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Abstract  

The intramolecular ring closure reactions of unsaturated hydrocarbon radicals potentially 

play an important role for the formation of molecular weight growth species, especially during 

the pyrolysis and oxidation of alkenes under low to intermediate temperatures. In this work we 

investigated a series of intramolecular cycloaddition reactions of both allylic- and alkyl-type 

dienyl radicals. In the first set of reactions, a resonant linear radical is converted into a non-

resonant cyclic radical. In the second set, a non-resonant linear alkenyl radical isomerizes to 

either a resonant cyclic radical or a cyclic carbinyl radical. In both cases, three different reaction 

schemes are examined based on the location of the partially-formed resonance structure in the 

cyclic transition state. For each reaction scheme, both the endo- and exo-pathways were 

investigated. High pressure rate parameters are obtained from the results of CBS-QB3 electronic 

structure calculations combined with canonical transition state theory calculations. The results 

are discussed in the context of a Benson-type model to examine the impact of the partially-

formed resonance stabilization on both the activation energies and pre-exponential factors. The 

results are compared to previously reported rate parameters for cycloaddition reactions of alkenyl 

radicals. The differences in the activation energies are primarily due to the bimolecular 

component of the activation energy. However, in some cases, the presence of the partial 

resonance structure significantly increases the strain energy for the ring that is formed in the 

transition state. The pre-exponential factors are also impacted by the formation of a partial 

resonance structure in the transition state.  Lastly, the C6H9 potential energy surface is examined 

to show how the trends that are outlined here can be used to estimate rate parameters, which are 

needed to analyze pressure-dependent reaction systems.   

 

Key words: intramolecular ring closure reactions, addition reactions, Benson-type model, rate 

estimation rules 
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Introduction 

A particular challenge in many hydrocarbon energy conversion processes is the formation 

of molecular weight growth species. The formation of these species is problematic since they can 

lead to the formation of deposits or soot, which reduces the application’s efficiency and limits 

the run times between decoking operations and/or catalyst regeneration cycles. The presence of 

molecular weight growth species in exhaust gas emissions is also an environmental and health 

problem. In spite of much research on these reactions, uncertainties remain.
1,

 
2
 For these reasons, 

more research is needed to better characterize the hydrocarbon pyrolysis reactions that are 

responsible for much of the undesired molecular weight growth chemistry. Further, it is useful to 

be able to express the rate coefficients for these reactions in the form of rate estimation rules so 

that they can be applied to detailed kinetic modeling efforts. These models can be used to 

identify the experimental conditions that might minimize this undesirable chemistry.  

One important reaction class that provides a low energy route to the formation of 

molecular weight growth products are intramolecular ring closure reactions (also called 

cycloaddition or cyclization reactions). To illustrate this, consider the cycloaddition reaction of 

1-pent-4-enyl radical (C=CCCC
•
),

3
 which can be formed from the addition reaction of allyl plus 

ethylene. A simplified version of the C5H9 potential energy surface shown in Figure 1. Once 

formed, it is energetically more favorable for the 1-pent-4-enyl adduct (species 1) to cyclize than 

it is to dissociate back to the reactants (I) via the β-scission reaction; the other reaction channels 

(e.g., 1 to 2, 3, and V) also have much higher energy barriers. Cycloaddition can occur via two 

routes. Addition to the near vinylic carbon (the 2-possition) leads to a cyclobutyl-carbinyl radical 

(4); this is referred to as an exo-cycloaddition. Addition to the far vinylic carbon (the 1-possition) 

leads to cyclopentyl radical (5); this is referred to as an endo-cycloaddition. The barriers for the 

two cycloaddition channels are comparable for this case. However, once formed, the cyclobutyl-

carbinyl radical (4) is more likely to ring-open back to the 1-pent-4-eneyl radical (1) than it is to 

β-scission to form methylene-cyclobutane plus H (VI). In contrast, the β-scission barrier for 

cyclopentyl radical (5) to form cyclopentene plus H (II) is comparable to that for ring opening to 

(1). Subsequent reactions of cyclopentene can lead to cyclo-1,3-pentadiene,
4-6

 which is known to 

be an important intermediate in formation of larger molecular weight growth species.
7-11

 

Due to their importance, several prior experimental and theoretical studies have 

investigated the cycloaddition reactions of alkenyl radials or their reverse ring opening 

reactions.
12-22

 Recently, we developed a series of high-pressure rate rules for both the exo- and 

endo-cycloadditions of alkenyl radicals based on CBS-QB3 electronic structure calculation 

coupled with transition state theory calculations.
23

 The results show that, over a restricted 

temperature range, the rate parameters can be formulated using a Benson-type structure-

reactivity relationship.
24

 This type of relationship provides a physical framework for which to 

interpret rate parameters assignments. The activation energies are considered to consist of two 
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parts: the activation energy of the corresponding bimolecular addition reaction plus the ring 

strain energy (Ea = Ebi + ERS). The pre-exponential factors are calculated from the entropy 

difference between the reactant and transition state, and this difference correlates with the loss of 

internal rotors in the cyclic transition state structure. Consistent with several previous studies,
12, 

13, 18, 19, 25, 26
 the results show that the exo-cycloaddition pathways are generally favored over the 

endo-pathways, even for cases where the formation of the endo-products are favored 

thermodynamically. This is due to the higher pre-exponential factor and lower ring strain energy. 

However, as shown above for the cyclization of the 1-pent-4-enyl radical, the endo-pathway still 

may be dominant since the subsequent β-scission reaction of the cycloalkyl radical is favorable.  

This type reaction is especially important for describing the molecular weight growth 

formation in the olefin pyrolysis, where the addition of resonantly-stabilized radicals to the 

dienes play significant roles.
3
 Yet there is very limited work investigating the influence of 

resonance stabilization on these reactions. In this work we investigate the impact of resonance 

stabilization on this reaction class by examining the cycloaddition reactions of a series of dienyl 

radicals. These radicals can be formed from H-atom abstraction from dienes either at an allylic 

site or an alkyl site. For the allylic-type radicals, cycloaddition converts a resonantly stabilized 

radical into a non-stabilized cyclic radical. This conversion can occur via three distinct cases 

(shown in schemes 1-3 in Table 1), depending on the location of the partially-formed resonance 

structure in the transition state. In scheme 1 the reaction proceeds through a transition state ring 

where only one of the three carbon atoms in the partially-formed allylic structure is contained in 

the ring, with the other two are located outside of the ring. In scheme 2, two of the carbon atoms 

in the partially-formed allylic structure are located in the transition state ring, with the third one 

is outside of the ring. In scheme 3 the partially-formed allylic structure is completely contained 

inside of the transition state ring. For the alkyl-type dienyl radicals, cycloaddition via the endo-

pathway converts a non-stabilized radical into a resonantly stabilized cyclic radical. The exo-

pathway forms a non-stabilized cyclic carbinyl radical. For these reactions, three types of 

transformations are also investigated. These are shown by the reactions in schemes 4-6 in Table 

1. Similar to the above three schemes, schemes 4-6 have 1, 2, and 3 carbon atoms, respectively, 

in the partially-formed resonance structure within the transition state ring. 

The presence of resonance stabilization in the reactant and/or product may significantly 

impact the activation energy, both in terms of the bimolecular and ring strain components, as 

well as the pre-exponential factors. This has previously been observed for intramolecular H-atom 

shift reactions of hydrocarbon radicals, which also proceed via cyclic transition state.
27

 The 

bimolecular component of the barrier for the reactions in schemes 1-3 can be estimated from that 

for allylic radical addition an olefin. Because the reactant radical is resonantly stabilized, the 

barrier for allylic radical addition is greater than that for the corresponding alkyl radical 

addition.
3,

 
28, 29

 For schemes 4-6, the bimolecular component of the barrier can be estimated from 

the addition reaction of an alkyl radical to a diene; the activation energy for addition to a 
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conjugated diene, forming a resonantly-stabilized radical, is lower than the addition to regular 

olefins.
3
 Depending upon the location of the resonance structure in the transition state structure, 

the ring strain component may also vary due to structural restrictions. The presence of the partial 

resonance structure in the transition state ring will also impact the pre-exponential factors. For 

example, the presence of partial resonance may restrict some of the hindered rotors or increase 

the rigidity of the ring.  

The aim of this work is to explore how resonance stabilization influences the rate 

parameters for this reaction class and to generalize the results so that they can be applied in 

kinetic modeling efforts. Specifically, we investigate the series of cycloaddition reactions of both 

allylic- and alkyl-type dienyl radicals shown in schemes 1-3 and 4-6, respectively. For each 

reaction scheme, the size of the ring in the transition state is systematically increased to a 7-

membered ring for the endo-pathway and a 6-membered ring for the exo-pathway. In addition to 

these sets of reaction, we also investigate the cycloaddition reaction of allyl radical as well as a 

few select cases where there is extended resonance. High pressure rate constants are obtained 

from the results of CBS-QB3 electronic structure calculations combined with canonical 

transition state theory calculations over the temperature range of 300-2500 K and the results are 

presented in modified Arrhenius form. The results are also presented in the context of the 

Benson-type model over a narrower temperature range. The results are compared to those of 

prior studies involving dienyl radicals,
19, 30

 and the impact of resonance stabilization on 

activation energies and pre-exponential factors are examined and compared to those of alkenyl 

radical reactions.
22

 Lastly, we examine the C6H9 potential energy surface to illustrate the 

importance of these pathways and to show how the trends that are outlined here can be used to 

estimate rate parameters, which are needed to analyze pressure-dependent reaction systems.   

Methods 

Electronic structure calculations in this research were carried out using the Gaussian 03 

and 09 suites of programs.
31 , 32

 The CBS-QB3 composite method
33

 was used to calculate 

optimized geometries, frequencies, and electronic energies for the lowest energy conformer of 

the reactants, products, and transition states. This method has been shown to predict heats of 

formation for a large test set of molecules with an accuracy of just over 1 kcal/mol.
33

 Low 

frequency vibrational modes that resemble torsions around single bonds were treated as hindered 

internal rotors rather than as harmonic oscillators. Hindrance potentials were calculated at the 

B3LYP/6-31G(d) level of theory via relaxed surface scans with a step size of 10 degrees. 

Hindered potentials (with barriers ≤ 12 kcal/mol) were fitted to truncated Fourier series 

expansions. Reduced moments of inertia for asymmetric internal rotors were calculated at the 

I(2,3) level based on the equilibrium geometry as defined by East and Radom.
34

 The 1-D 

Schrödinger equation was numerically solved for each internal rotor using the eigenfunctions of 

the 1-D free rotor as basis functions. The energy eigenvalues are then used to numerically 
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calculate their contributions to thermodynamic functions. All other modes were treated as 

harmonic oscillators and the frequencies were scaled by a factor of 0.99. Thermodynamic 

properties (e.g., ∆fH298, S298, and Cp values) were calculated using standard statistical mechanics 

methods. The electronic energy of each species was converted to its heat of formation using the 

atomization method. Since only relative energies are required in this work, no attempts were 

made to improve the heats of formation using, for example, bond additivity corrections. 

Inspections of the hindered rotor potentials help ensure that the optimized geometry of a 

molecule corresponds to the lowest energy minimum. A normal mode analysis was performed to 

identify the nature of the species. Transition states were identified by having one imaginary 

frequency, which was animated to verify that it corresponds to the desired reaction coordinate.  

High-pressure rate coefficients were calculated using canonical transition state theory 

(TST): k(T) =κ(T) • kBT/h•exp(-∆G
‡
/RT), where κ(T) is the tunneling correction factor, and ∆G

Ŧ
 

is the Gibbs free energy difference between the transition state, minus the contribution from the 

reaction coordinate, and the reactants. The remaining variables have their usual meaning. 

Tunneling correction factors were calculated with an asymmetric Eckart potential.
35

 Rate 

constants were calculated over a temperature range of 300 – 2500 K in 50 K increments and fit to 

modified Arrhenius expressions: k(T) = A’•T
n
•exp(-E/RT). Simple Arrhenius fits were obtained 

over the limited temperature range of 500 – 1500 K and at 298K as well to facilitate analysis 

using the Benson model. The simple Arrhenius parameters are determined from Ea = E + nRT 

and A = k(T)/exp(-(E + nRT)/RT)), where the “n” and “E” parameters are taken from the 

modified Arrhenius fits. The error in the pre-exponential factor is on the order of a factor of 2 at 

1000K. While some error from the hindered rotor treatment cancels on the TST rate constant 

formula, if the number of rotors on the reactants and transition state are significantly different, 

the uncertainty will be larger. The error in the activation energy is estimated to be ∼1 kcal/mol. 

Together, this leads to an uncertainty of a factor of ~3 at 1000 K in the calculated rate 

coefficients. Uncertainties arise from errors in the ab initio method such as variations in 

optimized reactant and transition state geometries as well as errors in the harmonic frequencies 

and hindered rotor calculations. 

In several of the investigated reaction schemes, the allylic group is either fully or partially 

outside of the transition state ring. This leads to the presence of multiple isomers. Similarly, in 

some of the reactions, the transition state ring may contain alkyl substituents resulting in one or 

more isomers. For these cases, the rate constants for each isomer were summed at each 

temperature, and then fit in the whole range to obtain the Arrhenius parameters. For these 

transition state ring structures with optical isomers, the entropies are corrected by adding R•ln(2). 

However, if two or more substituents are present at different locations on the ring or if the ring is 

non-planar, these isomers are energetically distinct. Both the axial and equatorial structures were 

calculated, leading to two or more rate constants, which were then summed to get a total value. 
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Lastly, we examine the C6H9 potential energy surface. The pressure- and temperature-

dependent rate constants were calculated based on a steady state analysis in which the energy-

dependent unimolecular rate coefficients, k(E), were computed using Quantum-Rice-

Ramsperger-Kassel (QRRK) theory. The density of states was calculated from three 

representative frequencies, which were extracted from heat capacities that were either obtained 

from the CBS-QB3 results or estimated from group additivity using THERM
36

 or RMG.
37

 The 

high-pressure rate constants are also used; these are either based on the CBS-QB3 results or they 

are estimated. Collisional stabilization rate constants were calculated using the modified strong 

collision (MSC)
38

 assumption, and the average energy transferred per collision for the collider N2, 

〈∆Eall〉, was -440 cal/mol. The Lennard-Jones collision diameters (σLJ) and well depths (εLJ) were 

estimated for adducts/isomers. More details of the methodology can be found in the work of 

Chang et al.,
39

 and explicit comparisons of the results from this method to those from more 

rigorous approaches have also been provided in references.
17,

 
40-45

 

In several places throughout the text, tables, and figures, we employ a chemical notation 

that omits the hydrogen atoms. A radical site is indicated by a bullet, a double bond by an equal 

sign, and a conjugated bond by a dashed equal sign. For both endo- and exo-pathways, the 

following notation is used: For a 1,x-cycloaddition, x refers to the location of the carbon radical 

relative to the far vinylic carbon. For example, the reactions that are shown in Table 1 are 1,6-

cycloadditions; the endo-pathway leads to a 6-membered ring radical, while the exo-pathway 

leads to a 5-membered ring radical. The units employed are kcal, sec, and mol.  

Results and Discussion 

Reactions of Resonant Linear Radicals 

Tables 2-4 present the results for the endo- and exo-cycloaddition reactions of schemes 1-

3, respectively. These reactions convert a resonantly-stabilized allylic linear radical into a non-

allylic cyclic radical. In each case, the results for only the simplest reaction are included. For 

scheme 1, the investigated reactions include the 1,4 through the 1,7 endo- and exo-cylcoadditions. 

For scheme 2, the 1,5 through the 1,7 reactions are investigated, while for scheme 3, the 1,6 and 

1,7 reactions are investigated. For both the endo- and exo-reactions, the rate constants are fit over 

a temperature range of 300-2500 K to a modified Arrhenius form. The value “n” in the modified 

Arrhenius formula may be as high as ~1.5, indicating that there is significant upward curvature 

on the Arrhenius plots. Thus, the use of the modified Arrhenius form is essential to properly 

describe the temperature dependence over a wide range. The rate constants are also fit to a 

simple Arrhenius form over a narrower temperature range (500-1500 K) or at a specific 

temperature (298 K). The ring strain energies (Estrain) for the various transition states are also 

provided. These values are calculated by subtracting the activation energies for corresponding 

bimolecular addition reactions from the overall activation energy. The reference bimolecular 

reactions correspond to allylic radical addition to olefins; these results are also obtained using 
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CBS-QB3 calculations and are provided in Table 5. Several additional reactions that follow 

schemes 1-3 are shown by Tables S1-S3 in the Supporting Information (SI).  

For the endo-reactions in scheme 1 (Table 2), the activation energy decreases in going 

from a 4- to a 6-member transition state ring, and then slightly increases for the 7-member ring.  

For the exo-cycloaddition reactions, the 1,5 exo-reaction with 4-member transition state ring has 

the highest activation energies, followed by the 3-membered ring, while the larger transition state 

rings have the lowest barriers. The activation energies for the 1,5 through 1,7 endo- and exo-

pathways are comparable. For the 1,4 cycloaddition reaction, the activation energy for the exo-

pathway is significantly lower than the endo-pathway (~21 kcal/mol). The trends observed for 

the reactions in schemes 2 and 3 are similar.  For scheme 2 (Table 3), the 1,6 endo- and exo-

pathways with larger sized transition state rings have lower activation energies than the 

analogous 1,5 reactions. While the barrier of the 1,7 endo pathway is higher than the analogous 

1,6 reaction, the barrier for the 1,7 exo-pathway is lower. In scheme 3 (Table 4), the activation 

energy increases in going from the 6- to a 7-member transition state ring for the endo-reactions; 

while it decreases in going from a 5- to a 6-membered ring transition state ring for the exo-

reactions. These trends are similar to that observed for the alkenyl radical reactions forming 

saturated cyclic species.
23  

 

The primary difference among the three different type of cycloaddition reactions in 

Tables 2-4 is the degree to which the partially-formed allylic group is incorporated into the 

transition state ring. For a given transition state ring size, the activation energies generally 

increase in going from scheme 1 to 2 to 3, reflecting the increasing amount of allylic conjugation 

formed in the transition state ring. The activation energies for the 1,5 endo- and exo-reactions in 

scheme 1 (i.e., reactions 1.2 and 1.6), with only one of the allylic carbon atoms in the ring, are ~4 

and ~7 kcal/mol, respectively, lower in energy than the analogous reactions in scheme 2 

(reactions 2.1 and 2.3), with two allylic carbons in the ring. The energy difference between the 

scheme 1 and 2 reactions become much smaller for the reactions that proceed through the larger 

sized transition state rings. The ring strain energies for the 1,6 endo- and exo-reactions in the 

scheme 2 (reactions 2.2 and 2.4) are ~8 and ~5 kcal/mol, respectively, lower than the 

corresponding reactions in scheme 3 (reactions 3.1 and 3.3), where the entire allylic structure is 

inside the transition state ring.  

The analogous cycloaddition reactions of alkenyl radicals are used as reference reactions, 

in order to examine the impact of resonance structure on the various reaction schemes. Table 6 

lists several calculated results for the 1,4 to 1,7 endo- and exo-reactions of alkenyl radicals.
22

 The 

comparison of activation energies for schemes 1-3 (as well as for schemes 4-6 that will be 

discussed later) to the alkenyl radical reactions is provided in the SI (Figure S1). The activation 

energies for scheme 1 are higher than those for the analogous alkenyl radical reactions, by about 

6 to 7 kcal/mol at 298 K. The higher energy barriers is mostly due to the bimolecular component 

of energy barrier, which is ~5 kcal/mol higher for a resonantly-stabilized radical addition than it 
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is for an alkyl radical addition to a double bond. Compared to scheme 1, the activation energies 

for schemes 2 and 3 are much higher than those for the alkenyl radical reactions. For these two 

cases the differences are also due to the ring strain component of the activation energy. Figure 2 

shows the differences between the ring strain energies at 298 K for the reaction schemes 1-6 and 

the analogous alkenyl reactions. For the reactions in scheme 1, the ring strain energies are equal 

to or slightly larger than those for the corresponding alkenyl radical reactions; they are within 2-

3 kcal/mol for either the endo- or exo-pathway. For the reactions in schemes 2 and 3, the 

differences are larger. The 1,6 endo-pathway in scheme 2 has a similar ring strain energy to that 

of the alkenyl reaction; while the 1,5 and 1,7 endo-reactions have 5 and 2.5 kcal/mol higher 

energy, respectively. The 1,5 through 1,7 exo-pathways are 9.7, 5, and 4 kcal/mol higher in 

energy, respectively, than the analogous alkenyl reactions. The ring strains for the scheme 3 

reactions are 6-10 kcal/mol higher in energy for either endo- or exo-reactions. The CBS-QB3 

optimized structures of the various transition states for schemes 1-6 as well as those from alkenyl 

reactions are provided in Figures S2 and S3 in the SI. The bond lengths, bond angles, and 

distance between the two reacting carbon atoms in the transition states all together can be used to 

rationalize how the presence of the partially-formed allylic structure in the transition state 

impacts the ring strain energies.    

For a given reaction scheme, the pre-exponential factors systematically decrease as the 

size of the transition state ring increases. This is because more entropy is lost in the formation of 

larger size transition state rings since a greater number of hindered rotors in the reactants are 

incorporated into the transition state ring. For a given reactant, the pre-exponential factor for the 

endo-pathway is smaller than that for the competing exo-pathway. This is because one more 

rotor is tied-up in the endo-transition state than in the exo-transition state. Figure 3a and 3b 

depicts the relationship between the pre-exponential factors and transition state ring sizes for 

schemes 1-3, as well as for the alkenyl radical reactions. The results from the Tables S1-S3 are 

also incorporated in this figure. The pre-exponential factors for schemes 1-3 are consistently 

higher than those for the analogous alkenyl radical reactions. For scheme 3, this is consistent 

with the inclusion of the double bond in the transition state, which results in the loss of one less 

rotor.  

For the endo-cycloaddition reactions of alkenyl radicals, the entropy loss can easily be 

determined on a per-rotor basis. However, for exo-cycloaddition pathway of alkenyl radicals and 

for both reaction pathways in schemes 1–3, it is difficult to simply count the number of rotors 

that are lost in the transition state. For example, for the exo-cycloaddition pathway in the alkenyl 

radical reactions, the C-C=C bending vibration is not constrained in the transition state, and this 

leads to an increased entropy (compared to the endo-transition state). To account for this, a gain 

of 0.5 rotor was assigned to allow the data for the exo-reactions to fall on the trend line for the 

endo-data.
23

 For the reactions in schemes 1–3, there is an additional complication because of the 

partially formed resonance stabilization structure in the transition state. In some cases, the 
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pseudo double bond that is constrained in the allylic structure of the reactants might be released 

in the transition state, increasing the entropy. The higher pre-exponential factors for schemes 1 

and 2 that are shown in Figure 3a and 3b are consistent with this.  

For the cycloaddition reactions of alkenyl radicals, the following equation was shown to 

correlate the calculated pre-exponential factors with the number of frozen rotors (γ): 

�(���) = 2.36 × 10�� × ���.���     eq (1) 

This relationship can be used to estimate the “effective” number of rotors loss (γeffective) in the 

formation of the transition states for the reactions in schemes 1–3, where we simply substitute 

γeffective for γ  in equation 1. The effective rotor loss can be determined from: 

γγγγeffective = γγγγ  + γγγγcorrection       eq (2)  

Where, the corrected rotor loss (γcorrection) is determined by fitting the data to equation 1, the fit 

for the endo-cycloaddition alkenyl radical reactions. As mentioned above, for the exo-

cycloaddition alkenyl radical reactions, γcorrection is approximately –0.5. For schemes 1-3, γcorrection 

is determined to be approximately –0.5 for the endo-reactions and approximately –1.0 for the 

exo-pathways (which incorporates the factor of 0.5 for the C-C=C bending vibration). These 

results are summarized in Table 7. For the endo-cycloaddition reactions of the alkenyl radicals, 

γeffective equals the number of frozen rotors (γ) in the transition state, which is straightforward to 

determine. To illustrate how this procedure works, lets considered the reaction of the 

C=CCC
•
C=C radical via scheme 1 (see reactions 1.1 and 1.5 in Table 2). If we count the rotation 

around the allylic bond, the reactant is considered to have three hindered rotors, and, regardless 

of the pathway, two of those rotors are lost in the formation transition state ring. Thus, for the 

endo pathway, γ = 2 and γeffective = 1.5; for the exo-pathway, γ = 2 and γeffective = 1. Figure 3c and 

3d depicts the relationship between pre-exponential factors and γeffective for schemes 1-3. It shows 

that the pre-exponential factors group nicely with those for alkenyl radical reactions.  

There have been several prior theoretical studies that have considered the endo- and exo-

cycloaddition reactions of 1,5-hexadien-3-yl radical (C=CCC
•
C=C/C=CCC=CC

•
), particularly 

the reaction pathways that proceeds via scheme 3 (reactions 3.1 and 3.3 in Table 4). Cavallotti et 

al.
30

, Sharma et al.
46

, and Buras et al.
47

 investigated the two cyclization pathways of the 1,5-

hexadien-3-yl radical. Wu et al.
19 

studied
 
the effects of substituents on the rate of intramolecular 

cyclization of the 1,5-hexadien-3-yl radical with DFT theory, using the UB3LYP functional. 

This reaction was also considered in our previous work
3
. The activation energies obtained in this 

study for these two pathways are consistent with these calculated by Sharma et al.
46

 The rate 

constants calculated in this work are compared to those reported by Cavallotti et al.
30

, Wu et
 
al.

19
 

and Buras et al.
47

 in Figure 4. Our rate constants and those of Buras et al.
47

 are very similar for 

both the endo- and exo-reactions. The calculation by Wu et al.
19

 for the exo-pathway agrees 

fairly well with these two studies at lower temperatures. It’s worth noting that these three studies 
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used very different theoretical methods. Cavallotti et al.
30

 reported slightly higher rate constants, 

though they also showed that the exo-reaction has a higher rate constant than the endo-reaction. 

Reactions of Non-resonant Linear Radicals 

Tables 8-10 summarize the results for the alkyl-type dienyl radical reactions in schemes 

4-6, respectively. For these reactions, the endo-pathway converts an alkenyl radical into a 

resonantly stabilized cyclic radical. Due to the gain of resonance-stabilization, this pathway is 

significantly exothermic. In contrast, the exo-pathway forms a non-stabilized cyclic carbinyl 

radical. The exo-reactions are endothermic for the 3- and 4-member rings, but become 

exothermic for the larger sized ring reactions. The investigated reactions in scheme 4 includes 

the 1,4 to 1,7 endo- and exo-reactions; for scheme 5 it includes the 1,5 to 1,7 reactions; and 

scheme 6 contains the 1,6 and 1,7 reactions. Again, the calculated rate constants are fit to 

modified Arrhenius form in 300-2500 K, and simple Arrhenius at 298 K and 500-1500 K. The 

modified fits are the preferred format when they are used for wide temperature ranges, since the 

pre-exponential factors show a substantial temperature dependence. The ring strain energies at 

298 K are also provided; the energy barriers for the corresponding bimolecular reactions, which 

correspond to the addition of an alkyl radical to a diene, are provided in Table 11.  

The activation energies for the reactions in schemes 4-6 are significantly lower than those 

for the corresponding reactions in schemes 1-3. However, the trends in the activation energies for 

all of the investigated reactions are similar. That is, for the endo-reactions in scheme 4 (Table 8), 

the activation energy decreases as the size of the ring formed in the transition state increases to a 

6-memberd ring. The activation energies for 1,6 reaction is just slightly less than the 1,7 reaction. 

For the exo-reactions, the activation energy for the 3-membered ring is less than that of the 4-

membered ring reaction, but then the activation energies decrease as the ring size increases to the 

6-membered ring. The activation energies for the endo- and exo- reactions of schemes 7 and 8 

(Tables 9 and 10, respectively) are generally consistent with these observations.  

The alkenyl cycloaddition reactions are again used as the reference reaction to analyze 

the influence of resonance stabilization on the activation energy. For the reactions in schemes 4-

6 the bimolecular component of the barrier is ~5 kcal/mol lower in energy than that for the 

corresponding alkenyl reactions. The difference in the ring strain for the transition states in 

schemes 4-6 and those for the alkenyl radical reactions are shown in Figure 2. The ring strain 

energy for the endo-reactions of scheme 4 are lower than the alkenyl reactions, and the 

difference decreases as the transition state ring size increases. The strain energy for the endo-

pathways of scheme 5 are smaller for the 5-member transition state ring and higher for the 6- and 

7-member rings, than the corresponding alkenyl reactions. For scheme 6, the difference is 

smaller for the 6-membered ring reaction than it is for the 7-membered ring reaction.  The ring 

strain for the exo-pathways of schemes 4-6 are all higher than the analogous alkenyl reactions. 

For the exo-pathways of scheme 4, the higher ring strain energies are primarily due to steric 
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effects that result from the presence of substituents on the reacting carbon atom in the double 

bond. For scheme 5, the partially-formed allylic structure distorts the bond angles and increase 

the strain energies; this impact is more significant for the smaller transition state ring size. For 

scheme 6, with the whole resonance structure inside the ring, the transition state structure it is 

further distorted, resulting in a higher strain energy. The optimized transition state structures for 

the reaction in schemes 4-6 are provided in Figures S1 and S2 in the SI.  

The pre-exponential factors for most of the reactions in schemes 4 and 5 are comparable 

to those for the analogous alkenyl reactions. For scheme 6, the pre-exponential factors are higher, 

due to a double bond that is contained within the transition state ring. The corrected number of 

rotors loss for the reactions in schemes 4-6 appears to be more complicated than those in 

schemes 1-3. These values are provided in Table 7. Using these correction factors, the pre-

exponential factors are plotted versus the effective rotor loss in Figure 5, and the overall 

deviations among the various schemes is within a factor of 2 (as indicated by the blue dashed 

lines). 

Reactions of Allyl Radical and Extended-Resonance Radicals 

The reactions in Table 12 represent three special cases (schemes 7-9). The reaction in 

scheme 7 is the cycloaddition reaction of allyl radical. The reactions in schemes 8 and 9 converts 

an extended resonantly stabilized linear radical to a regular resonantly stabilized cyclic radical 

for the endo-reaction and a non-resonant cyclic radical for the exo-reaction. These reactions 

resemble those in schemes 3 and 2, respectively. The reaction enthalpy changes are less 

exothermic than those in Tables 2-4. The corresponding bimolecular reaction is that of stabilized 

radical addition to the conjugated diene forming a stabilized radical for the endo-reaction, and a 

non-stabilized radical for the exo-pathway; the calculated energy barriers are listed in Table 11. 

For the formation of a given ring-size, the activation energies (as well as the ring strains) of these 

two type reactions are substantially higher than those for the reactions in schemes 1-3 and for the 

alkenyl radical reactions, for both the corresponding endo- and exo-pathways. The pre-

exponential factors for these reactions are also higher than would be obtained using the usual 

correlations for schemes 3 and 2. These results suggest that the reactions involving extended 

resonance need to be treated individually. 

Analysis of the C6H9 Potential Energy Surface  

As shown above, the loss of the resonance stabilization in the reactant (e.g., schemes 1-3) 

means that the barriers for cyclization are significantly higher than those for the corresponding 

alkenyl radicals (cf. Figure S1). Despite this, however, these pathways still play an important 

role in the formation of molecular weight growth species. To illustrate this, in this section, we 

examine the addition reaction of vinyl plus 1,3-butadiene, which occurs on the C6H9 potential 

energy surface.   
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The relevant adduct on the C6H9 surface is the resonantly stabilized 1,5-hexadien-3-yl 

radical (C=CCC=CC
•
/C=CCC

•
C=C), which can react via schemes 1 and 3. The four competing 

pathways are shown in Figure 6. (The formation of the three membered ring via scheme 7 is not 

considered due to its high barrier.) The rate constant for exo-cycloaddition reaction by scheme 1 

via a 3-membered ring transition state is higher than that for exo-cycloaddition by scheme 3 via a 

4-membered ring transition state. Both of the exo-pathways are favored over the endo-reactions. 

Several prior studies have provided explanations as to why the exo-pathway is favored.
12, 23, 25, 26

 

The activation energies for the 1,4 exo-reaction and 1,6 endo- and exo-reactions are comparable; 

the relative importance is determined by the pre-exponential factors. The 1,4 exo-pathway has 

the highest rate, followed by the 1,6 exo- and endo-reaction. The 1,4 endo-reaction has a much 

higher energy barrier than the other three pathways; it only become competitive at high 

temperatures (>1500 K). 

Examination of the high-pressure rate constants shows that the exo-cycloaddition reaction 

of scheme 1 is favored over the other competing reactions. However, in order to understand the 

relative importance of these various pathways, one must consider other competing reaction 

channels from the adduct and the subsequent reactions from the cyclized isomers. A simplified 

version of the C6H9 potential energy surface
3
 is shown in Figure 7. Some of the pathways on this 

surface have been reported by Buras et al.
47

 (at the CCSD(T)-F12a/cc-pVTZ-F12 level of theory). 

Cyclization of 1,5-hexadien-3-yl (1) by the endo-pathways lead to (6) and (3) via schemes 1 and 

3, respectively. The exo-pathways leads to (7) and (4), respectively. Species (7) can ring-open to 

form the branched adduct (8), which can cyclize to form (9). These types of isomerization 

pathways have previously been discussed.
48

 The 1,5-hexadien-3-yl (1) can also undergo an 

intramolecular H-atom shift reaction to form the 1,3-hexadien-5-yl (2), which can cyclize via the 

endo- and exo-reactions of scheme 3 to form (5) and (10), respectively.  

Analysis of the C6H9 surface shows that: a) The barriers for all of the cycloaddition 

reactions, and for the H-atom shift reactions, are generally lower in energy than barriers for the 

corresponding competing β-scission of the adducts (e.g., (1) to (VII) and (VIII), (2) to (VII), and 

(3) to (III) and (IV)), although the pre-exponential factors are notably lower. b) As shown above, 

the exo-cycloaddition of (1) to (7) has the lowest barrier. However, the cyclic isomer (7) is more 

likely to ring open (either back to (1) or to (8)) than it is to directly β-scission to (XIII). c) The 

scheme 1 cycloaddition reactions of (1) to (3) and (4) have comparable energy barriers. The 

subsequent reactions from (3) to (III) and (IV) correspond to the lowest energy exit channels, 

followed by the reaction of (4) to (5) then to (I). d) If the surface is entered from the addition of 

vinyl to 1,3-butadiene (VIII), then the adduct (1) is chemically activated and it has sufficient 

energy to directly react to form the stable unsaturated 5- and 6-membered ring species.  

The chemically-activated pressure dependent rate constants for the reaction of vinyl plus 

1,3-butadiene to form adduct (1) at 1 atm are shown by the solid lines in Figure 8. Note that the 

figure is divided into two plots for readability; on the left hand side are the rate constants to form 
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the collisionally-stabilized intermediate radicals and on the right-hand side are the rate constants 

to form bimolecular products. The rate constants forming the products, including cyclohexadiene 

isomers + H (III) and (IV), and cyclopentadiene + CH3 (I), are significant, especially at ~1000K. 

Thus, even though the formation of the partial resonance structure in the transition state, 

increases the activation energy (compared to the alkenyl radical cycloadditions), the energy of 

the entrance channels is sufficiently high that the cycloaddition reactions and the subsequent β-

scission reactions are accessible, effectively “locking in” the molecular weight growth products. 

Our earlier study
3
 presented an approximate method for the analysis of complex pressure-

dependent reaction systems involving alkyl radical H-atom shift and alkenyl radical 

cycloaddition reactions. This study as well as a previous one
27

 investigated the impact of 

resonance stabilization on these two type isomerization reactions for radicals with unsaturated 

bond(s). Together they allow us now to extend the approximate method to more complicated 

reaction systems. This method has been applied to the C6H9 potential energy surface in Figure 7. 

The estimated energies are compared to the CBS-QB3 results in Table S4 in the SI. The 

activation energy for the H-atom shift reactions (i.e., species (1) to (2) and (4) to (5)) are 

estimated from the sum of energy barrier of the analogous H-abstraction reaction and ring 

strain.
23, 27

 Similarly, the activation energy for the cycloaddition reactions (i.e., species (1) to (4) 

and (3), (2) to (5), and (8) to (9)) are estimated from the sum of analogous addition reactions and 

ring strain, which have been discussed above as well as in our prior study.
3, 23

 The barriers of the 

addition reactions for the entrance and exit channels are estimated from similar reactions in the 

literature.
41,

 
49-51

 In each case, the rate parameters for the reverse reactions were obtained from 

the estimated rate parameters for the forward reaction and the group additivity based equilibrium 

constant. Comparison of the estimated and calculated results reveals that, in most cases, the 

estimated enthalpies using group additivity methods
36, 37

 for the stable species are lower than the 

calculated values. The enthalpies for the transition states are also lower, meaning that estimated 

and calculated barriers are quite similar. For three species (6, 9, and X) the estimated enthalpies 

are ~5-10 kcal/mol lower than the corresponding calculated values. However, there is only one 

transition state (10-X) where the difference in barriers is greater than ~3 kcal/mol. Figure 8 

shows the apparent rate constants at 1 atm based on the estimated values (dashed lines) as well as 

these obtained from CBS-QB3 calculations (solid lines) for reaction of vinyl plus 1,3-butadiene 

(VIII) via the chemically activated 1,5-hexadien-3-yl radical (1). Overall, the results derived 

from the approximate surface are reasonably consistent with the more rigorous treatment.  

Summary 

The influence of the resonance structure on the kinetics of endo- and exo-cycloaddition 

reactions was examined using electronic structure calculations at the CBS-QB3 level of theory. 

The results are discussed in the context of a Benson-type model to examine the impact on both 

the activation energies (including ring strain) and pre-exponential factors. Two sets of reactions 
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were investigated. In the first set, a resonant linear dienyl radical is converted into a non-resonant 

cyclic radical. In the second set, a non-allylic linear dienyl radical is converted to either an allylic 

cyclic radical or a cyclic carbinyl radical. In each case, three different reaction schemes are 

examined based on the location of the resonance structure in the cyclic transition state. The 

results are compared to previously reported rate parameters for the cycloaddition reactions of 

alkenyl radicals. For the endo-pathways, the activation energies for the first and second sets 

reactions are higher and lower, respectively, than those for the corresponding alkenyl radical 

reactions. For the exo-pathways, the activation energies for both sets reactions are higher than 

the alkenyl reactions. These differences are primarily due to the bimolecular component of the 

activation energy in the Benson-type model, which is turn is governed by the different reaction 

enthalpies. However, in some cases, the presence of the partially-formed resonance structure in 

transition state significantly increases the transition state ring strain energy. The pre-exponential 

factors are also impacted by the formation of allylic transition state structures. Comparison of the 

investigated schemes to those of analogous alkenyl reactions indicate the partially-formed 

transition state resonant structures have a profound impact on the overall reaction rates. Thus, it 

is important to be able to account for the impact of the full and/or partial resonance in rate 

estimation methods. To facilitate this, we have provided correction factors (in the form of ring 

strains and corrected rotors) that can be used to generate rate estimation rules. The improved 

understanding of the impact of resonance stabilization on unimolecular isomerization reactions is 

used to generate estimates of the rate constants for the reactions that occur on the C6H9 potential 

energy surface. Such an extension is important for the development of kinetic mechanisms, 

especially in the context of molecular weight growth during the pyrolysis and oxidation of 

olefins and alkanes. The analysis of the addition reaction of vinyl to 1,3-cyclopentadiene on the 

C6H9 surface reveals that the cycloaddition channels are an energetically favorable route to the 

formation of molecular weight growth species.  
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Figure 1: Simplified C5H9 potential energy surface at the CBS-QB3 level of theory, showing the 

enthalpies in kcal/mol at 298K
3
. (Reprint with permission from PCCP)  
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Figure 2: Comparison of the differences in ring strain energies of endo- (left) and exo- (right) 

cycloaddition reactions in schemes 1-6 for different transition state ring sizes to those of analogous 

alkenyl radical reactions
23

 at 298K. 
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Figure 3: The pre-exponential factors versus the ring size of transition states (a and b) and effective rotor 

loss (c and d) in temperature range of 500-1500 K. (Open and crossed symbols: Schemes 1-3 in this study; 

filled blue symbols and blue line: ring closure reactions of alkenyl radicals from the previous work
23

. 
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Figure 4: Comparison of the reported rate constants for endo- and exo-ring closure reactions of the 1,5-

hexadien-3-yl radical (C=CCC=CC
•
/C=CCC

•
C=C) and this study. 
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Figure 5: Correlation between the pre-exponential factors and effective loss of hindered rotors (γeffective) in 

temperature range of 500-1500 K. (Blue symbols and blue solid line—Ring closure of alkenyl radicals 

from the previous work
23

, Upper and lower dashed lines— The pre-exponential factors calculated by the 

correlation multiply and divided by a factor of 2; Symbols in other colors—Schemes 1-6 in this study). 

 

 

 

 

 

Figure 6: Comparison of the rate constants for the various cycloaddition pathways for the 1,5-hexadien-

3-yl radical (C=CCC=CC
•
/C=CCC

•
C=C). Note that S1 and S3 mean schemes 1 and 3, respectively. 
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4 

 

 

Figure 7: Simplified C6H9 potential energy surface calculated at the CBS-QB3 level of theory, showing 

the enthalpies in kcal/mol at 298K. The cycloaddition reactions are shown by the blue lines (scheme 3), 

red lines (scheme 1), and the purple lines. For these reactions the dashed lines correspond to the exo-

pathway and the solid lines to the endo-pathway.  The blue lines correspond to H-atom shift reactions and 

the black lines to β-scission reactions. 
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Figure 8: Comparison of the predicted chemically activated rate constants based on CBS-QB3 

calculations (solid lines with symbols) to those estimated using rate rules (dashed lines) for the product 

channels resulting from the addition reaction of vinyl to 1,3-butadiene (VIII in Figure 7) at 1 atm in N2. 

The left-hand side plot shows the rate constants to form the adducts and the right-hand side shows the rate 

constants to form bimolecular products. The product structures are provided in Figure 7: (1) 

C=CCC=CC•, (2) C=CC=CC•C, (3) cyclohexene-4-yl, (4) cyclopentene-4-carbinyl, (7) 1-vinyl-

cyclopentane-2-carbinyl, (8) 2-vinyl-1-butenyl, (I) 1,3-cyclopentadiene + CH3, (III) 1,3-cyclohexadiene + 

H, (IV) 1,4-cyclohexadiene + H, (VI)  methylene-cyclopentene + H, and (VII) H + C=CC=CC=C.) 

 

  

Page 21 of 31 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



6 

 

Table 1: Representative reactions for schemes 1-6. 

 

 

  

Schemes Endo-cyclization Exo-cyclization

1

2

3

4

5

6

Page 22 of 31Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



7 

 

Table 2: Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for the Endo- 

and Exo-ring Closure Reactions of Scheme 1. 

 

Note: 
a
 The units for A, A’, and A’’ are s

-1
, and are kcal/mol for ∆RH

298
, E, Ea, Ea’, and Estrain. 

b 
Molecule 

structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability. 

A   n E A'' Ea' A'  Ea 

1,4 Endo

1.1 C=CCC•C=C 

6.03E+07 1.25 37.6 1.05E+12 39.7 2.66E+11 38.3 26.6 19.2

1,5 Endo

1.2 C=CCCC•C=C 

1.70E+07 1.10 19.8 9.24E+10 21.7 2.76E+10 20.5 8.8 -3.8

1,6 Endo

1.3 C=CCCCC•C=C 

4.14E+05 1.34 11.7 1.46E+10 13.9 3.30E+09 12.5 0.8 -6.4

1,7 Endo

1.4 C=CCCCCC•C=C

9.25E+04 1.25 13.3 1.60E+09 15.4 4.06E+08 14.0 2.3 -3.4

1,4 Exo

1.5 C=CCC•C=C

3.28E+08 1.13 16.6 2.23E+12 18.5 6.33E+11 17.3 4.7 16.5

1,5 Exo

1.6 C=CCCC•C=C

4.97E+06 1.44 20.7 3.61E+11 23.1 7.47E+10 21.6 9.0 17.2

1,6 Exo

1.7 C=CCCCC•C=C

7.66E+05 1.42 11.7 5.02E+10 14.1 1.05E+10 12.5 -0.1 -0.5

1,7 Exo

1.8 C=CCCCCC•C=C

9.55E+04 1.34 11.6 3.33E+09 13.8 7.64E+08 12.4 -0.2 -5.2

ΔRH
298 

Modified Arrhenius Parameters Arrhenius Parameters

500-1500 K

Arrhenius Parameters

298 K

# E strainReactants

300-2500 K
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Table 3: Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for the Endo- 

and Exo-ring Closure Reactions of Scheme 2. 

 

Note: 
a
 The units for A, A’, and A’’ are s

-1
, and are kcal/mol for ∆RH

298
, E, Ea, Ea’, and Estrain. 

b 
Molecule 

structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability. 

  

Table 4: Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for the Endo- 

and Exo-ring Closure Reactions of Scheme 3. 

 

Note: 
a
 The units for A, A’, and A’’ are s

-1
, and are kcal/mol for ∆RH

298
, E, Ea, Ea’, and Estrain. 

b 
Molecule 

structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability.  

A   n E A''     Ea' A'    Ea 

1,5 Endo

2.1 C=C(C•)CC=C

4.35E+08 0.80 24.2 2.20E+11 25.6 9.17E+10 24.7 13.3 -4.3

1,6 Endo

2.2 C=C(C•)CCC=C

1.96E+07 0.86 11.8 1.54E+10 13.2 6.01E+09 12.3 0.9 -8.7

2.3 1,7 Endo

C=C(C•)CCCC=C

8.02E+05 0.98 13.9 1.46E+09 15.3 5.64E+08 14.5 3.1 -5.4

1,5 Exo

2.4 C=C(C•)CC=C

8.33E+08 0.89 29.0 8.64E+11 30.5 3.25E+11 29.5 16.9 17.3

1,6 Exo

2.5 C=C(C•)CCC=C

2.75E+07 0.94 14.8 4.11E+10 16.4 1.47E+10 15.3 2.7 -3.2

1,7 Exo

2.6 C=C(C•)CCCC=C

1.11E+06 1.05 14.0 3.60E+09 15.6 1.27E+09 14.6 2.0 -3.2

ΔRH
298 

Modified Arrhenius Parameters Arrhenius Parameters

500-1500 K

Arrhenius Parameters

298 K

# EstrainReactants

300-2500 K

A     n E A''     Ea' A'     Ea 

1,6 Endo

3.1 C=CCC=CC•

2.31E+08 0.78 19.9 1.02E+11 21.2 4.32E+10 20.3 8.9 -7.2

1,7 Endo

3.2 C=CCCC=CC•

7.89E+06 0.87 21.8 7.11E+09 23.3 2.73E+09 22.3 10.9 -3.4

1,6 Exo

3.3 C=CCC=CC•

4.71E+08 0.86 19.6 3.93E+11 21.0 1.52E+11 20.1 7.5 -2.0

1,7 Exo

3.4 C=CCCC=CC•

7.14E+06 0.93 16.2 9.88E+09 17.8 3.57E+09 16.7 4.1 -6.6

# Reactants
Modified Arrhenius Parameters Arrhenius ParametersArrhenius Parameters

ΔR H
298 

300-2500 K 298 K500-1500 K

E strain
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Table 5: The Reference Bimolecular Addition Reactions of Allylic Radicals to Olefins for Schemes 1-3. 

 

Note: The Arrhenius parameters are obtained in T=300-2500 K. 

 

  

Terminal addition

C=CC• + C2H4 ↔ C=CCCC• 2.70E+03 2.7 11.3 12.1 -7.5

CC=CC• + C2H4 ↔ trans-CC=CCCC• 5.04E+02 2.7 11.6 12.3 -7.2

C=C(C)C• + C2H4 ↔ C=C(C)CCC• 2.16E+03 2.7 10.3 11.0 -8.3

C=CC• + C=CC ↔ C=CCCC•C 1.56E+03 2.5 11.0 11.7 -7.9

C=CC• + C=CCC ↔ C=CCCC•CC 1.31E+03 2.6 10.9 11.6 -7.5

C=C(C)C• + C=C(C)C ↔ C=C(C)CCC(C)•C 5.20E+03 2.5 9.3 10.0 -8.1

Average 11.4

STDEV 0.9

C=CC•C + C2H4 ↔ C=CC(C)CC• 1.01E+02 3.0 11.3 12.0 -6.5

C=CC•C + C=CC ↔ C=CC(C)CC•C 5.42E+01 2.9 10.6 11.3 -6.7

Average 11.7

STDEV 0.5

Non-terminal addition

C=CC• + C=CC ↔ C=CCCC2• 1.37E+02 2.8 12.2 12.9 -5.7

C=CC• + C=CCC ↔ C=CCC(C•)CC 1.22E+01 3.1 11.7 12.5 -6.7

C=CC• + trans-CC=CC ↔ C=CCC2C•C 9.53E+02 2.7 11.2 12.0 -6.4

C=C(C)C• + C=C(C)C ↔ C=C(C)CCC3• 2.75E+00 3.2 12.3 13.1 -4.2

Average 12.6

STDEV 0.5

C=CC•C + C=CC ↔ C=CC(C)CC(C)• 1.71E+00 3.2 11.7 12.6 -3.9

∆∆∆∆RH
298 

[kcal/mol]

Ea (298 K) 

[kcal/mol]
Reactions

A    

[cm
3
/mol-s]

n
E 

[kcal/mol]
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Table 6: Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for the Endo- 

and Exo-ring Closure Reactions of the Alkenyl Radicals.  

 

Note: 
a
 The units for A, A’, and A’’ are s

-1
, and are kcal/mol for ∆RH

298
, E, Ea, Ea’, and Estrain. 

b 
Molecule 

structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability.  

 

Table 7: Summary of Corrected Rotors Loss (γcorrection) for Different Reaction Schemes.  

 

  

A n E A''   Ea' A'     Ea 

1,4 Endo

1 C=CCC● 6.60E+07 1.08 30.4 3.08E+11 32.2 9.38E+10 31.0 24.5 4.6

1,5 Endo

2 C=CCCC● 1.65E+07 1.02 14.2 4.68E+10 15.9 1.53E+10 14.8 8.3 -18.5

1,6 Endo

3 C=CCCCC● 1.25E+06 1.08 6.7 5.44E+09 8.5 1.67E+09 7.3 0.8 -22.1

1,7 Endo

4 C=CCCCCC● 1.14E+05 1.20 6.5 1.36E+09 8.5 3.62E+08 7.2 0.7 -19.6

1,4 Exo

5 C=CCC● 6.32E+08 0.97 8.9 1.19E+12 10.5 4.13E+11 9.5 1.7 2.5

1,5 Exo

6 C=CCCC● 2.07E+06 1.46 14.1 1.81E+11 16.6 3.65E+10 15.0 7.2 2.5

1,6 Exo

7 C=CCCCC● 6.98E+05 1.33 4.7 2.26E+10 6.9 5.24E+09 5.5 -2.3 -15.7

1,7 Exo

8 C=CCCCCC● 1.53E+05 1.26 5.1 2.91E+09 7.2 7.28E+08 5.8 -2.0 -22.6

300 - 2500 K

E strain ΔRH
298

298 K500 - 1500 K

# Reactants
Modified Arrhenius Parameters Arrhenius ParametersArrhenius Parameters

Endo-cycloaddition Exo-cycloaddition

Alkenyl radicals 0 -0.5 By definition (endo-reaction)

Schemes 1-3 -0.5 -1.0 Resonantly-stabilized liear radical to non-resonant cyclic radicals

Scheme 4 0.2 0.5

Scheme 5 -0.3 -0.3

Scheme 6 0 0

Reaction types
Corrected rotors loss (γγγγ correction )

Note

Non-resonantly-stabilized liear radical to resonant (endo-reaction) 

or non-resonant carbinyl cyclic (exo-reaction) radicals
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Table 8: Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for the Endo- 

and Exo-ring Closure Reactions of Scheme 4. 

 

Note: 
a
 The units for A, A’, and A’’ are s

-1
, and are kcal/mol for ∆RH

298
, E, Ea, Ea’, and Estrain. 

b 
Molecule 

structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability.  

  

A  n E A''    Ea' A'   Ea 

1,4 Endo

4.1 C=C(C=C)CC• 

3.64E+08 0.73 22.5 1.04E+11 23.7 4.71E+10 22.9 19.0 -8.5

1,5 Endo

4.2 C=C(C=C)CC•

9.29E+06 0.99 9.0 2.13E+10 10.7 7.18E+09 9.6 5.7 -30.9

1,6 Endo

4.3 C=C(C=C)CCC•

8.82E+05 1.09 2.7 4.31E+09 4.5 1.31E+09 3.4 -0.5 -34.6

1,7 Endo

4.4 C=C(C=C)CCCC•

8.92E+04 1.17 2.9 8.33E+08 4.8 2.30E+08 3.6 -0.3 -31.5

1,4 Exo

4.5 C=C(C=C)CC• 

5.92E+09 0.57 10.9 5.03E+11 11.8 2.77E+11 11.3 3.1 5.9

1,5 Exo

4.6 C=C(C=C)CC•

5.37E+07 0.89 15.5 5.39E+10 16.9 2.11E+10 16.0 7.8 6.2

1,6 Exo

4.7 C=C(C=C)CCC•

9.27E+06 0.87 7.6 7.17E+09 8.8 3.12E+09 8.1 -0.1 -12.0

1,7 Exo

4.8 C=C(C=C)CCCC•

1.64E+05 1.01 5.9 3.60E+08 7.3 1.40E+08 6.5 -1.7 -17.4

ΔRH
298

Modified Arrhenius Parameters Arrhenius Parameters
E strain

500-1500 K

Arrhenius Parameters

298 K

# Reactants

300-2500 K
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Table 9: Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for the Endo- 

and Exo-ring Closure Reactions of Scheme 5. 

 

Note: 
a
 The units for A, A’, and A’’ are s

-1
, and are kcal/mol for ∆RH

298
, E, Ea, Ea’, and Estrain. 

b 
Molecule 

structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability. 

 

  

A    n E A''     Ea' A'    Ea 

1,5 Endo

5.1 C=C(C=C)CC• 

7.48E+08 0.61 11.9 8.02E+10 12.7 4.48E+10 12.2 8.3 -30.0

1,6 Endo

5.2 C=C(C=C)CC•

9.77E+07 0.65 10.7 1.39E+10 11.5 7.80E+09 11.1 7.2 -33.2

1,7 Endo

5.3 C=C(C=C)CCC•

3.34E+06 0.75 9.5 9.55E+08 10.4 5.04E+08 9.9 6.0 -31.0

1,5 Exo

5.4 C=C(C=C)CC• 

1.24E+09 0.65 16.5 1.78E+11 17.5 9.49E+10 16.9 8.7 6.1

1,6 Exo

5.5 C=C(C=C)CC•

2.72E+07 0.92 7.4 3.19E+10 8.8 1.29E+10 8.0 -0.2 -13.5

1,7 Exo

5.6 C=C(C=C)CCC•

4.00E+06 0.88 5.6 3.38E+09 6.8 1.50E+09 6.2 -2.0 -18.6

ΔRH
298

Arrhenius Parameters
Estrain

Arrhenius Parameters

300-2500 K 298 K500-1500 K

# Reactants
Modified Arrhenius Parameters
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Table 10: Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for the Endo- 

and Exo-ring Closure Reactions of Scheme 6.   

 

Note: 
a
 The units for A, A’, and A’’ are s

-1
, and are kcal/mol for ∆RH

298
, E, Ea, Ea’, and Estrain. 

b 
Molecule 

structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability. 

 

 

  

A    n E A''     Ea' A'    Ea 

1,6 Endo

6.1 C=CC=CCC• 

2.23E+09 0.40 8.2 4.50E+10 8.7 3.18E+10 8.4 4.5 -33.9

1,7 Endo

6.2 C=CC=CCCC• 

1.84E+08 0.48 11.9 6.87E+09 12.4 4.63E+09 12.1 8.2 -29.5

1,6 Exo

6.3 C=CC=CCC• 

8.67E+09 0.47 10.1 3.06E+11 10.7 1.99E+11 10.4 2.2 -12.8

1,7 Exo

6.4 C=CC=CCCC• 

5.58E+08 0.55 10.4 3.54E+10 11.0 2.20E+10 10.7 2.5 -16.3

ΔRH
298

300-2500 K 298 K500-1500 K

Estrain# Reactants
Modified Arrhenius Parameters Arrhenius ParametersArrhenius Parameters
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Table 11: Representative Bimolecular Addition Reactions of Alkyl and Allylic Radicals to Conjugated 

Diolefins. 

 

Note: The Arrhenius parameters are obtained in T=300-2500 K. 

 

 

  

Alkyl radical addition to C=CC=C

Terminal addition

CH3 + C=CC=C ↔ CCC=CC• 1.40E+05 2.3 2.6 3.9 -34.6

C2H5 + C=CC=C ↔ CCCC=CC• 7.97E+04 2.4 2.3 3.7 -33.5

CCC• + C=CC=C ↔ CCCCC=CC• 5.40E+03 2.5 2.5 4.0 -33.1

Average 3.9

STDEV 0.2

CC•C + C=CC=C ↔ CC(C)CC=CC• 1.38E+04 2.2 1.5 2.8 -32.1

CC•C + C=C(C)C=C ↔ C=C(C)C•CC(C)C 1.50E+02 2.7 1.1 2.7 -31.6

Average 2.7

Non-terminal addition STDEV 0.1

CH3 + C=CC=C ↔ C=CC(C)C• 1.72E+05 2.3 7.2 8.6 -18.2

C2H5 + C=CC=C ↔ C=CC(CC)C• 2.58E+03 2.6 6.2 7.8 -17.4

Average 8.2

Stabilized radical addition to C=CC=C STDEV 0.6

Terminal addition

C=CC• + C=CC=C ↔ C=CCCC=CC• 4.54E+03 2.5 7.1 8.5 -18.7

C=C(C)C• + C=CC=C ↔ C=C(C)CCC=CC• 1.40E+05 2.0 6.4 7.5 -19.8

C=CC• + trans-C=CC=CC ↔ C=CCCC=CC•C 7.00E+04 2.0 7.4 8.5 -18.6

CC=CC• + C=CC=C ↔ CC=CCCC=CC• 2.60E+04 2.1 7.5 8.7 -18.5

Average 8.3

STDEV 0.5

C=CC•C + C=CC=C ↔ C=CC(C)CC=CC• 5.27E+03 2.3 6.9 8.3 -17.5

C=CC•C + trans-C=CC=CC ↔ C=CC(C)CC=CC•C 2.33E+03 2.2 6.9 8.3 -17.4

Average 8.3

Non-terminal addition STDEV 0.0

C=CC• + C=CC=C ↔ C=CC(C•)CC=C 1.32E+03 2.7 12.9 14.5 -1.3

CC=CC• + C=CC=C ↔ C=CC(C•)CC=CC 1.05E+03 2.6 13.0 14.5 -2.4

Average 14.5

STDEV 0.0

Reactions
∆∆∆∆RH

298 

[kcal/mol]

Ea (298 K) 

[kcal/mol]

A    

[cm
3
/mol-s]

n
E 

[kcal/mol]
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Table 12: Rate Constants and Reaction Enthalpies Calculated at CBS-QB3 Level of Theory for the Endo- 

and Exo-ring Closure Reactions of Allyl and Extended Resonance Radicals. 

 

Note: 
a
 The units for A, A’, and A’’ are s

-1
, and are kcal/mol for ∆RH

298
, E, Ea, Ea’, and Estrain. 

b 
Molecule 

structures are presented in abbreviated form (H atoms missing, radical site marked with “•”) to improve 

readability. 

 

 

A     n E A''     Ea' A'     Ea 

1,3 Endo

7.1 C=CC•

8.58E+11 0.45 51.0 2.75E+13 51.8 1.69E+13 51.3 39.9 30.3

1,5 Endo

8.1 C=CC=CC•

7.89E+11 0.28 35.6 6.94E+12 36.1 5.11E+12 35.8 27.5 -7.5

1,5 Exo

8.2 C=CC=CC•

9.43E+11 0.34 42.8 1.33E+13 43.4 9.19E+12 43.0 28.5 32.8

1,4 Endo

9.1 C=C(C•)C=C

1.30E+10 0.59 38.4 1.31E+12 39.4 6.85E+11 38.7 30.4 6.9

1,4 Exo

9.2 C=C(C•)C=C

1.19E+11 0.51 32.2 6.24E+12 33.1 3.57E+12 32.5 18.0 29.5

ΔRH
298 

300-2500 K 298 K500-1500 K

E strain# Reactants
Modified Arrhenius Parameters Arrhenius ParametersArrhenius Parameters
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