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Abstract: The acylation reaction of a  primary amines by dichloroanhydrides m- and
n-carborandicarboxylic acids can be considered as an example of  a parallel-consecutive second-order
reactions. We carried out two parallel experiments for the same reaction under absolutely similar
conditions (temperature,  solvent, initial concentration of reacting substances). In one of the
experiments the kinetic measurements started when á was approximately equal 15% and they were
completed  when the conversion degree á was equal approximately 80%. In the second experiment
the kinetic measurements when the conversion degree was not less than 50% and thy were over
similar to the first experiment when á was equal approximately to 80%. Differential equations that
describe the kinetics of such type of reactions in general cannot be solved. But according to Frost and
Shwemer  they can be solved with some restrictions on  ratio of rate constants  and conversion
degrees time dependence . The analytical way of determination     seems to be more reliable than
graphical method and for fast proceeding reactions this method is considered to be the only method
used. The rate constants  of  the acylation reaction of a  primary amines by carboxylic acids
dichloroanhydrides   were determined using a proposed method of analytical differentiation as
alternative to the early used  Frost-Shwemer method. The values of rate constants  calculated
according to the method of Frost-Shwemer and  according to the method of analytical differentiation
are close to each other. It means that for fast proceeding parallel- consecutive  second order reactions
Frost- Shwemer method can be used only with the application of the method of analytical
differentiation.
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Background:

The simplest parallel -consecutive second order reactions can be represented by the scheme (Pilling, M.J.
and P.W. Seakins, 1995):

A + B             C + E   (I)

A + C              D + E  (II)

1 Where k and k2 are rate constants of  the corresponding reaction .
Now we shall consider the reaction in which initial concentration of A substance is two times as high as

the concentration of B substance .

A BC    =  2 C    = 2 b  (1)0 0

Let us suppose that after ô time the concentration of B substance changed to the value x; the Concentration
of D reaction product became y .

Then the rate of change of B concentration  is:

   (2)
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and the rate of formation of product D is :

    (3 )

The sum of such rate is:

    (4 )

And it determines the rate of consumption of A substance and the rate of producing E substance  at the
moment of time equal ô .

The acylation reaction of a  primary amines by acid dichloroanhydrides can be considered as an example
of parallel-consecutive second-order reactions . the particular scheme of this reaction was given in our previous
work [ ] :

10 10 6 5 2ClOCCB H CCOCL + 2C H NH                

10 10 6 5 6 5 2              ClOCCB H CCONHC H  +  C H NH  .HCL   (I)

10 10 6 5 6 5 2ClOCCB H CCONHC H  +  2C H NH    

             C6H5NHOCCB10H10CCONHC6H5 + C6H5NH2 .HCL (II)

Taking into consideration the fact in the acylation reaction hydrogen chloride (E substance in the reaction
scheme) is being evolved which further  interacts practically at once with a primary amine (A substance) the
equation of the process rate in this case becomes:

    (5 )

Where:  4b is the initial concentration of a primary amine;                is the rate of producing hydrogen 

chloride, the other values in equation (5) are of the same physical sense as in equation (4).

Frost and Shwemer Approach: 

Differential equations(4) and (5) in general cannot be solved but according to Frost and Shwemer (Pilling, 

M.J. and P.W. Seakins, 1995) they can be solved if the ratio of rate constants       can be considered as the 

ratio of simple integers for example:                   etc.

These authors also established that the ratio      is a function of the ratio of times ratio  for two
conversion degrees of  substance A:
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   (6)

1 2where á  and á  are fixed  conversion degrees of substance A.

Theoretically the calculation of        for different conversion degrees of depending on the ratio       are 

1 2tabulated.  In  calculation k  and k  firstly         is determined from the graph of dependence of á upon ô 

plotted on the base of kinetic data . Then using the values        found at different conversion degrees of one 

finds the relation       from the tables and this relation is used to calculate the rate constants.

1 2The methods of calculating k  and k  is not complicated (Pilling, M.J. and P.W. Seakins, 1995; Frost,
A.A., W.C. Shwemer, 1952). The methods of Frost and Shwemer are approximate .The graphical finding of 

      and interpolated determination of the values       from the tables are the disadvantages of this method.

Moreover, for fast proceeding reactions [ ] it is practically impossible in some cases to plot the dependence
á - ô covering a broad range of changes á depending upon the time .Hence it follows that for fast proceeding
reaction we have the difficulties for calculating the rate constants according to the methods of Frost and
Shwemer.

Our Approach:

The  analytical  way  of  calculating        seems to be more reliable than graphic method and for fast 

proceeding reactions this method is considered to be the only method used..
1 2In the research (Frost, A.A., W.C. Shwemer, 1952) for  calculating the rate constants k  and k  the method

of analytic differentiation as proposed. According to this method for the reaction of aniline acylation by
1 2dichloranhydrides m- and n-carborandicarboxylic acids k  and k  were calculated according to the equations:

1 k  =    (7 )

2k  =    (8 )

for the reaction of aniline acylation by monochloroanhydrides m- and n- carborandicarboxylic acid the value
1 2of k  and k  were calculated according to the equation:

k =    (9 )

in these equations " b " is initial concentrtion of dichloranhydride or monochloroanhydride; â is the coefficient
in the empirical equations:

 (10)
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 (11)

Where : 2(x+y) and 2x are the changes in aniline concentration at the moment of time ô for the aniline
interaction with dichloranhydrides and monochloranhydrides, respectively. The coefficients á and â were
detremined according the method of least squares.

In the case of fast proceeding reaction when during a short time interval (less than 1 minute) the reaction
completes to the degree of 50-60 % it was necessary to solv a problem about the regularities of extrapolating 

the straight line plotted on the base of experimental data the coordinates                    or            
in the direction  ô � 0.

Experimental:

With this aim we carried out two parallel experiments for the same reaction under absolutely similar
conditions (temperature, solvent, initial concentration of reacting substances). Full description of the kinetic
experiments was given elsewhere [  ] .

In one of the experiments the kinetic measurements started when á was approximately equal 15% and they
were completed  when á was equal approximately 80%.

In the second experiment the kinetic measurements when the conversion degree was not less than 50%
and thy were over similar to the first experiment when á was equal approximately to 80%.

On the base of the results in the first and the second experiments coefficient â in equations (9, 10) was
calculated  and then the rate constants from the equations (7, 8) were determined.

Results:

The kinetic data in table 1 and 2 are the results of calculating â and rate constants k for the reaction of
aniline acylation by chloranhydrides m-carborancarboic acid in benzene at 298k are given.

Table 1: Kinetic data of the reaction of aniline with chloranhydride of m -carborancarboxylic acid in benzene at 298k(initial
concentrations are : for aniline- 0.005026 mol.l ,for monochloranhydride- 0.002513mol.l )-1 -1

ô , min      .100% ô , min      .100% â according k,
to the eq . 7 l.mol .l-1 -1

2 13.6 9 33.6 3360 11.8
3 14.2 10 35.8
4 19.8 12 43.5
5.1 25.4 15 47.0
6.15 26.7 20 53.4

Table 2: Kinetic data of the reaction of aniline with chloranhydride of m-carborancarboxylic acid in benzene at 298k(initial
concentrations are : for aniline- 0.004856 mol.l ,for monochloranhydride- 0.002428 mol.l )   -1 -1

ô , min       .100% ô , min      .100% â according k,

to the eq . 7 l.mol .l-1 -1

15 46.4 35 66.6 3590 11.8
18 50.8 45 72.2
20 53.1 60 77.3
25 57.3 77 82.1
30 62.2 100 84

1The results of kinetic determination of â and k  values for aniline interaction with dichloroanhydridesm-
and n-carborandicarboxylic acids are represented in tables 3,4,5,6.
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Table 3: Kinetic data of the reaction of aniline with dichloroanhydride of m-carborandicarboxylic acid in n-xylol at 298k ( initial
concentration are :for aniline-0.01 mol/l , for dichloroanhydride-0.0025 mol/l )

1ô, min                   .100% ô, min                   .100% â according k  according 

to the eq.6 to the eq.3
2 27 10 63 560 35.6
3 34.5 12 66.3
4 40.8 15 71.1
6 50.1 30 82.2
8 56.7 45 85.5

Table 4: Kinetic data of the reaction of aniline with dichloroanhydride of m-carborandicarboxylic acid in n-xylol at 298k ( initial
concentration are :for aniline-0.008 mol/l , for dichloroanhydride-0.0025 mol/l )

1ô, min                   .100% ô, min                   .100% â according k  according 

to the eq.6 to the eq.3
7 50.6 20 71 600 33.3
9 55.8 25 75.9
10 58.5 40 81.2
12 63.5 70 86.8
15 66.9

Table 5: Kinetic data of the reaction of aniline with dichloroanhydride of m-carborandicarboxylic acid in n-xylol at 298k (initial
concentration are :for aniline-0.008 mol/l , for dichloroanhydride-0.0020 mol/l)

1ô, min                   .100% ô, min                   .100% â according k  according 

to the eq.6 to the eq.3
5 16.7 45 61.1 3500 8.9
7 20 60 65.4
10.5 26 85 73.1
20.3 39.6 120 79.5
35 54.3

Table 6: Kinetic data of the reaction of aniline with dichloroanhydride of n-carborandicarboxylic acid in n-xylol At 298k ( initial
concentration are :for aniline-0.01 mol/l , for dichloroanhydride-0.0025 mol/l )

1ô, min                   .100% ô, min                   .100% â according k  according 

to the eq.6 to the eq.3
31 55.9 86 77.7 2310 8.7
36 61 107 81.5
40 62.8 139 85.3
50 66.1 165 87.1
65 71.5 200 89.6

Discussion:

The  rate  constants  calculated  from  the  results  of  the  first  and  the  second  experiments  are close
to  eachother.  And  hence  one  can  conclude  that  the  extapolation  of  straight  lines  in coordinates: 

                    and      -

at  ô �0  is justified.                                                
While studying the kinetics of aniline interaction with dichloroanhydride m- and n-carborandicarboxylic

acids as well as with chloroanhydride m-carborancasrbonic acid in nitromethane and nitrobenzene we came
across the fact that the conversion degree of the reaction exceeded 50 % per one minute.

To take use of Frost and Shwemer method we had either to decrease the temperature or to decrease   the
reagent concentrations.
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The first method is not always applicable because it is closely associated  with the freezing temperatures
of the reagents. The second one is associated with an experimental error in preparing the working solutions
of the reacting substances.

Frost and shwemer method can be used in case of linear dependence:

1 2                        at ratio of  k /k =2-4.

Using the coefficients á and â calculated from the equation (10) we find the time corresponding to
conversion degree equal 20% , 30%, 40%, 50% and 60%.Other parameters are calculated in similar way.

1 2Table  7  shows  the  ratio  k /k   for  the  reaction  of  aniline  acylation   by dichloroanhydride -
carborandicarboxylic  acid   calculated   according   to   Frost-Shwemer   method   using   the   linear  plot 

                     and according to the method of analytical differentiation. 

Table 7:

Solvent (Frost-Shwemer method     Analytical differentiation)       )
  

Nitromethane 2.3 2.4
Nitrobenzene 2.2 2.1

Solvent (Frost-Shwemer method       Analytical differentiation)       )

  
Nitromethane 2.3 2.4
Nitrobenzene 2.2 2.1

1 2Table 8: Gives the values of k  and k  calculated according to the equations (7) , (8) and by Frost-Shwem er m ethod  for the reactions
of aniline with dichloroanhydrides m- and n-carborandicarboxylic acids in benzene and n-xylol at 298k

1 2 1 2Solvent k  according k  according k   (Frost -Shwemer k  (Frost- Shwemer 
to the eq. (3) to the eq. (4) method) method )

Aniline +dichloroanhydrides m- and n-carborandicarboxylic acid
Benzene 29.9 16.2 29.8 15.5

Aniline +dichloroanhydrides n-carborandicarboxylic acid
n-Xylol 9.0 3.5 9.1 3.7

1 2k   and k   values calculated according to the method of Frost-Shwemer and according to the method of
analytical differentiation are close to each other. It means that for fast proceeding parallel- consecutive  second
order reactions Frost- Shwemer method can be used only with the application of the method of analytical
differentiation.
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