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ABSTRACT 
Kinetic studies in homogeneously Ru(III)-catalyzed oxidation of antibiotics i.e. tetracycline hydrate by 
copper bipyridyl (Cu(Bip)2

2+) in presence of alkaline medium has been made at 350C. The reaction 
exhibits pseudo first-order kinetics with respect to [Cu(Bip)2

2+] and is first-order with respect to 
lower [Ru(III)] but tend towards zeroth order at higher [Ru(III)]. The reaction shows first-order 
kinetics with respect to [Tetracycline hydrate] throughout its variation. The reactions are zero order 
with respect to both[OH-] and [Bipyridyl].  The rate of the oxidation is unaffected by the change in 
ionic strength (I) as well as dielectric constant (D) of the medium. Cu(Bip)2

2+, tetracycline hydrate as 
such and [RuCl2(H2O)3OH] have been assumed as the reactive species of Copper bipyridyl, 
tetracycline hydrate andRu(III) chloride in alkaline medium, respectively. The reaction was studied at 
four different temperatures and observed values of rate constants were utilized to calculate various 
activation parameters specially the entropy of activation (ΔS#). Kinetic studies together with spectral 
information, activation parameters and multiple regression analysis were made a basis for the 
formation of reaction mechanism for the catalyzed oxidation of tetracycline hydrate. 
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Spectra of tetracycline hydrate solutions recorded at room temperature. 
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INTRODUCTION 
 

Tetracyclines are broad-spectrum antibiotics and exhibited activity against a wide range of 
microorganisms including gram-positive and gram-negative bacteria, a typical organisms and 
protozoan parasites [1]. They are known to coordinate to a variety of metal ions [2] and some of these 
tetracycline-metal complexes are active against resistant bacteria [3].Copper is an essential element 
for human and most aerobic organisms. Literature shows that copper complexes play important roles 
in various fields such as catalysis [4], oxidation chemistry [5] and biochemistry [6]. Cu-compounds 
are expected to be less toxic while retaining effective cytotoxicity towards cancer cells [7]. Literature 
shows that when Cu(II) as such has been used as an oxidant, the reaction became heterogeneous but 
when it has been used with complexing agents like tartrate, citrate, picolinate, pyridine, ammonia and 
bipyridyl, the reaction remained homogeneous. In recent years, the use of transition metal ions such as 
rhodium, ruthenium, osmium, palladium, manganese, chromium, silver, zirconium and iridium, either 
alone or as binary mixtures as catalysts in various redox processes have attracted considerable interest 
[8, 9]. These metals catalyze many oxidation–reduction reactions due to the existence of variable 
oxidation states, as a consequence of partly filled d or f-orbital. Although the mechanism of catalysts 
depends upon the nature of main reactant, it has been shown that metal ion act as a catalyst by one of 
these paths such as the formation of complexes with reactants or oxidation of the substrate itself or 
through the formation of free radicals. Reports are available in literature regarding the use of Ir(III) 
[10, 11], Rh(III) [12-14], Ru(III) [15, 16], Pd(II) [17, 18],Pt(IV)[19], Os(VIII)[20-21]and ruthenate 
ion [22] as homogeneous catalyst in acidic or alkaline medium in various redox processes. Ru(III) is 
an efficient catalyst in several redox reactions. Currently most promising as future antitumor 
compounds are complexes based on ruthenium [23]. Earlier kinetics and mechanism of Ru(III)-
catalyzed oxidation of some redox reactions have been reported [24-27] In the present study we are 
reporting the detailed kinetics of Ru(III)-catalyzed oxidation of tetracycline hydrate in alkaline 
medium with a view to ascertain the reactive species and to find out mechanistic aspects of the 
reactions. In the present investigation, our main aim was to ascertain whether, the role of tetracycline 
hydrate in the presence of Ru(III) chloride as catalyst and Cu(Bip)2

2+ as an oxidant in alkaline medium 
is similar to the reported role of tetracycline hydrate in the presence of Rh(III) chloride [28] as 
catalyst and Ru(III) chloride [29] as an inhibitor .Cu(Bip)2

2+as an oxidant in the present study behaves 
in the same way as it behaved in the reported Rh(III)-catalyzed [28] oxidation of tetracycline hydrate 
or not? The role of Ru(III) chloride in alkaline medium in the reaction under investigation is also 
studied. The possibility of formation of a complex between the reactive species of Ru(III) chloride 
and the reactive species of Cu(II)in alkaline medium and the formation of an activated complex by the 
interaction of two oppositely charged species are also investigated. 

 
MATERIALS AND METHODS 

 
Method of Study: The study of the reaction rate has been accomplished with the help of Varian 
Carry Win UV−Vis spectrophotometer connected with a Peltier accessory and computer. The 
method is based on the difference in light absorbing property of reactants and products. Firstly, 
absorption spectra were recorded for tetracycline hydrate at 380nm with molar absorptivity 
0.1176×105 dm 3mol-1 cm-1 (Figure 1and 2), where the tetracycline hydrates absorbs maximum. 
 
       Here the mixture containing the solution of tetracycline hydrate acts as absorbing sample and 
mixture without tetracycline hydrate acts as reference sample. Decreasing trend of absorbance was 
recorded with respect to time. The rate of reaction i.e. –dc/dt can be calculated by the help of a plot 
made between remaining concentration of tetracycline hydrate and time. First-order rate constant was 
calculated by using the formula, 

[Tc]
dc/dt

1k   

Where, Tc represents tetracycline hydrate. 
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(1)[Tc] = 2.00×10-5M, [Na2CO3] = 10.00×10-2M,  (2)[Tc] = 4.00×10-4M, [Na2CO3] = 10.00×10-2 M 
(3) [Tc] = 6.00×10-4M,[Na2CO3] = 10.00×10-2 M,  (4)[Tc] = 10.00×10-4 M,[Na2CO3] = 10.00×10-2M 
(5)[Tc] = 12.00×10-4M[Na2CO3] = 10.00×10-2M, (6)[Tc] =14.00×10-4M,[Na2CO3] = 10.00×10-2M 

 
Figure 1. Spectra of tetracycline hydrate solutions recorded at room temperature 

 
 

 
 

Figure  2 Plot between Absorbance (Abs) and [Tc]. 
 

Stoichiometry of the Reactions: In order to find out the total number of moles of oxidant 
(Cu(Bip)2

2+) consumed by one mole of substrate, various sets of reaction mixtures were taken in 
which concentration of (Cu(Bip)2

2+) was in large excess than that of tetracycline hydrate. All the 
conical flasks containing reaction mixture were allowed to stand for several days at room temperature. 
Estimation of remaining [Cu(Bip)2

2+] showed that one mole of tetracycline hydrate is oxidized by one 
mole of Cu(Bip)2

2+ . 
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Kinetic Results: To know the effect of tetracycline hydrate on the rate of reaction in its Ru(III)-
catalyzed oxidation, a number of kinetic runs were performed by varying [Tc] and keeping the 
concentration of all other reactants constant at constant temperature and at constant ionic strength. 
The [Tc] was varied from 2.00×10-5M to 20.00×10-5M. When a plot was made between –dc/dt and 
[Tc], a straight line passing through origin was obtained (Figure 3). This shows that there is direct 
proportionality between –dc/dt and [Tc]. On the basis of this, it has been concluded that the order of 
reaction with respect to [Tc] is unity throughout its ten-fold variation. It is observed that the value of 
first order rate constant, k1, increases with increase in Cu(Bip)2

2+concentration in the same proportion 
in which the concentration of Cu(Bip)2

2+is increased. This result is further verified by plotting a graph 
between k1 and [Cu(Bip)2

2+] (Figure 4), which gives a straight line passing through origin throughout 
its concentration range. First-order dependence of the reaction on Ru(III) at its lower concentrations 
tends to zero-order at its higher concentrations(Fig.5). There is no change in pseudo first-order rate 
constant, k1, with the change in concentration of [OH-]. The above result shows that the reaction rate 
is independent of the concentration of OH-. The pseudo first-order rate constants remain unaffected by 
the change in bipyridyl concentration. Almost no effect of the ionic strength (I) as well as dielectric 
constant (D) of the medium on the rate of oxidation was observed in the present investigation. The 
reaction was studied at four different temperatures (30, 35, 40, and 45). Increase in temperature 
increases the velocity of reactions significantly in the oxidation of tetracycline hydrate. 
 

 
Solution conditions: [Cu(Bip)2

2+]= 1.00×10-3M, [Free Bip] = 60.00×10-4M,  
[Ru(III)] = 3.80×107M,[Na2CO3] = 10.00×10-2M,.00×10-1M 

 
Figure 3. Plots between –dc/dt and [Tc] at 35C. 

 

 
Solution conditions: [Tc] = 8.00×10-5M, [Free Bip] = 60.00×10-4M, 
[Ru(III)]=3.80×10-7M, [Na2CO3] = 10.00×10-2M, .00×10-1M

 
Figure 4. Plots between k1 and [Cu(II)*] at 35C. 
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Solution conditions: [Tc ] = 8.00×10-5M, [Free Bip] = 60.00×10-4M,  

[Cu(Bip)2
2+]= 1.00×10-3M,[Na2CO3]=10.00×10-2M,.00×10-1M.


Figure 5.  Plot between k1 and [Ru(III)] at 35C. 

 
RESULTS AND DISCUSSION 

 
Reactive species of tetracycline hydrate in alkaline medium: Going through the literature [30-33] 
and making basis to the kinetic observations along with spectral information, it has been concluded 
that the tetracycline hydrate as such participates in its Ru(III)-catalyzed oxidation by Cu(Bip)2

2+ in 
alkaline medium. 
 
Reactive species of Cu(II) in alkaline medium: In the present study, Cu(II) has been used with 
bipyridyl as complexing agent in alkaline medium. On the basis of kinetic results obtained and 
spectroscopic evidence collected, it can be assumed that the reactive species of Cu(II) is 
Cu(Bip)2

2+ instead of free Cu(II). Formation of the complex, Cu(Bip)2
2+,is confirmed by its 

absorption at  λmax = 670nm with molar absorptivity 0.59×102dm3mol-1cm-1 (Fig.6) which is also 
supported by literature [34]. 
 

 
  Solution conditions:  
  (1) [Cu(Bip)2

2+] = 1.00×10-3M, [Free Bip] = 2.00×10-3M, [Na2CO3] = 1.00×10-2 M 
  (2)[Cu(Bip)2

2+]= 2.00×10-3M, [Free Bip]= 2.00×10-3M, [Na2CO3] = 1.00×10-2   
  (3)[Cu(Bip)2

2+] = 4.00×10-3 M, [Free Bip] = 2.00×10-3M, [Na2CO3] = 1.00×10-2M,  
  (4)[Cu(Bip)2

2+]= 6.00×10-3M, [Free Bip] = 2.00×10-3M, [Na2CO3] = 1.00×10-2M  
  (5)[Cu(Bip)2

2+] = 8.00×10-3 M, [Free Bip] = 2.00×10-3M, [Na2CO3] = 1.00×10-2M 
  (6)[Cu(Bip)2

2+]= 10.00×10-3 M, [Free Bip] = 2.00×10-3M, [Na2CO3] = 1.00×10-2M 
 

Figure 6. Spectra of Cu(Bip)2
2+forsolutions [1-6] recorded at room temperature. 

 
Reactive species of Ru(III) chloride in alkaline medium: Kinetic study of Ru(III)-catalyzed 
oxidation of 2-methylpentane-2,4-diol by alkaline hexacynoferrate(III) has been made by 
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A.E.Musientes and  co-workes [35] where they have reported that RuCl3 in OH- range from 10-3M to 
0.4M involve the existence of several hydroxo-aquo ruthenium complexes in equilibrium as follows  
 

[Ru(H2O)6]3- + OH-                 [RuCl2(H2O)5OH]2+    +H2O                         (3) 
 

[RuCl2(H2O)5OH]2+  + OH-                [RuCl2(H2O)4(OH)2]+  +H2O               (4) 
 

[RuCl2(H2O)4(OH)2]+ + OH-                 [RuCl3(H2O)3(OH)] +H2O                    (5) 
 
      In the present study of oxidation of tetracycline hydrate by Cu(II) complexed with bipyridyl in 
alkaline medium using Ru(III) as homogeneous catalyst, Ru(III) used in each kinetic run was taken 
from a solution of Ru(III) chloride prepared in 0.1M HCl (pH=2.0). Considering the facts mentioned 
above, it can be said that the starting species of Ru(III) chloride is [RuCl2(H2O)3OH] in the present 
investigation.  
         
Mechanism for the oxidation of tetracycline hydrate by Cu(Bip)2

2+ in alkaline medium using 
Ru(III) chloride as homogeneous catalyst: With the help of the observed kinetic orders with respect 
to the reactants involved in the reaction, spectrophotometric evidence collected for the formation of 
reactive complexes and the positive entropy of activation, a most probable reaction mechanism in the 
form of Reaction Scheme 1 for Ru(III)-catalyzed oxidation of tetracycline hydrate by Cu(Bip)2

2+  in 
alkaline medium can be proposed. 
      
Scheme 1 
 

                                                    

OHH3C
R2

H

R1 N(CH3)2

OH
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       According to the aforesaid reaction scheme, the rate in terms of decrease in concentration of 
tetracycline hydrate can be expressed as  
 

]*][Cu(II)1[C2k
dt 

d[Tc]
rate       (1) 

On applying the law of chemical equilibrium to steps (I), we have  

 

)][S][Ru(III

]1[C

1K 
                                               

(2) 

 
]*][Cu(II)1[C2k ]

1
[C                                     (3) 

 
On substituting the value of [C1] from equation (3) to equation (1), we get 
 

]*)][Cu(II)[S][Ru(III1K2k
dt 

d[Tc]
rate    (4) 

 
      According to the reaction scheme-2, the total concentration of substrate i.e. [S]T can be 
expressed as  

]
1

[C[S] 
T

[S]   (5) 

 

OH
 

fast 

H2O  
 OH]O)(H[RuCl 322

(4) 

 2Cu(Bip) 
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On putting the value of [C1] from equation (3) to equation (5), we have  
 

)][S][Ru(III
1

K[S] 
T

[S] 
 

 

Or                     
[Ru(III)]

1
K1

T
[S]

[S]


                          (6) 

 
With the help of equations (4) and (6), we can write equation (7)    
 

[Ru(III)]1K1

[Cu(II)*] [Ru(III)] T[S] 1K 2k

dt
d[Tc]

rate


     (7) 

 
Equation (7) is the final rate law which is strictly in accordance with our experimental findings 
where unity orders in [S] and [Cu(II)*] and fractional positive order in [Ru(III)] was obtained. 
 
On reversing equation (7) 
 

][Cu(II)T[S]2k
1

[Ru(III)] ][Cu(II)T[S]2k1K
1

rate
1



   

(8) 

 
Equation (8) can also be written as equations (9) 
 

2
k    
1

[Ru(III)]2k
1

K
1

rate

]*[Cu(II)T[S]


                        

(9) 

 

Equations (9) shows that if a plot is made between 
Rate

]*[Cu(II)
T

[S]
vs. 

[Ru(III)]
1 , a straight line 

having  

an intercept on y-axis will be obtained. When plots between 
Rate

]*[Cu(II)
T

[S]
and 

[Ru(III)]
1 was 

made, the straight line having intercepts on y-axis was obtained (Figure 7). This proves the validity 
of rate law (7) and hence the proposed reaction scheme 1. From the intercept and slope, the values of 
constants K1 and k2 were calculated and found as 1.80×106 mol-1dm3, 1.50 mol-1dm3sec-1 
respectively. Utilizing these values of the rate constants the rates for the variation of [Ru(III)] was 
calculated and are presented in table 1. From a perusal of table 1, it is quite evident that there is a 
close similarity between the observed rates and the calculated rates. This further proves the validity 
of rate law (7) and hence the proposed mechanism.   
 
Multiple Regressions: Experimental kinetic data for the variation of [Cu(II)*] and [Ru(III)] were 
analyzed for Multiple Regression Analysis. The results of fitting a multiple linear regression model to 
have been used to calculate rates for variation of [Cu(II)*] and [Ru(III)] and it was found that the rate 
calculated on the basis of equation of fitted model are in close agreement with the observed rates and 
the rates calculated on the basis of rate law (7) (Table 1). This gives support to the proposed rate law 
and suggested mechanism. The equation of the fitted model is  
 

Col_1 = 5.81695 +0.921236* Col_2 + 0.8501* Col_3 
 

Where Col_1 = ln k1, Col_2 = ln [Cu(II)*] and Col_3 = ln [Ru(III)] 
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Figure  7. Plot between [S]T/Rate and 1/[Rh(III)] at 35C. 
 

Table 1. Experimental and calculated values of the rate for the variations of [Cu(II)*], and [Ru(III)] in the  
Ru(III)-catalyzed oxidation of tetracycline hydrate by Cu(Bip)2

2+ at 35C. 
 

[Cu(II)*] × 
103 (M) 

[Ru(III]] 
×107 (M) 

-dc/dt×108(Msec-1) Rate calculated on the 
basis  of Multiple 

Regression Analysis 
Experimental 

rate 

Rate calculated on 
the basis of rate law 

(equation(7)) 
0.25 
0.50 
0.75 
1.00 
1.50 
2.00 
2.50 
1.00 
1.00 
1.00 
1.00 
1.00 
1.00 

3.80 
3.80 
3.80 
3.80 
3.80 
3.80 
3.80 
0.95 
1.90 
3.80 
5.70 
7.60 
9.50 

0.86 
1.97 
2.40 
4.28 
5.10 
6.36 
7.90 
1.59 
2.67 
4.23 
5.10 
6.36 
7.41 

0.76 
1.77 
2.35 
4.30 
5.18 
6.42 
8.12 
1.67 
2.90 
4.63 
5.77 
6.58 
7.19 

0.82 
1.49 
2.11 
2.70 
3.82 
4.90 
5.94 
1.70 
2.70 
4.30 
5.64 
6.84 
7.94 

Solutions conditions: [Tc] = 8.00×10-5M, [Na2CO3] = 10.00×10-2 M,[Free Bip] = 6.00×10-3 M, 
 


With the help of pseudo first-order rate constants at four different temperatures the energy of 
activation and other activation parameters have been calculated and are presented in tables 2. 
 

Table 2. Activation parameters for the oxidation of tetracycline by Cu(Bip)2
2+ using Ru(III)  

chloride as homogeneous catalyst in alkaline medium at 350C 
 

Reducing  
substrate 

kr 
(mol-2dm6 sec-1) 

Δ H# 
(kJ mol-1) 

Δ G# 
(kJ mol-1) 

  Δ S# 
   (eu) 

A 
(mol-3dm9 sec-1) 

 Tetracycline 
hydrate 1.10×106  68.88 38.98 23.13 1.10 ×1018 


It is also reported [36] that when reaction occurs between an ion and a neutral molecule, the 
transition state becomes less polar than the initial state, because in the transition state the same charge 
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is dispersed over a greater volume. In the present investigation, observed positive entropy of 
activation in the oxidation of tetracycline hydrate clearly supports the interaction between complex, 
C1, and  species Cu(Bip)2

2+in the rate determining step leading to the formation of a less polar 
activated complex, C2, which ultimately converts into products via several fast steps of the proposed 
reaction scheme 1. 
 
Comparative studies: The findings of the present study of oxidation of tetracycline hydrate by 
Cu(Bip)2

2+in presence of Ru(III) as homogeneous catalyst have been compared with the results 
reported for Rh(III) catalyzed [28] oxidation of tetracycline and oxidation of lactose by 
Cu(Bip)2

2+using Ru(III) chloride [29] as an inhibitor in alkaline medium. When the present study has 
been made for the effect of [Cu(II)*] on the rate of oxidation, it is found that the rate is directly 
proportional to [Cu(II)*]. Contrary to this, the first to zero order kinetics in [Cu(II)*] was observed for 
Rh(III)-catalyzed [28] oxidation and no effect of [Cu(II)*] on the rate of reaction was found for 
Ru(III) catalyzed [29]oxidation. In the present study first-order kinetics tends towards zero order with 
respect to [Ru(III)] has been observed throughout its variation. This result is similar to the reported 
fractional positive order kinetics with respect to [Rh(III)] [28]. It is also contrary to the role of Ru(III) 
[29] as an inhibitor in the oxidation of lactose by Cu(Bip)2

2+ in alkaline medium. On the basis of 
observed kinetic data and spectroscopic evidence, it has been assumed that the species 
[RuCl2(H2O)3OH]- is the reactive species of Ru(III)-chloride in the oxidation of tetracycline hydrate, 
whereas [RhCl3(H2O)2(OH)]2- is found as reactive species of Rh(III)-chloride in the oxidation of 
tetracycline [28] and [RuCl2(H2O)2(OH)2]- as the reactive species of Ru(III)-chloride [29] in the 
oxidation of lactose by Cu(Bip)2

2+in alkaline medium. Zero order kinetics in [OH-] in the present 
study is similar to the zero-order kinetics of [OH-] in the Rh(III)-catalyzed [28] oxidation and contrary 
to second-order kinetics tending towards first-order kinetics in the oxidation of lactose using Ru(III) 
as an inhibitor [29]. There is no effect of dielectric constant of the medium on the rate of reaction in 
the present study as well as in the reported [28] oxidation of tetracycline hydrate by Cu(Bip)2

2+in 
alkaline medium using Rh(III) as catalyst. This result is contrary to the result observed in the 
oxidation of lactose by Cu(Bip)2

2+in alkaline medium using Ru(III) as an inhibitor [29] where it is 
concluded that there is increase in first-order rate constant k1 with the decrease in dielectric constant 
of the medium. In view of the facts mentioned above, it can be said that the present study is different 
in many respect from the other two studies reported earlier. 

 
APPLICATION 

 
Majority of the commonly used antibiotics fall into following groups: DNA damage causing agents, 
inhibitors of protein synthesis, inhibitors of cell wall biosynthesis and metabolic inhibitors. Therefore 
knowledge about molecular mechanism of antibiotic action, related bacterial response and factors 
modulating antibiotic activity could be of used for development of improved antibacterial substances 
and therapeutic regimen, which could help us in keeping pace with remarkable adaptability of 
bacteria. The oxidation of tetracycline hydrate has been studied in detail by using copper bipyridyl as 
oxidant in alkaline/acidic medium using Ru(III) chloride as catalyst. 
 

CONCLUSION 
 
The following conclusions can be derived from the observed kinetic data and spectral information 
collected for the Ru(III)-catalyzed oxidation of tetracycline by Cu(Bip)2

2+ in alkaline medium: 
 
1. Cu(Bip)2

2+ and tetracycline hydrate as such have been assumed as the reactive species of Cu(II)* 
and tetracycline hydrate in alkaline medium, respectively. 

2. [RuCl2(H2O)3OH] are reactive species of Ru(III) chloride in alkaline medium. 
3. First-order kinetics with respect to [Cu(II)*] throughout its variation has been observed.   
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4. The complex, has been proposed as the most reactive activated 
complex in the Ru(III)-catalyzed oxidation of tetracycline by Cu(Bip)2

2+  in alkaline medium. 
5. In step (II) of reaction scheme-2, in which the interaction between a charged species, 

Cu(Bip)2
2+and a natural molecule  results in the formation of an 

activated complex, is supported by the observed positive entropy of activation. 
6. The rate of oxidation of Ru(III)-catalyzed oxidation of tetracycline hydrate  is unaffected by the 

ionic strength of the medium.  
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