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Abstract: The b/radical Z,ddimethyl-3,4-drmethylenethrophene reacts mfh styrenes and benzaldehydes to 
qve fused cycloadducts. The effect of substituents on the effrasncy of the benzaldehyde trappmg reaction resembles 
that of normal electron-demand Duels-Alder reactions and IS lrnear wrth the Hammett @constant wifh the styrenes, the 
Hammett plot IS non-linear. Frontter orbrtal theory prowdes a ratronalrzabon of these effects in terms of the unrquely small 
HOMO-LUMO gap charactenstrc of brradrcals 

The reactrvrty pattern and strict stereospecrfrcity shown by the heterocyclrc 

tetramethyleneethane (TME) derivatrves 3,4_dimethylenefuran and 3,4-drmethylenethiophenel~ 2 

In their cycloaddrtrons with some electron-defrcrent alkenes are reminiscent of those of the Diels- 

Alder reactions In fact, the relative reactivities of such alkenes toward these dryls are Imear with 

those toward cyclopentadiene. 1, 2 The present research probes the theoretical bases of such 

structural effects on reactivity in a study of cycloadditions of p-substituted styrenes and 

benzaldehydes wrth the related brradical 2,5-dimethyC3,4-dimethylenethiophene 1.4 

Thermal decomposition of solutions of diazene 25 in deaerated CHsCls were stnctly first 

order. Consrstent with the mechanism of Scheme I Involving a reactive rntermedrate, the pseudo- 

first-order rate constant of 6.3 x 10-4 s-1 at 24 OC was invariant to the concentration of trappmg 

agent in the range 0.25-2.5 M. Products of type 3 and 4, respectively, were formed in high yields 

from the styrenes and the benzaldehydes.5 

Scheme 1. 

p + [Ff] y5 s;pJ*r 
3 

2 1 3 a-h: X=CHz 
4 d-j: X=0 

Table I shows the relative rate constants6 for trapping of the brradical by a senes of 

substrtuted styrenes as determined from competitron expenments. For a frontier molecular orbital 

(FM0)7 interpretation of the data, we have calculated by AMl/Cls the energies of the frontier 

orbitals of the brradrcal 1 (HOMO -4.57 eV and LUMO -3.96 eV, respectively) and of the styrenes. 
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Table I. Relative Rate Constantsa for Reaction of Styrenes6 with 2,5-Dimethy-3,4- 

dimethylenethiophene Diyl 1 and the HOMO and LUMO Energies of the Substrtuted Styrenesb 

Substituent Product k ret HOMO leV) LUMO (eV) 

P-NM 
i3CH3 
NCH3 

EF 
p-a 
p-acetyl 
m-NO2 

3a 
3e 

:$ 

z 
3b 
3c 

0 59 -5 89 -2 17 
0.68 -6.29 -2 4 
0.70 -6.16 -2.37 
0.98 -6.53 -2.72 
1 .oo -6.39 -2.56 
1.9 -6.54 -2.74 

-6.58 -3 65 

a Determmed by mtegrahon of the peak area of capllary GC traces performed on solutrons of the drazene 2 that 
had been allowed to decompose thermally m the presence of a known concentratron of two substituted 
styrenes D CiDital energies obtamea tram AM1 calculations mcludmg 4x4 configuration mteractron wtth 
geometry optimrzation For details of the calculation please see reference 1 b and references ctted therem 

These results show that for the cycloaddition of the parent styrene with the 2,5-drmethyC3,4- 

drmethylenethiophene dtyl 1, the HOMOdryt - LUMO t s yrene energy gap (2.0 eV) is nearly the same 

as the the HOMOstyrene - i_UMOdlyl gap (2.4 eV). One might have expected, therefore, that the 

reactrvlty profile of the substituted styrenes would resemble that of “neutral” Diels-Alder 

dienophilese and alkenrc carbenophiles of “ambiphilic” carbenes 10 In each of those cases, the 

Hammett plot IS V-shaped, because the reactrvlty of the trappmg agent increases when the 

substituent IS W electron-withdrawing or electron-releasing 

The Hammett plot of the relative rate data for the styrene cycloadditrons of Table I (Figure 

la) IS curious.. As expected, positive o (electron-wlthdrawing) substituents cause a roughly linear 

enhancement of the rate. However, negative o substituents do not produce the expected 

inversion of slope. Instead, the rate merely flattens out and becomes essentially unresponsive, 

even to the most strongly electron-releasing substrtuents. 
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a The curve IS merely a smooth connectron of the 
data of Table I 

b. Linear least-squares treatment of the 
of Table II 

Figure I. Log of the relattve rate constants for reactton of styrenes (la) and benzaldehydes (lb) wtth 2,5- 
drmethyl-3,4-dimethylenethrophene (1) vs the Hammett o parameter 



5307 

The observed relative reactivities in the benzaldehyde series are quite different from those 

of the styrenes. The reasons for this emerge from the FM0 relationships. Our calculations, as 

well as experimental ionization potential and electron affinity data,11 suggest that the HOMO and 

LUMO of benzaldehyde should lie at least 1 eV lower In energy than the correspondrng FMO’s for 

styrene. Thus, In contrast to the styrene cycloadditions, only the interaction corresponding to the 

HOMOdiyl - LUMO benzaldehyde term should be significant for the benzaldehydes. This sltuatlon 

corresponds to the Drels Alder reaction with “normal” electron-demand, for which linear Hammett 

plot behavior has been observed In several cases. s,t* The relatrve rate constants for 

cycloaddition of substituted benzaldehydes with 2,5-dimethyl-3,4-dimethylenethiophene are 

shown in Table II and plotted against the o values of the substrtuents In Figure 1 b. 

Table II. Relative Rate Constantsa for Reaction of Benzaldehydes 
with 2,5-Dimethy-3,4-dimethylenethiophene Diyl 1 

Substituent Product k re/---_ 
p-OCH3 4f 0.09 

KCH3 z 
0 29 
10 

PF 4g 11 
p-Cl 4h 2.9 
P-c&3 4i 21 
P 4i 64 

a Determined by integration of the peak area of caplllaty GC traces 
performed on solutions of the dlazene 2 that had been allowed to 
decompose thermally (R T )m the presence of a known concentration 
of two substttuted benzaldehydes 

Consistent with the predictions based on FM0 theory, the Hammett plot of Figure 1 b IS 

linear (r2 = 0 99). Furthermore, vanatron of the substrtuent on the benzaldehyde now causes a 

dramatically increased reachvity spread (a factor of 700, p = +2.9) on the cycloaddrtron efficiency 

compared with the styrene series, where the spread IS only 15-fold. This again is consistent with 

FM0 expectation, since substituent-induced perturbations on the HOMO or LUMO energy of the 

trapping agent should exert a larger relative effect on cycloaddrtion efficiency as the magnitude of 

the HOMO-LUMO energy difference decreases.13 

Why then is the rate profile in the styrene series (Figure I) not V-shaped? We suggest that 

thus results from an increase in the destabilizing filled-filled interaction of the dryI and styrene 

HOMO’s, which increases in magnitude as the HOMO energy of the styrene Increases. Effectively, 

this term pamally cancels the stabllrzation of the transrtron state which results from decreastng the 

HOMOstyrene-LUMOdiyl energy gap. The filled-filled interactron, which usually IS neglected In the 

conventional FM0 analysis,7 emerges to significance here because of the small HOMO-LUMO 

gap (0 61 eV) of the diyl. It is noteworthy that this effect does not appear to influence carbene- 

olefrn cycloaddltlons, where the carbene HOMO-LUMO gap is much largerlsf and amblphlllc 

behavror clearly has been observed !oa-e 

We conclude that although near-equality of the two Inter-reactant FM0 gaps IS generally 

conducive to an ambiphrlic substrtuent effect, the uniquely small Intra-reactant FM0 gap 



charactenstic of a biradical can produce an important filled-frlled interaction and damp the brmodal 

response. 
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