to the method reported
by Evanset al.'?!. The substrate complex [RuCl(Me-
,90),(H,0),]* (1) was prepared in situ by dissolving
the above reactant complex inthe aqueous sol ution'®!,

—= Fyll Poper
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A + ligand A.ligand

Outer sphere association complex
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Scheme 2

Cis[Ru(Me,S0),Cl.] oncedissolvedinwater, im-
mediately rel eases the O-bonded dimethyl sulfoxide
molecul €28, Thisstep was confirmed by conductivity
study!®.

Theproduct (2) of the reaction between the sub-
strate complex and azi de was prepared by mixing dif-
ferent molar ratiosof reactants, viz., 1:1, 1:2and 1:3 at
pH 5.0 and thermostating the mixture at 60°C for 72h.
The absorption spectraof the resultant solutionswere
recorded using an aqueous ligand sol ution of gppropri-
atemolarity inthereferencecell, and it wasfound that
themaximum spectra difference between the product
complex and the substrate complex, [RuCl(Me-
,90),(H,0),]* (1) wasobserved at 257 nm (Figure 1).
The product composition was checked by Jobsmethod
of continuousvariation asshowninfigure2 and was
foundtohaveal:2 metd : ligand ratio inthe product.
The pH wasadjusted by adding avery smal amount of
dilute p-toluene sul phonic acid and NaOH solution so
that the concentration of the reaction mixtureremains
constant. Thelow pH wasused to avoid the oxidation
of Ru(Il) to Ru(l11)7,

M easurements of pHswere carried out with the
help of aSartoriusdigita pH meter (modd PB-11) with
anaccuracy of +0.01 units. Doubly ditilled water was
used to prepare all the solutions. All chemicals used
wereof AR grade.

ThelR spectrum of the product shows strong bands
at 3427 cmt, 2925 cm?, 2854 cmrt, 2123 cmrt, 2037
cn?, 1134 cm?, 638 cmtand 351 e, Band appears
at 2036 cm* dueto antisymmetric stretching of azide.
Theadditiona band at 2123 cm* shows substitution
occurswith terminaly azide, indicating Ru?*-N=N=N
gructure. Thepresence of stretching frequency at ~351
cm#28 for Ru-Cl bond indi catesthat product contains
Ru-Cl bond. ThelR study reved sthat the Ru-Cl bond
remainsintact in the product.

The agueous solution of (complex 1) and azide
weremixedinal:2 molar ratio and the mixturewas
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Figurel: Spectral differencebetween substrate complex and
product. (1) [RuCl(Me,SO),(H,0),] = 1.010“ mol dm?; (2)
[RUCI(Me,S0),(H,0),’] = 1.0x10* mol dm?, [azide] = 2.0x10
¥ mol dm?3,pH =5.0
thermostated at 50°C for 48 hours and used for ESI
mass spectra(Figure 3) of theresulting solution.
Itisclear from thisspectrum that the speciesat m/
z500.7 hasbecomethe precursor speciesin the mix-
turesolution and thisistentatively attributedto[Ru + 3
dmso + 2N, + Cl- + 2Na’".

Kineticstudies

Kinetic measurements were carried out on a
Shimadzu UV 1601PC spectrophotometer attached to
athermoelectric cell temperature controller (model
Shimadzu, TCA 240, accuracy +0.1°C). The conven-
tional mixing techniquewasfollowed and pseudo-first
order conditions were employed throughout. The
progressof thereaction wasfollowed by measuring the
increasein absorbance at 257 nm, where the spectral
difference between the substrate and the product com-
plexismaximum. Thek, , -andk, - valueswereca-
culated graphically (Figure 4 and 5) using the method
of Wyeh and Hamm?1, Wedid not use Origin or Excel
softwares because wherethefirst part iscurved and
second part islinear then Weyh and Hamm method
givesgood result. Therate datarepresented asan av-
erageof duplicaterunsarereproduciblewithin +4%.

RESULTSAND DISCUSSION

ThepKavaue® of theazideis4.59 at 25°C. Thus
a pH=5.0theligand existsmainly asN,". Theinterac-
tion withthe HN,, may be neglected in comparison to
interactionwith N,

@

HN; Ny + H*: PKa=459at 25°C

TABLE1: 103k

1(obs)

tionsat different temperatures

ICAIJ, 5(4) 2010

valuesfor different ligand concentra-

N 3 Temperatures (°C)
10°[Ligand] (mol dm™)

35 40 45 50
10 0.74 121 1.62 1.97
2.0 170 219 306 375
3.0 236 295 377 447
4.0 282 350 423 523
5.0 298 379 463 537

TABLE 2: 105k

2(obs)

)val uesfor different ligand concentra-

tionsat different temperatures[complex 1] = 1.0x10* mol

dm3, pH =5.0

10%Ligand] (mol dm™)

Temperatures (°C)

35 40 45 50
1.00 169 238 3.57 6.25
2.00 333 476 7.14 13.87
3.00 455 6.56 9.09 15.29
4.00 556 7.38 10.00 16.67
5.00 588 833 1111 1919

Theln(Ax-A) versustime, t plot indicatesthat the
reaction is not asingle step process, atwo step con-
secutive processmay beassumed, both stepsard]ligand]
dependent.

Therate constant for such process can be evalu-
ated by assumingthefollowing scheme.

Ky ko

A— B—>C
A isthe substrate complex, B istheintermediate
with ligand azide and C isthefinal product complex
[Ru(Me,SO)(CI)(L),].

Calculation of k, valuefor A—B step

Therateconstantk, ,  forA—B stepcanbeevalu-
ated by themethod of Weyh and Hamm using the usua
consecutiveratelaw:

(A-A)=aexp (-kl(obs)t ) +aexp(-k,t) or

(A-A,) - a,exp (-k,t) = ayexp (K, t)

wherea and a, arerate constants dependent upon the
rate constantsand extinction coefficient. Valuesof [(A_-
A,)-a,exp (-k, t)] areobtained from X-Y at different
timet (Figure4). SolnA = constant -k,  t. K, Jis
derived from the slopeof theln A versust (wheretis
smal) (Figure5).A smilar procedureisagpplied for each
ligand concentration in the 1.00x10 mol dm™ to
5.00x10° mol dmrange, at constant [(1)] (1.0x10*
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Figure 2: Jobsplot :[RuCl(Me,SO).(H,0),"] =1.0x10* mal
dm3,[azide] = 1.0x10*mol dm3, pH =5.0
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Figure4: Atypical plot of In (Ax-A)) versustimet. [com-
plex]=1.0x10* mol dm?, [azide] = 5.0x10° mol dm™®; pH =
5.0, Temp.=40°C
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Figure 6: Plot of kl(obs)versus[azide] at different tempera-
tures.A=35,B =40, C =45, and D =50°C

mol dm?) at pH =5.0 and at different temperaturesviz.
35, 40, 45 and 5°C respectively. Thek, valuesare
collectedinTABLE 1.
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Figure3: ESl massspectrometry of azide substituted com-
plex (complex 2)
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Figure5: Atypical plot of In A versustimet. [complex]=
1.0x10*mol dm®, [azide] =5.0x10°* mol dm; pH =5.0, Temp.=
40°C
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Figure7: Plot of 1/ kl(obs) versus 1/[azide] at different tem-
peratures,A=35,B=40,C=45,and D =50°C

Therateincreaseswithincreasein[ligand] and

reachesalimiting value (Figure6 & 7), whichisprob-

able dueto the compl etion of the outersphere asso-
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Figure8: Plot of kz(obs)versus[azide] at different tempera-
tures.A=35,B =40, C =45, and D =50°C
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Figure 9: Plot of 1/ kz(obs) versus 1/[azide] at different tem-
peratures,A=35,B =40,C =45,and D =50°C
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Figure 11: Eyringplot (Ink,h/k,T versus1/ T ) for thestep
B—~C

TABLES: 1O3k1(0bs) and K, valuesat different temperatures TABLE4: 105k2(0b5) andK _, valuesat different temperatures
Temperatures(°C)  10%ki(s?)  Kg (dm®molts?t) Temperatures(°C)  10°ky(s!) Kg (dm®mol?ts?)
35 7.30 135 35 20.47 91
40 8.62 163 40 25.54 105
45 9.35 213 45 31.25 145
50 11.49 273 50 41.67 160

ciation complex formation. Sincethemetal ion reacts
withimmediateenvironment, further changein[ligand]
beyond the saturation point will not affect thereaction
rate and agradual approach towardslimiting rateis
observed. At thisstage theinterchange of theligands
from outer sphereto theinner sphereoccurs, i.e., azide
attacksthe Ru(ll) atom of the substrate complex and
forming intermediate. The outer sphere association
complex isstabilised through H-bonding between the
incoming azide ion and the coordinated water mol-
ecul g3,

Based on scheme 2 a rate expression can be de-
rived for A>B step

diB] _ k,Kg[A][ligand]

dt  (1+K,[ligand]) @
d[B
A= kAL, &)

T standsfor total concentration of Ru(Il).Thusit canbe
written,

_ k,Kglligand]
K09 = (14K _,ligand]) ®)

Tnorganic CHEMISTRY
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TABLES5: Thel(® kl(obs) and 10° kz(obs)val uesat different pH
values, [RuCI(M¢,SO),(H,0),"] = 1.0x10* mol dm?, [azide] =

3.0x10*mol dm3, temp. =50°C

pH 10° Ky(ong (S™) 10° Ka(ong ()
4.0 3.97 8.67
45 4.07 11.46
5.0 4.47 15.29
55 4.98 16.89
6.0 5.39 17.21

wherek; istheanation rate constant for theformation
of intermediate (B) from the substrate complex, cis-
[RuCI(Me,S0O).(H,0),]* (A). K, isthe outersphere
association equilibrium constant.

Theeguation can bewritten as

1 _1, 1
kK [ligand] (4

k 1(obs) k 1

The plot of 1/ kl(obs) versus 1/[ligand] should be
linear (Figure 6) with anintercept of 1/ k, andslope 1/
k. Kg,-

Thek, andK_, values obtained from the inter-
cept and from slopeto intercept ratiosaregivenin

TABLES3.
Calculation of k, for step B—C step

Therateconstantswere cal culated from latter lin-
ear portionsof thegraphsand arecollectedin TABLE

TABLE 6: Activation parameter sfor [complex 1] by azidein
aqueousmedium, pH =5.0

Licand . AH AS” AH® ASS”
9 kimo?h (K!md?) (kIma?h (KImol?
Azide 201+3.49 -162+11 355+42  -105+13

3. Thisisagain dependent on [Ligand] and showsa
limiting valueat higher concentration of theligand (Fig-
ure 8). A new azideligand attacks the ruthenium(ll)
center. The intermediate here also possibly stable
through hydrogen bonding between coordinated H,O
and theapproaching azide. Thek, andK _,for theB to
C stepiscalculated similar to eqg. (4) (Figure 9) and
collectedinTABLE 4.

Based on the experimentd findingsatwo-step as-
sociativeinterchange mechanismis proposed for the
subgtitution process.

Effect of changein pH on thereaction rate

Thereactionwasstudied at fivedifferent pH val-
ues. Thek (9 values are found to increase with in-
creasein pH inthe pH rangestudied. Thek, @5 vaues
are collected in TABLE 5. The enhancement in rate
may be dueto theincreasein percentage of morereac-
tiveligand N, from HN_[whichisknownfromitspK

vaues] withtheincreaseof pH.
Effect of temperatureon thereactionrate
Four different temperatureswith varied ligand con-
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centrations were chosen and theresults arelisted in
TABLE 6. Asthereisno report in the literature, we
could not compare our datawith another system. The
activation parametersfor thestep (1) > BandB —»
(2) areevaluated fromthelinear Eyring plots(Figure
10 and 11). Asthis study isfirst on this system, we
could not comparewith other reports.

Thelow AH=valuesarein support of theligand
participationinthetransition state for both steps. The
positive energy required for the bond breaking process
ispartly compensated for by the negative energy ob-
tained from bond formationinthetransition stateand,
hence, alow vaueof AH=isobserved. Thehighly nega:
tive AS# vaues, on the other hand, suggest amore
compact trangtion state than the starting complexesand
thisisasoin support of the assumption of aligand par-
ticipated transition state. AH_# is higher than AH_ =
whichisquite expected for the second stepwhichis
dower thanthefirst step.

M echanism and discussion

Inthestudied reaction conditioni.e., at thepH 5.0,
azide existsin thedeprotonated form. Theinteraction
of azidewith thetitle ruthenium complex proceedsvia
two distinct consecutive substitution steps of aguamol-
ecules (k,~ 10° s and k,~ 10" s*). Each step pro-
ceedsviaan associ ativeinterchange activation. At the
outset of each step outer sphere association complex
results, whichisstabilized through H-bondingandis
followed by aninterchangefrom the outer spheretothe
inner sphere complex. The outer sphere association
equilibrium constants, ameasure of the extent of H-
bonding for each step at different temperatures are
evauated. From thetemperature dependenceof theK
and K_, thethermodynamic parameters are cal cul ated
AH°® =36.1+4.0 k] mol*, AS°, =87+ 12 J K mol*
and AH°,=30.8+ 4.5 kJ mol’, AS°, = 108+ 14 J K**
mol. AG° vaues, calculated for both stepsat al tem-
perature studied, have anegative magnitudewhichis
onceagaininfavor of the spontaneousformation of an
outer sphere associ ation complex. A plausible mecha
nismisshownin scheme3.
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