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     A study has been made of the mechanism for the pyrolysis of propylene in the presence of iodine 
 at high temperatures (800-1200°C). By means of the zero conversion method, hydrogen, methane, 

 ethylene, and allene have been found to be the main primary products, while methylacetylene, acetylene, 
 and benzene have been found to be the chief secondary products. On the basis of the observed results, 

 a free radical chain mechanism has been proposed for the main reactions. The catalysis of iodine 
 and the product distributions have been satisfactorily explained by this mechanism. The catalytic effect 
 of iodine on the synthesis of methylacetylene and allene is attributable to (1) the reformation of iodine 

 and the iodine atom by the reactions of hydrogen iodide: 2H1—.142+12, II+ FII—>d-12+I, CH3H-FII—>- 
 CH4+I; (2) the promotion of formation of the allyl radical from propylene and allene from the allyl 

 radical: CH2_= CH — CH2+ I—)-CH2= CH— CH2:1- HI, CH2= CH — CH2: +I—)-CH2= C=- CH2+ HI, 
 CH2= CH—CH2-d-I2—)-CH2-=C=CH2-1-HI+I; and (3) the suppression of decomposition of propylene 

 to ethylene and the methyl radical : CH2= CH — CH3+ Id—,-CH2= CH2+ CH3:. 

                           INTRODUCTION 

   In a previous paper,') the present author investigated the pyrolysis of propylene in 

the presence of iodine at high temperatures (800-1200°C). It was found that small 

amounts of iodine were very effective as a catalyst for the synthesis of methylacetylene 

and allene at high temperatures around 1200°C and that the product distributions changed 

remarkably in the presence of iodine. 

   This paper deals with a discussion on the mechanism and the catalysis of iodine, based 
on the product distributions obtained from the pyrolysis under various conditions and 

on a few reference experiments. 

                            EXPERIMENTAL 

   Some of the experimental results have been already described.') In the reference 
experiments, the experimental methods were essentially the same as those for allyl 

chloride.2) Allyl iodide was prepared from allyl chloride ;3) b. p. 101-102°C, nD22 1.5540. 

1,5-Hexadiene was prepared similarly from allyl chloride ;4) b. p. 60°C, n D20 1.4034. 

                      RESULTS AND DISCUSSION 

   Some of the experimental results are shown in Tables 1 and 2. 

* 2: Laboratory of Organic Unit Reactions, Institute for Chemical Research, Kyoto University, 
TJji, Kyoto. 
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                                                           Table 1. Experimental Data 

        Run No.8152 53 55 57 43 34 27 50 20 73 15 21 24 

 Temp.,°C12001200 1200 1200 1200 800 900 1000 1100 1200 1200 1200 1200 1200 

         Contact time, 10-3 sec0.570 0.818 1.10 1.47 1.74 208 51.5 8.29 2.42 0.920 1.12 0.915 0.917 0.810 

   Composition of reactant gas, vol°,oo 
x 

        Nitrogen84.0 86.8 85.9 85.6 86.3 87.7 84.4 83.6 85.6 88.6 86.6 87.6 87.9 85.6 P 
         Propylene15.7 12.9 13.8 13.9 13.3 11.7 15.0 15.9 13.7 10.7 13.4 12.2 11.3 13.1 g 

      Iodine0.40.3 0.3 0.4 0.4 0.6 0.6 0.5 0.7 0.70.2 0.8 1.3°, 

       Conversion, %5.2 14.1 31.8 45.4 58.4 18.5 19.2 22.0 21.3 25.5 26.2 22.6 21.8 25.0 5 
   Yield, mol/100 mol of propylene pyrolyzedo 
o. 

        Hydrogen24.4 31.0 27.7 34.4 45.7 10.7 16.2 13.6 24.8 20.2 26.4 25.8 17.1 12.1 o 
        Methane26.2 27.3 32.9 35.2 32.8 8.8 24.3 27.0 20.0 26.2 30.0 24.4 17.2 11.7 n 

}-,Acetylene4 .97.5 10.4 13.1 12.5 1.0 3.3 5.1 5.7 7.3 9.6 8.4 3.8 3.8=' 
v`C 

        Ethylene29.0 34.4 32.2 31.0 28.0 14.1 21.2 24.6 23.5 21.6 33.5 29.4 14.8 9.6a 
 Ethane0.8 b 

        Allene38.8 27.8 17.7 14.4 12.3 6.0 8.1 13.3 18.1 19.8 13.9 21.6 18.7 15.80 
          Methylacetylene22.1 27.2 25.4 24.4 22.7 6.7 10.4 16.3 23.0 24.0 16.1 24.5 19.0 16.1 5 
 Butene-12.1°-, 

ti        Butadienetr.tr. 1.8 1.4 1.3 tr. tr. tr. tr. tr. 3.6 tr. tr. tr. o 
      Benzene- 2.03.4 4.1 4.4 8.7 6.4 3.1 4.7 4.5 tr. - 5.7 4.2-c i
i-       I

sopropyl Iodide*- 2.21.2 0.5 tr. 8.2 5.1 0.9 5.7 6.1 tr. 11.1 13.0 o 
          Total yield of methylacetylene and allene 60.9 55.0 43.1 38.8 35.0 12.7 18.5 29.6 41.1 43.8 30.0 46.1 37.7 31.9 

           Total percentage of hydrogen and carbon accounted for in the reaction products described above 
         Hydrogen84.5 95.4 91.6 91.9 92.4 45.8 61.5 64.6 77.9 91.9 81.7 78.0 71.4 60.1 

        Carbon92.3 98.4 93.0 87.2 83.5 51.2 60.9 65.5 82.4 87.0 78.0 79.5 78.0 65.4 

         * This substance is presumed to be the addition product of hydrogen iodide to propylene at the outlet of the reaction tube.
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             Table 2. Pyrolyses of Allyl Iodide and 1,5-I-Iexadiene temp., 1000°C 

     Composition of reactant gas, vol% 
   Nitrogen95.5 94.2 96.4 96.1 94.1 

Ally! Iodide4.5 5.8 3.6 
1,5-I-iexadiene3.9 5.9 

    Contact time, 10-3 sec0.224 0.3060.311 1.97 2.96 
   Conversion, %21.8 50.2 58.022.1 48.6 
     Yield,* mo1/100 mol of allyl compound pyrolyzed 

Hydrogen1.1 2.6 
 Methanetr. tr. 
 Acetylene0.8 0.8 
 Ethylene5.9 6.1 
   Propylene34.5 39.4 43.625.6 23.1 

  Allene6.3 5.9 9.4 8.8 5.1 
   Methylacetylene0.8tr. 2.4 1.6 
 1-Butene5.3 4.8 

Butadiene4.4 3.7 
  Cyclopentadiene- 2.4 
  Methylcyclopentadiene- 1.3 

1,5 -II exadiene19.2 2.0 2.0 
   Unidentified product4.3 4.7 
  1,3-Cyclohexadiene3.8 0.8 

  Benzene7.1 7.7 6.3 3.5 2.7 
     Total yield of methylacetylene and allene 6.3 6.7 9.411.2 6.7 
     Total percentage of hydrogen and carbon accounted for in the reaction products described above 

   Hydrogen93.3 74.480.7 69.2 60.9 
   Carbon93.2 74.079.0 68.9 59.4 
 * In the case of 1,5-hexadiene, the yield of each product is given by moles per 50 moles of 1,5-hexadiene 

   pyrolyzed for comparison with that of ally! iodide. 

   Mechanism. The pyrolysis of propylene in the presence of iodine at high tem-

peratures (800-1200°C) seems to proceed substantially by a free radical mechanism.1,51 
Because iodine and iodine atom would be reformed by the reactions of hydrogen iodide, as 

described later, the pyrolysis is considered to be a chain reaction catalyzed by iodine. More-

over, the product distributions changed remarkably according to the pyrolysis conditions, 

especially iodine concentrations)) Therefore, it seems impossible to deduce a simple 

mechanism which would be valid over a wide range of iodine concentrations, temperatures, 

and conversions. However, from Fig. 1, which shows the extrapolation of the product 

yield to zero conversion, and the result of the pyrolysis of propylene alone,6) it may be 
concluded that hydrogen, methane, ethylene, and allene are the primary products, and that 

methylacetylene, acetylene, and benzene are the secondary products. Thus, on referring 

to the mechanism for the pyrolysis of propylene alone,6) a free radical chain mechanism 

may be proposed to explain the main reactions under the present conditions. 

   This mechanism is not intended to be comprehensive but only to indicate how the 

main products are probably formed. 
   At higher iodine concentrations, the contribution to hydrogen abstraction by the iodine 

atom or the allyl radical from the products and the addition of the allyl radical to the 
unsaturated products (especially, methylacetylene and allene) would increase remarkably. 
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Moreover, at higher conversions, secondary reactions (hydrogen abstraction, addition, 

etc.) of various radicals with the products become serious. However, these reactions are 

disregarded.                    
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                    Fig. 1. Extrapolation of product yield to zero conversion. 

           In Figs. 1 to 3 
               0; (A M +CaH4, 0; A-C3l-14, UP; M-C3I-14, 0; H2 

              A; CI-14, A; C2I-14, 7; CI-18, a ; C3F17I, 
0; C2I-12, 4; C2H6, 0; C6H6, E1; C41-16 

    Primary Reactions 
zJIi L 

                                                                   kcal kcal 
12 ------). 21(1) 36.1 36.1 
CH2=CH-CH3+ I CH2=CH-Cl2. + HI(2) 16.5 18.07) 
CH2=C1-1-CH2. ----r CI-12=C=C1-12+1-I(3) 57.4 62.02) 
CFI2=CH-CH2. + I -----›- CH2=C=CH2 + HI(4) -13.9 
CH2=CH-CH2• +12 ----- Cl2=C-CH2 HI +I(5) 22.2 
CH2=CII-CI3+H —r Cl2=CH-CH2• +1-12(6) -16.4 1.18) 
CH2=-CH-CH3 H ---- [ • CII2CH2CH3*1 ---- CH2=C112+C1-13. (7) -10.5 3.68) 
CH2=CH-CH3+CF13. ---- CH2=CH-CH2. +CH4(8) -16.2 7.28) 
CH2=CH-CH2 • CH2=C I I- CH3 -----7,- C6 hydrocarbons + H(9)15.00) 
CH2=CH-CH2. CH2=CH-CH2-CHi(10) -74.6 0 
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     Secondary Reactions 

2HI -r H2+ 12(11) 2.3 43.71°) 
H } III .H2+I(12) -32.9 0.5 10) 
H+I2 -> HI+I(13) -35.2 0 10) 
CH3•+HI - i CH4-)-I(14) -32.7 1.211) 
CH2=C=CH2+R• ± CH2=C=CH•+RH 

1l 
•CH2-CaCH+RH C113-C=CH+R•(15) -1.6 

CH3-C=CH+H -> CH=CH+CH3•(16) -8.2 
CH2=CH-C142-CH3+I ---. CH2=CH-CH-CH3+HI(17) 11.2 12.412) 
CH2=CH-CH-CH3 ---CH2=CH-CH=CH2+H(18) 48.0 47.0 8) 
CH2=CH-hl=CH3-{-I(I2) -----i CH2=CH-CH=CH2+HI+(I) (19) 
CaH10+2I2 -> CaHa+4HI(20) -4.8 

/The asterisk indicates a hot radical. R• and RH show radicals and) 
               hydrogen donors, respectively. 

   With the above restrictions in mind, this mechanism was developed. The kinetic data 

for each reaction in the mechanism are also given when available. The values of the 
heats of formation of the related materials used in their computation are shown in Table 3. 

                  Table 3. Heats of Formation for Some Gas Phase Species 

                                                         at 298°K and 1 atm, kcal 

CH4no) -17.9 C6H1013c) 20.0 H 130)52.1 
C2H2 13a) 54.2C2132 lab) 19.8 Ilna)25.5 
C2H4130) 12.5 H2130) 0 CH3. 133)34.0 
C3H° 13a) 4.9 I2 130) 14.9 CH2=CH-CH2. 133)40.6 

A-C311413a) 45.9HI 130) 6.3 n-C3I-17.130)21.0 
M-C3H413b) 44.3 02130 0 CH2=CH-CH-CII312)30.4 
1-C41-18 lab) 0.0 H2O1na) -57.8 

C4H61") 26.3 

A-C3H4; allene, M-C3H4i methylacetylene, COH1o; 1,5-hexadiene 

   Reactions 1 to 20 seem to be the main reactions in the pyrolysis. Of these reactions, 

reactions 1 to 10 may be considered to be the main primary reactions, while the other 

reactions 11 to 20 may be estimated to be the chief secondary reactions. All the main 

products, allene, hydrogen, ethylene, methane, methylacetylene, acetylene, butadiene, 
and benzene are formed by reactions 3-4-5, 6, 7, 8, 15, 16, 18-19, and 20, respectively. 

Being not observed experimentally, butene-1 is considered to be a primary product from a 

consideration of the mechanism for the pyrolysis of propylene alone.6) The probable 

explanation for the absence of butene-1 is that its formation (reaction 10) is suppressed by 

the other competitive reactions 8 and 14 and that, in addition, it is rapidly dehydrogenated 

to butadiene.5,)0 

   Generally, the initiation reaction in the pyrolysis of propylene is considered to be the 

splitting of the a(C-H) bond leading to the formation of the hydrogen atom and the allyl 
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radical. This requires a high activation energy, 87.5  kcal/mo1.15) Therefore, if iodine 
whose dissociation energy is 36 kcal/mol is present in the pyrolysis system, the pyrolysis 
would be initiated by the dissociation of molecular iodine into atomic iodine (reaction 1). 
The iodine atom would abstract the allylic hydrogen atom from propylene to form hydrogen 
iodide and the allyl radical (reaction 2). Thus, the pyrolysis would proceed. When the 

pyrolysis proceeds to a certain extent, the concentrations of iodine decrease and the re-
generation of iodine by the decomposition of hydrogen iodide would become remarkable.') 
In addition, the iodine atom itself would be recycled by the reactions 12 and 14. There-
fore, the pyrolysis would always proceed by the dissociation of the iodine reformed and the 
recycled iodine atom. 

   Concerning the formation of allene from the allyl radical, reactions 3, 4 and 5 are 
expected to be important courses under the present conditions. At very low iodine 
concentrations, the unimolecular decomposition of the allyl radical to allene (reaction 3)6) 
may prevail. As the iodine concentrations increase, two possible alternatives, reactions 
4 and 5 may become important in addition to reaction 3 1,16) As a result, the higher yields 

of methylacetylene and allene would be obtained in the presence of iodine. The experi-
mental data seem to confirm this (Runs 73, 15, and 20 in Table 1). The concentration 
ratio of atomic iodine to molecular iodine increases with the increasing temperature, and 
reaches 1 : 1 around 1100°C.17) Thus, as temperature increases, reaction 4 would 
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                       Fig. 2. Effect of temperature on product yields. 
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           become more predominant than reaction 5. Moreover, reaction 3 is the unimolecular 
          reaction and its zl H value is the largest in the reactions 3, 4, and 5. Thus, the rate of reac-

          tion 3 increases rapidly with an increase in the temperature,6) compared with the other two 
           reactions 4 and 5. Therefore, reactions 3 and 4 are presumed to be predominant at high 

           temperatures around 1200°C. In comparison between the rate of the formation of Cs 
          hydrocarbons by reaction 9 and that of allene by reaction 3, the former decreased fairly 

          rapidly with the increasing temperature compared with the latter.6) This is supported by 
          the experimental results that methylacetylene and allene increased with an increase in the 

          temperature and that C6 hydrocarbons (benzene) decreased, notwithstanding an increase 
         of the carbon and hydrogen balance (Fig. 2 and Table 1). In addition, since the supply 

          of the hydrogen atom by secondary decompositions of products increases remarkably with 
           the increasing temperature, reactions 6, 7, 8, and 16 would become predominant at high 
           temperatures. The tendency for the formation of hydrogen, ethylene, methane and 
           acetylene with temperature seems to confirm this (Fig. 2). 

              As the concentrations of iodine increased, the yields of both methylacetylene and 
          allene showed maximum values at ca. 0.3 mol% of the iodine concentration (Fig. 3). The 

          bond dissociation energies for CH=C—CH2—H and for CH2=C=CH—H are reported 
          to be 82.8 kcal/mol and 81.2 kcal/mo1,18) respectively. Therefore, the activation energies 
          for hydrogen abstraction from methylacetylene and allene by the iodine atom are calculated 

          to be 13.4 kcal/mol and 11.8 kcal/mol, respectively, by using Polanyi relation.19) These 
          values are considerably low as compared with that for propylene (18.0 kcal/mol).7) Thus, 

          at higher iodine concentrations, although the formation of allene would be accelerated 

          by reactions 4 and 5, the decompositions of methylacetylene and allene also would be 

          promoted mainly by hydrogen abstraction from them by the iodine atom. Therefore, 
          the addition of allyl, allenyl, and propagyl radicals to propylene, allene, and methyl-

          acetylene would become important. The rapid decrease in the yields of both methyl-
          acetylene and allene at higher iodine concentrations may be mainly discussed in connection 

          with this (Fig. 3). In addition, at higher iodine concentrations, reactions 2, 4, and 5 may 

          proceed to give large amounts of hydrogen iodide and the hydrogen iodide and iodine may 
           act to consume the hydrogen atom by reactions 12 and 13. Thus, reactions 6, 7, 8, and 16, 

          which are competitive reactions with the above reactions 12 and 13, would he suppressed. 
          The tendency for the formation of hydrogen, ethylene, methane, and acetylene with iodine 

           concentration seems to confirm this (Fig. 3). In brief, at lower iodine concentrations, the 
          formation of allene by reactions 4 and 5 is accelerated and the decomposition of propylene 

          by reaction 7 is suppressed. These enable the higher yields of methylacetylene and allene 
           to be obtained. However, at higher iodine concentrations, the decompositions of 

           methylacetylene and allene as described above is presumed to be very serious. Con-

          sequently, it is considered that the yields of both methylacetylene and allene show maximum 
           values at any iodine concentration. In the presence of iodine, the formation of ethane, 

          butene-1, and butadiene was suppressed extremely (Fig. 3 and Runs 73 and 15 in Table 1). 
          This may be because the rate of reaction 14 is very rapid as compared with that of reaction 

             10. 

              A rapid decrease in the total yield of methylacetylene and allene with the increasing 
           conversion (Fig. 1) may be attributable to the loss due to various secondary reactions; 
          a rapid decrease in allene appears to be plausible from the fact that allene is apt to undergo 
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various secondary reactions including the isomerization reaction 15, while the approximate 

constancy in methylacetylene may be considered to be a result of the rapid isomerization of 
allene to methylacetylene (reaction 15) under the conditions used.] mom According to 
this mechanism, whenever an ethylene molecule is produced by reaction 7, a methyl 
radical is formed; this radical may give rise to methane by reactions 8 and 14. In the 

pyrolysis with iodine, small amounts of butadiene only were identified (Table 1). There-
fore, the ethylene/methane ratio must be 1 : 1. The experimental data seem to confirm 
this 1 : 1 ratio roughly (Figs. 1 to 3). In addition, although the yield of ethylene was 
almost the same over the conversion range, the tendency for the yield of methane with 
conversion was in parallel with that of acetylene (Fig. 1). From this fact, it may be 
concluded that acetylene is formed mainly by reaction 16.6) Since secondary decomposi-
tions of the products increase gradually with the increasing conversion, the pyrolysis would 
become extremely complex. Consequently, it seems difficult to account for the experimenal 
results at high conversions. 

   Although hexadiene was not detected in the products, it may be reasonable to presume 
that reaction 9 would play an important role for the formation of hexadiene under the 
conditions used, since the formation of 1,5-hexadiene by the addition of the allyl radical to 
allyl iodide is considered to be very rapid at high temperatures.'6) 
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 CH2=CH-CH2•+CH2=CH-CH3---> CII2=CH-CH2-CH2-CH-CH3 

— > CH2=CH-CH2-CH2-CH=CH2+II 

—> CH2=CH-CH2-CH=CH-CH3+H 

In order to examine the behaviors of hexadiene under the present conditions, the pyrolyses 

of allyl iodide and 1,5-hexadiene were carried out (Table 2). From the relation between 

the amounts of benzene formed and the material balances of the products to the amounts 

of 1,5-hexadiene consumed, it may possibly be presumed that hexadiene would be for the 

most part converted into polymer and in part into benzene under the conditions used. 
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