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The effect of high pressure (up to 700 MPa) on the rate of the Diels-Alder re- 
action between furan and maleic anhydride has been investigated in deuterat- 
ed acetone at 20~ The volume effect of the reaction at atmospheric pressure 
is found to be AV 0 = -28.0 cm3/mole. The rate constants for the formation, 
decomposition and isomerization of the products have been found by numerical 
integration. The volume of activation AV~ in the pressure range studied has 
been determined from the observed dependence of log k upon P by spline approx- 
imation and was found to be -30.5 cm3/mole at atmospheric pressure, close 
to the volume change in the reaction, which is consistent with the assumption 
of a conjugated cyclic transition state. 

Results obtained previously [i] show that at atmospheric and high pressures the exo- 
and endo isomers [(I) and (II), respectively] are formed at approximately equal rates in the 
reaction between furan (F) and maleic anhydride (MA) in deuteroacetone or deuteroaceto- 
nitrile. The kinetic results at atmospheric pressure satisfy the scheme (i), which includes 
the isomerization of (II) into (I) 

[(D] = K,c~ + x~[(n)] - K i [0)} (la) 
dt 

d [(II)] =- K,C= _ K3 [(If)] -- K_, [(I:)] (lb) 
dt 

d ([0)] + [ODD dC 
- -  - - =  (K, + K2)C 2 - K _ x [ ( I ) ] -  K2[(II)] ( lc)  dt dt 

KI+ K2 = Ksua 
where K~ and K~ are the rate constants for the formation of (I) and (II), K_ I and K. z are 
the rate constants for the decomposition of (I) and (II) into the initial substances, K 3 
is the rate constant for the isomerization of (II) into (I), and C = [F] = [MA]. 

If K_I[(I)] + K_2[(II)] is considerably smaller than (K I + K2)C 2, Eq. (ic) becomes the 
equation for a second-order reaction with respect to the concentrations of the reactants 
F and MA and can be used in the usual way to calculate Ksu m. 

In the present paper, the results of a kinetic study of the reaction at pressures up 
to 700 MPa have been treated by the numerical integration of Eqs. (la) and (ib) as de- 
scribed in [i]. The results of experiments at pressures above 700 MPa could not be treated 
in this way because the reaction rates are too high. 

EXPERIMENTAL 

The experimental procedure and the analysis of the reaction mixtures have been de- 
scribed [i]. In addition, measurements of the densities of approximately 10% solutions of 
F and MAin dueteroacetone at 20~ were used to determine the molar volumes of F and MA, ~iving 
VF= 70.87 cm3/mole, ~MA = 68.17 cm3/mole. In order to determine the molar volume of (I) a solution 
containing 0.050 mole fractions of F and MA in 0.90 mole fraction of deuterated acetone was kept at 
20=C for 263 h to attain equilibrium, when (II) had practically disappeared and the content 
of (I) was 64.6 mole %. After measuring the density of this mixture V(I ) was calculated 
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TABLE 1.  

Time, h 

t 
2 
3 
6 
8 

24 

70,8 
74,6 

0,5 
0,75 
1 
2 
4 
8 

20 

66,5 

0,083 
0,333 
1 
2 

4,t0 
24 
65~5 

Reaction between F and MA in Deuteroacetone (20~ [F]0 = 
[MA] 0 = 0.050 mole fraction) 

2,46 
3,50 
4,92 

11,2 
t0,5 
26,2 

36,4 
35,2 

4,67 
5,t4 
8,30 

2t,5 
22,1 
22,7 
38,1 

42,6 

4,75 
i2,4 
19,3 
25,3 

28,8 
43,6 
44.7 

Experiment 

[(Ii)].lO 3 Ksum- IO s (mole 

t,54 
2,25 
2,5" 
3,07 
2,4t 
t,75 

0,82 
0,80 

3,36 
3,5O 
5,88 
6,33 
6,60 
5,36 
2,55 

0,48 

3,88 
11,3 
t3,5 
t5,8 

t2,9 
2,92 
0.45 

fraction)" l. sec- I 

98 MPa 

48,3 
36,f 
32,4 
36,9 
24,2 
29,3 

av.  34,5 
22,8 
19,t 

294 l ~ a  

588 MPa 

213 
155 
220 
349 
t87 
89 

12t 
av.  t90 

52 

1391 
1502 
1059 
1283 

av.  1309 
698 
309 
79 

[ Midel 
(I)]'i0 S [(11)1"103 

1,54 1,26 
3,18 2,07 
4.84 2,58 
9,6 3,03 

t2,5 2,92 
26,0 1,31 

35,4 0,45 
35,6 0,43 

5,66 3,07 
7,82 4,10 
9,66 4,89 

t5,i 6,63 
2t,4 7,03 
28,4 5,34 
37,t 2,06 

42,1 0,69 

4,66 4,03 
t2,3 t0,3 
19,9 14,9 
24,4 15,2 

29,3 t2,8 
43,2 2,57 
d5.0 t.40 

TABLE 2. Rate Constants for the Diels-Alder Reaction between 
Furan and Maleic Anhydride Obtained by Numerical Integration 
of Eqs. (la) and (Ib) ([F] 0 = [MA] 0 = 0.050 mole fraction in 
deuteroacetone at 20~ 

K"i05' I K='t05" 

'mole fraction)-l'sec ;1 

K-,.t0 ~, 

0,t l  
0,069 
0,12 
0,t5 
0,18 
0.10 
0,39 
0,24 
0.16 

K-~'i0s' i "K3"i05" 

Sec -I 

2,5 
0,949 
i,2 
t,8 
6,7 
3,3 

t0,6 
5,0 
6.7 

t0,7 
5,5 
6,7 
4,t 
0 
2,5 
0 
0,9 
0 

P. btP& 

0,1 * 
49 
98 

t96 
294 
392 
490 
588 
686 

4 2  
8,i 

16,3 
43,3 

153 
223 
407 
753 

1311 

7,7 
8,9 

t7,1 
43,5 
88,2 

t80 
39t 
657 

1t46 

*From [i]. 

to be 111.08 cm3/mole. The change in volume on reaction is thus AV 0 = V(i ) - V F - ~MA = 

-28.0 cm3/mole. 

RESULTS AND DISCUSSION 

Table 1 shows, as examples, the values of [(I)] and [(II)] observed and calculated by 
numerical integration of Eqs. (la) and (lb), and also the values of Ksu m calculated for 
each reaction time from the observed values of [(I)] and [(II)], at pressures of 98, 294 
and 588 MPa. 

The calculated rate constants are given in Table 2. 
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Fig. i. Diels-Alder reaction between furan and maleic anhydride in deutero- 
acetone at 20~ Curve 1 has been drawn through the experimental 
points for log Ksu m' and P by the spline approximation method [I') log 
Ksum'-P; i") logKsum-P]; curves 2 and 3 represent the dependence of 
AV; upon P obtained by spline approximation for the experimental values 
(i') and (i"); curve 4 is the same dependence for the reaction of iso- 
prene with maleic anhydride [3]. 

Fig. 2. Dependence of logKsu m' (I') and logKsu m (I") for the reaction 
between furan and maleic anhydride in deuteroacetone at 20~ on log 
Ksu m for the reaction between isoprene and maleic anhydride in ethyl 
acetate at 35~ [3]. P in MPa: i) 0.I, 2) 49, 3) 98, 4) 147, 5) 196, 
6) 245, 7) 294, 8) 392, 9) 490, i0) 588. 

Table 2 shows that in general K I and K 2 have similar values, except at atmospheric 
pressure (P = 0.i MPa) where K= = 1.8 K I and at a pressure of 294 MPa, where K I = 1.7 K 2. 
These exceptions are probably within the maximum experimental errors. For example, at P = 
0.i MPa the values of K I and K 2 are practically identical for [F] 0 = [MA] 0 = 0.150 mole 
fraction in deuteroacetone and for [F] 0 = [MA] 0 = 0.050 or 0.150 mole fraction in deutero- 
acetonitrile. Therefore, in determining the volume of activation (VA) at atmospheric 
pressure (AV0~) we have used not K l and K 2 separately but the sum K I + K2, which as might 
be anticipated gives more reliable results. Moreover, in published investigations of Diels- 
Alder reactions AV0# is usually calculated from the rate constant for the formation of all 
the isomers. 

We shall write K I + K 2 ~ Ksum', as distinct from Ksum, determined from the second-ord- 
er kinetic equation (see text and Table i). 

According to transition state theory (TST) the pressure dependence of the rate constant 
of a reaction is expressed by the equation 

( d l n K ~  = AV~ (2) 
dP ]r BT 

where R is the gas constant and T, the absolute temperature. The form of the relation 
in K = f(P) is not theoretically determined and the value of AV# is usually obtained by 
graphical or analytical differentiation of the observed dependence of in K upon P. 

In the present study we have used the method of spline approximation (SA) for this pur- 
pose, first applied by Zhulin et al., [2] to the observed dependence of log K upon P. A 
fourth-order approximating spline function was passed through the experimental points so as 
to minimize the sum of the squares of the deviations and at the same time to ensure the con- 
tinuity of the first and second derivatives of the function log K = f(P). In other words, 
the SA method determines AV # and 8(AV#)/BP for any value of P in the range investigated. 

In Fig. i, curve i has been drawn through the experimental points for log Ksum' and P 
by the SA method and curve 2 shows the dependence of AV~ upon P. Curve 2 corresponds to 
~V0~ = --30.5 cm3/mole which is almost the same as the volume change for this reaction (AY 0 = 
-28.0 cm3/mole). The other curve 3 shows the dependence of AV # upon P obtained by spline 
approximation from the results for the dependence of log Ksu m upon P; here AV0# = -32.3 cm3/ 
mole. 
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From the point of view of the traditional application of TST to Diels-Alder reactions, 
the rates of which depend only slightly on the polarity of the solvent, the approximate 
equality of AV0~ and AV 0 indicates that the volume of the transition state is equal to the 
volume of the reaction products, i.e., the reaction takes place by a concerted mechanism. 

In a study of another Diels--Alder reaction, between oxazole derivatives and acryloni- 
trile in various solvents at 20~ [2], it was found that -AV0# was as a rule less than -AV 0. 
For example, for reactions in CH2CI 2 calculations for the range 1-700 MPa gave AVG# = --21.3 
and AV 0 = -29.0 em3/mole. However, this result may be due not to a change in the structure 
of the activated complex, but rather to the fact that at 20~ and comparatively low pres- 
sures the reaction rate may be limited by the stage in which the molecules are excited up 
to energies which exceed the energy barrier to reaction: an increase in pressure then 
raises the collision frequency and hence the rate at which the molecules acquire the neces- 
sary energy. With increasing pressure (and hence increasing collision frequency) the react- 
ion may pass into the region in which Eq. (2) is applicable, so that the value of AV # deter- 
mined experimentally in this region will correspond to the volume change on forming the 
activated complex. If the absolute value of this quantity exceeds the absolute value of 
the VA corresponding to the increase in collision number with increase in pressure, then 
the VA determined experimentally should change more slowly on increasing the pressure. A 
different type of variation of -AV # with P is in fact observed for the Diels-Alder reactions 
just mentioned [2]. 

For the reaction between F and MA the decrease in --AV ~ with increasing pressure is very 
c~ is shown by curves 2 and 3 in Fig. i. Curve 4 shows for comparison the de- 
pendence of - on P calculated from experimental data [3] by the SA method. These data 
refer to the Diels-Alder reaction between isoprene and maleic anhydride at 35~ at pressures 
up to 600 MPa and are among the most accurate of this kind. As can be seen from Fig. i, 
the values of -AV # for the two reactions vary approximately in parallel, which is also con- 
firmed by subsequent treatment of the results [4]. 

If we write Eq. (2) for both reactions (i = isoprene, f = furan) and divide one equa- 
tion by the other we obtain 

: d l n K f  d l g K f  AVf~Ti 
~ =  dlgK-----q = re~v~ (3) 

The l i n e a r i t y  of  t he  p l o t  of  l o g K f  vs.  logK i (F ig .  2) shows t h a t  AVf# and 5Vi~ must change 
i d e n t i c a l l y  wi th  P w i t h i n  expe r imen ta l  e r r o r .  I f  we t ake  5Yi# a t  a tmospher ic  p r e s s u r e  as 
-34 .3  cm3/mole (curve  4, F ig .  1),  then  we f i n d  from the  s lope  of the  l i n e  in Fig .  2, t ak ing  
Eq. (3) i n t o  accoun t ,  t h a t  -aVf# a t  a tmospher ic  p r e s s u r e  i s  31 cm3/mole which is  10% g r e a t e r  
than --AV 0 . 

On the basis of these results we may conclude that the reactions studied appear to be 
in the kinetic region, in which the VA reflects the change in volume in forming the activat- 
ed complex, the volume of which is close to the volume of the reaction products. 

According to the data in Table 2, the rate constant for the decomposition of the exo 
isomer (K_ I) and the sum of the rate constants for the decomposition of the endo isomer and 
for its conversion into the exo isomer (K_~ + K 3) are in general little affected by an in- 
crease in pressure which is consistent with the assumption of equal volumes for the activat- 
ed complex and for the reaction products. 

From the data given in Table 2, it is difficult to account for the fact that at pres- 
sures of 300 MPa and above the value of K3 remains small compared with K_z, i.e., that at 
these pressures the endo isomer is transformed into the exo isomer only by first dissociating 
into the initial substances. 
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