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Abstract - A recently developed classical model for the calculation of activation free 
energies of chemical reactions Is applied to the study of slgmatropic shifts and 
cycloaddltlon reactlons. The modal does not requlre the consideration of parallel or 
perpendicular effects along the reactlon coordinate to interpret substltuent effects. 
Thesa reactions can be treated as any other ordinary chemical reation, and the effect 
of substltuants Is explalned in terms of an Increase In the bond order of the transition 
state, n*, due to an increase In the electronic charge produced by the substltwnts on 
the carbon skeleton. Secondary Isotope effects are also explained In terms of n*. 
The model estimates absolute AC* for the main reactions In good agreement wlth 
experiment, tmder the assumption that the processes are concerted and synchronous 
and consequently n* = 0.5. The nonllMtar character of the free energy relatlonshlp 
for these rea~tlcns Is attributed to the variatlon of n* upon substitution. Some of 
the apparent violations of the Woodward-Hoffmann rules on the conservation of orbital 
symmetry in concerted reactions can be treated In a slmllar way. The synchronism of 
these reactions is also discussed. 

Sigmatropic shift reactions have been extenslvety studied in order to assess their concerted nature 1 and 

to interpret substituent effects which cannot be studied in terms of linear free energy relationshlps.2r3 Theoret- 

ical models based on transverse effects of structures along the reaction coordinate have been employed to 

quantitatively Interpret substltuent effects on the shift and on cycloaddltlon reactiom.4 These two dimensional 

potential energy surfaces have been questioned on the grounds that they do not interpret kinetic isotope effects 

and bear no resemblance to potential energy surfaces current in molecular dynamics.5 Agmon has proposed an 

alternative model based on one-dimensional reaction energy curves, where effects of structures perpendicular 

to the reaction coordinate can be described by an upslde-down free energy profiIe.5 However both models 

require parameters adjustable to kinetic data. 

We have recently developed a model to estimate actlvatlcn free energies for reacticns in the vapour phase 

and in solution.6 which has been found to be more general than BEB07 and Marcus* theories, and which for 

thermoneutral reactions is based on empirlcal relations outslde the field of kinetics. We therefore feel It useful 

to apply such a model to the study of sigmatroplc shift and cycloaddltion reactions, not only to interpret 

substituent and isotope effects, but also to interpret the absolute value of AC* for the main reacticns, in terms 

of molecular and thermodynamic parameters. We will also show that these reactions can be treated as any other 

ordinary chemical reactlon, as long as the role of the bond order at the tramltlon state Is properly assessed. 

nmawkd MO&l 

Most organic reactions are one-bond process, involving either the making and breaking of one bond or 

distinct steps where a simple bond is formed or broken. g Let us assume for simplicity that the potential energy 

curves of these reactive bonds can be represented by harmonic oscillators with a common force constant f. The 
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activation free energy for the reaction given by the Intersection of two parsboles separated by a distance d, 

Is 

AC*=(AG”+tl 12jfd2j2/2fd2 (1) 

where AC0 is the reaction free energy and d represents also the sum of the bond distensions of reactant and 

product to the transItIon state. We have shown 6 that d Is proportlonal to the sum of the equlllbrlum lengths 

of the reactive bonds, 

d = n (I, ‘IpI (2) 

where n Is a reduced bond distension, 6b 

q =3!h2+4AG”)2 (3) 

n* 2X2 

a’ is an universal constant (a’ = 0.156) and n* Is the average bond order of the reactive bonds at the transition 

state. The configuration entropy parameter, A, proposed by Agmon and Levine lo is only a significant parameter 

to estimate AC* for reasonably high endothermic or exothermic reactions. Consequently, when AGo Is close 

to zero or A >. [AGoI, the actlvatlon free energy can be estimated from the knowledge of the force constant, 

f, the equlllklum bond lengths I, and Ip, the reactlon free energy AGO and the bond order at the trsnsltlon state 

n*. The parameters f, I,, Ip and AGo can be known from spectroscopic and thermodynamic data. The bond order 

n* depends on the nature of the reaction. 

For one-bond reactlcns, involving single bonds (n=lj, the conservation of the total bond order, 7 np + nr = 

1, requires that at the transition state the average bond order is n * = 112. However, this is only valid for a syn- 

chronous and concerted reaction. 9 If the reactlon Is concerted, but Is not synchronous then n* <l/Z. We have 

also shown6 that for some reactions the total bond order can increase If antibonding or nonbonding electrons 

acquire a bonding character at the transition state. Then np + nr = m (m >l j and for a synchronous reaction 

n* = m/2, whereas for a nonsynchronous process n*< m/2: m is the maxlmum possible bond order value which 

can tm known from slmple molecular orbltal theory.“. 

Dewar g has suggested that synchronous multibond reactions are normally prohibited, with some exceptkms 

where there are some special advantages of synchronlclty. Sigmatroplc rearrangements and cycloadditlons are 

currently considered as synchronous and concerted processes, but Dewar has raised some doubts about such 

Ideas. Consequently the analysis of such reactions within the general Intersecting-state model may contribute 

to a clarlflcatlon of thls problem. Although the present model has been developed for collinear atom+diatom 

reactions, It can be extended to multibond processes If a judlclous choice of the effective force constant along 

the reaction coordinate is made. 

SlQrutroplc Rwctlow 

The 3,3-shifts of 1,5-hexadlenes is a convenient reaction to study theoretlcally 

because all the necessary kinetic and thermodynamic data are known. l-3 The relevant molecular parameters 

can also be easily estimated if the reaction Is represented in terms of the transformation of only one chemical 

bond. The stretching force comtant can be consldered as an average of ZfC=C and 3fC_C dlstrlbuted between 

SIX effective bends in the bond-breaking bond-forming processes. With fC=C=5.6x103 kJ mol-1Ao-2 and 

fC_C=2.7x103 kJ mol-t A”-2,12 then f=3.3x103 kJ mol-1Ao-2. This value Is, In fact, close to the carbon-carbon 

stretching force constant In benzene, f=3.1-3.4x103 kJ mol- A - 1 o 2. The average equilibrium bond length In the 

reactant or the product Is (2 IC=C+3 IC-Cl15 which with lC=C=1.335 A0 and IC-C=1.537 A0 T2 leads to 

lr+lp=2.912 A 0 . 

5 A synchronous reaction Is one where all the bond-making and bond-keaklng processes take place in unison. 
A concerted reactlcn is one that takes place In a single klnetlc step, wlthout necessarily belng synchronous. 
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The sigmatropic shift reactlon under study involves the breaking and forming of several chemical bonds, but 

all the processes fn=lZn=2, n=l=n=Oj are equivalent to bond-tweaking bond-forming processes of single cheml- 

cal bonds. Consequently, if this reaction Is a synchronous process n*=1/2. Since AG*O we have all the 

necessary data to estlmate AC* and compere the calculated and the experlmental (AC*=171 kJ wuX1) value8.l 

With f=3.3x103 kJ mol-l AOm2 the calculated is AC*=163 kJ mol-T and with f=3.4x103 kJ mol-’ Aow2 AC*=168 

kJ mol-T.The calculated values agree with the experimental value with an error ~5%. Thls supports the view’ 

that this slgmatroplc shift reaction Is essentially synchronous, otherwise &l/2 and the calculated activation 

free energy would be much higher than the experlmental value. The present flndlngs also support the use of 

harmonic stretching osclllatort for the potential energy curves. This assumption is convenient because AG*is 

much lower than the dissociation energies of the carbon-carbon bonds In hexadlenes. Furthermore any 

contrlbutlon from bendlng or twisting modes which are not associated with the bond stretches cannot be very 

slgnlflcant.5 

Although the present calculation supports the concerted character of the sigmatropic rearrangement of 

1,5-hexadiene we can also consider the possibility of a nonconcerted reaction Involving the blradlcal 

intermediate 1,4-cyclohexylene. Now the bond-forming bond-breaking process involve only the following 

chemical bonds l-2, 5-6 and 1-6, and consequently fr=t2/3)fC=C=3.9x103 kJ mol-‘, fp=fC_C and 

l=lC=C+IC-C=2.872 A”. With this set of values and AGo=146 kJ mol-1 13, AC*=243 kJ mol-l wlth n&1/2. 

Assuming the more likely situation 6 that the two unpaired electrons can acquire a bonding character at the 

transition state, then thls contribution over 6 bonds leads to n*=0.667 and AC*=181 kJ mol-1 which is almost 

20 kJ mol-l higher than the corresponding value calculated for the concerted reactlon. The same situation has 

also been found by Gajewskl In3 who estimate AG*=220 kJ mol-l for this nonconcerted pathway. 

To interpret the substitwnt effects In these reactions it is more convenient to adjust f in order to reproduce 

the activation free energy In 1.5~hexadiene tn*=l/2) and with this adjusted value (f=3.465x103 kJ mol-t Ao-2) 

calculate the bond distensions parameter d which reproduce AC* for the other reactions. Table 1 presents the 

results of such a calculation, together with the reduced bond distension, n. The bond order of the transition 

state, n*, Is then calculated through eq [3j when X>>j AGoI, Le., n*=O.l08/n. For the ally1 vinyl ether the 

approprlate correctlons due to the presence of a C-O bond ffC_O=3x103 kJ mol-l Ao-2, IC_O=1.426 AoIl were 

introduced in the calculation. 

For some of the compounds n*=0.5 as in 1,5-hexadlene. For such cases the effect of substituents is simply 

an effect on AGO. However, for many other compounds n*>O.S. For very exothermic reactions such as the ones 

of ally1 vinyl ether and 3-oxyanion-1.5~hexadiene, this can be due to the effect of AGo on n feq(3)). but for 

the other cases n*>0.5 means that there is a siphonlng of electronic density from the substituent into the main 

hexadlene skeleton, at the transltion state. Of the substltuents considered In Table 1 only the phenyl and cyano 

groups, which possess n electrons, produce an Increase In electronic charge In the carbon skeleton; methyl 

groups do not have such an effect. Although cyano group Is usually considered to be an effective electron 

withdrawing substitwnt for ground state species, It is known that their n wbltals can have a back-donating 

effect. 

Table 1. Bond Distawsknw rd Trmwitim State Bend Drdsrs in 3,3-Slgnatmpic Shifts 

AG+IkJ mol-t 9 AGOlkJ mol-49 d/Aok nJL n* InKlEllnElE 

1 ,S-hexadiene 171.4 0 0.629 0.216 0.5 0.64 
2-phenyl-1,5-hexadiene 148.4 0 0.585 0.201 0.538 0.75 
2,5diphenyl-l,S-hexadlene 129.6 0 0.547 0.87 
3-phenyl-1 ,!i-hexadiene 15od 

0.188 0.575 
-9.5 0.598 0.205 0.526 

3,4-dhnethyl-1,5-hexadlene 163.0 -18.8 0.631 0.217 0.50 
3.3-dlcyancrl.S-hexadlene 133.8 -18.8 0.574 0.197 0.547 
3,4-dlphenyl-1.5~hexadlene 129.6 -18.8 0.566 0.194 0.556 
ally1 vinyl ethers 137.9 -71.1 0.620 0.216 0.50 
3-oxyaniocrl.5-hexadiene 108.7 -79.4 0.58 0.199 0.542 

9Ref 2. hf=3.465x103 kJ mol-’ Ao-2, lr+lp=2.912 A”. s f=3.57x103 kJ mol-t Ao-2, lr+lp=2.868 AO. 
d Ref 13.8 Refs 3 and 5. 

gThere Is some proportionality between stretching and bending force constants, which suggests that these mo- 
tions are not completely independent. 
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Dewerg*14 and coworkers have suggested that some of the rearrangements for substituted 1,5-hexadlenes 

can be nmwynchronous processes. For synchronous reactions we would have expected that the position of the 

substituant does not alter n *. This is not the case for the phenyl substituents; the substituants In the positions 

2 and 5 produce an higher increase in n* than in positions 3 and 4. The maximum increase in n* per phenyl 

group can correspond to the siphoning of a pair of electrons into the carbon skeleton, i.e., A&=0.17. Since such 

increase is not observed, these sigmatropic shifts can be concerted and nonsynchronous reacticns. 

The relative values of secondary a-deuterium isotope effects at the bond-making and bond-forming sites 

of l,S-hexadlenes vary as a function of sd5titutlan. I#3 The kinetic isotope effect ratio KIE=BMKIE/BBKIE 

would be expected to be related to the extent of bard-breaking and bond-making. In a degenerate 

rearrangement KIE resulting from dauterlum substitution on the bond-leaking sites (or bond-making sites) are 

related by an equiliklum isotope effect (EIE) which represents the KIE for complete change in bonding. These 

ratios (Table 1) could in principle be Interpreted as measures of the degree of progress of the reaction In the 

respective transition state. Such a progress can be measve by x/d where x Is the average bond distension from 

reactant to the transition state. However, for thermoneutral reactions x/d=O.S and there Is a significant 

variation In the ratio of the secondary isotopic effect. 

Wlney and Thornton,15 and Agmon5 have shown that the ratio of the isotope effects expressed by 

InKIE/lnEIE Is directly related to bond order changes, when reactions under identical conditions (e.g. AGO=01 

are compared. We expect that such ratio should be proportional to n*, because for a thermoneutral reaction 

n* represents the bond order change from reactant to tha transition state. Figure 1 shows that a linear 

relationship is dnerved for the three reactions with A@=O. The extrapolated bond order for InKIE/lnEIE=l.O 

is n*=0.62. The addition of a pair of electrons for a complete bond forming process would lead to n)=O.67. 

For a nonsynchronous process the complete change in bonding can correspond to r&0.67. 

Figure 1. 
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Plot of the klnetlc isotope effect expression InKlEllnElE as a function of the bond order of the 
transition state, n$, for tharmoneutral slgmatropic shift reactions of 1.5~hexadienes. 

The fact that n* varies with substitution explains why Hammet LFER give a constderable scatter and is 

consequently inappropriate to interpret the substltuent effects in these sigmatropic rhlft reactlons.2*3 In fact, 

within the present model a reaction series corresponds to a constant n * and x.6 Clearly these sigmatropic 

shifts do not constitute a reaction series because n* varies along the family of substituents. 






