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Almt r~ t .  Against intuitive expectation, conrotatory opening of cyclobutenes 1 -4 is slightly promoted 
by pressure with activation volumes around - 2 to - 3 cm3.mol'l. The volume profile shows a minimum 
for the transition state TS. This result together with low activation entropy values demonstrates full 
concertedness and sugsest a cyclic TS with a preferential orbital topology. 
© 1998 Elsevier Science Ltd. All rights reserved. 

Introduction 

Electrocyclic reactions are processes involving the intramolecular cyclization of a n ~ electron system to a 

(n-2) ~ + 2 o electron system or the reverse. The conrotatory electrocyclic opening of cyclobutenes has been a 

widely studied process both from a synthetic 1-3 and a theoretical 4-6 point of view. With respect to its clean 

stereochemistry, the reaction is the parangon for a nice demonstration of the Woodward-Hoffmann theory about 

conservation of molecular orbital symmetry 7. In the framework of our studies devoted to the kinetic effect of 

pressure on pericyclic reactions 8, we became interested in electrocyclic reactions. Some time ago, we examined the 

cyclotautomerization process between norearadiene and cycloheptatriene through a disrotatory electrocyclic 

reaction 9 . It was shown that the formation of norcaradiene products is largely promoted by pressure. Even the 

strong enophile diethyl azodicarboxylate which leads normally to the ene product at normal pressure, reacted under 

900 MPa pressure in a [4+2] way yielding the diazene-norcaradiene adduct. An earlier study more related to the 

present work reported the ring opening of diphenylcyclobutenes under pressure (scheme I) 10. Negative AV "#- 

values (AV 'e : activation volume) were found: - 12.5 (R = H) and - 7 cm3.moi -1 (R = CH3). Such large values 

are rather unexpected and did not receive further justification. Intuitively, the rate constant should be retarded by 

pressure and hence, the reaction should experience a positive AV ~ - value, since during the process, strain is 

released with twisting of the cyclobutane ring, stretching of the bridgehead bond and cleavage of a o-bond. As the 

above reaction 10 was complicated by a parallel isomerization process and as the result remained isolated, we 

decided to look into such electrocyclic rearrangement reactions. 

(*) Tel.: 33.03.88.41.68.15; Fax: 33.03.88.60.42.48: E-mail: jenner@chimie.u-strasbg.fr 
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Scheme 1 

The substrates chosen were 1 and 2 as well as two annelated cyclobutenes 3 and 4 (scheme 2). Their 

rearrangement was previously examined at atmospheric pressure in the 140-200°C temperature range. In fact, the 

opening occurs already at lower temperature so that we were able to follow the kinetics with our home-made high 

pressure equipment, limiting the measurements below 110°C. Due to its dissymmetry, the rearrangement of 2 

proceeds clockwise and counterclockwise leading to 6 and 7. The opening of cyclobutene 4 presents an interesting 

particularity as the cyclodecatdene 9 is not isolated, but the product 1 0 resulting from a facile subsequent Cope 

rearrangement I 1. The kinetic results are listed in Table 1. 

Table 1. Pressure kinetics of electrocyclic opening of cyclobutenes 1 - 4 (in CH2C12) 

105 k ( s  -1 ) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1 2 3 4 
T (°C) 70.0 101.9 100,7 94.9 

Pressure (MPa) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

1.98 0.26 0.75 3 1.77 
10 1.78 
20 1.82 
47 1.84 
67 
70 

101 1.89 
130 
140 1.92 
180 
200 
247 1.95 
28O 

0.81 
2.08 0.28 

- - 0.84 
2.13 0.29 0.85 
2.18 

0.30 0.87 
- 0.92 

2.30 0.32 
2.33 0.33 
2.35 0.35 1.05 

AV e - 2.2 - 2.4 - 3.2 - 3.5 
(+ 0.5 em3.mol "1) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

From the pressure dependence of rate constants the activation volume can be deduced. In the electrocyclic 

rearrangement of 4, AV e refers to the conrotatory opening process, although 9 is not observed. This is justified by 

the fact that, as 1 0 is the only isolated product, the Cope reaction is faster than the rearrangement of 4 to 9. 
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Besides, it is well known that pericyclic sigmatropic processes are accelerated by pressure ( AV e ~ - 10 to -20 

cm3.mol-1)l 2,13. 
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Scheme 2 

The important result is that the conrotatory opening of cyclobutenes is p r o m o t e d  by pressure, in agreement 

with the earlier result 10. At first sight, the negative sign for AV ~ is unexpected for such rearrangement. A 

seemingly similar situation was described in the retro-Diels-Alder reaction of a furan adduct 14 which underwent a 

slight pressure acceleration ( AV ~ ~ - 2 cm 3.mol" 1) despite the concerted cleavage of two o-bonds. The result was 

rationalized by taking into account secondary orbital interactions contributing to the tightness of the transition state. 

By analogy, the retro-ene desulfination of an ailylic sulfinic acid was also found to be accelerated by pressure 15. 

The activation volume values found for the retro-Diels-Alder and retro-ene reactions are in fact quite understandable 

through the principle of microreversibility, since the forward reactions are characterized by AV ~ - values lower 

than their respective reaction volumes 14,15. 
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Electrocyclic reactions were presented by Woodward and Hoffman 4 as processes in which conrotatory 

fission occurs concertedly with rehybridization of the concerned o-orbitals or in other words, bonding interaction is 

maintained between the orbitals during the whole course of the reaction (the molecule has C2 symmetry throughout 

the reaction) (Fig. 1). The orbital topology required for the electrocyclic process must be reflected in the AVe - 

values. The negative value of the volume of activation is, therefore, related to a cyclic transition state retaining some 

ordering and refers at the evidence to a perfectly concerted process. The hypothesis of a slight electrostriction - 

which would make AVe negative cannot be envisaged, since such electrocyclic reactions are isopolar. 

E, 

ITS] 

Figure 1. Electrocyclic opening of cyclobutenes 
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Figure 2. Volume profile of electrocyclic opening of cyclobutenes 

The reaction volume is normally positive, since cyclic structures have higher densities than their open-chain 

analogs. We measured the reaction volume AV (based on partial molar volumes of reactant and product) for the 

3 --*. 8 rearrangement and found A'-V25 -- + 2.0 ± 0.5 cm3.mo1-1 (see experimental part). As a consequence, as 

AV e is negative, the transition state is at a minimum in the volume profile (Fig.2). Although volumes of cyclization 

are ring size dependent, AV > 0 is a common property of opening of cyclobutenes. 

Such isomefization reactions should have relatively small entropies of activation 7. This is supported by the 

AS ~e- values which we determined in the thermal rearrangement of I (AS ~e ~ 8 J .mo l ' l .K- l and  AH ;e ~ 120 

kJ.mo1-1) and 2 (AS ~e ~ 0 J .mol- l .K -1 and AH ~ ~ 134 kJ.mol-l). The entropy result can be compared to the 
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nearly zero value of AS ;~ in the thermal isomerization of Dewarbenzenes to benzenes which may be considered as a 

limiting case of the cyclobutene isomerization reaction 16. Kinetic pressure studies involving the simple Dewar 

benzene and its hexamethyl analog were reported 1:7. The AV e - values were opposite in sign: + 5 and - 12 

cm3.mol - 1 respectively. However, in such case, the change of sign by saturating the ring with methyl substituents 

is probably related to the act of bringing all substituents in one plane (there is a pronounced increase in crowding 

when the molecule looses its dihedral structure to approach the fiat geometry of the benzene ring, thus forcing the 

eclipse of all six methyl groups like a gear effect). 

Conclusion 

On the basis of the dramatic negative AV ~- values observed for the conrotatory opening of cyclobutenes, 

the transition state is presumably featured by the requirement of a preferential orbital topology (direction of 

twisting) allowing the o-framework to open in the most straightforward way. The rearrangements described in this 

paper experience full concertedness. However, the mechanistic ubiquity should be cautiously examined, since for 

more resistant annelated eyclobutenes (those having an adjacent five or six membered ring), the thermodynamic 

driving force may be ring strain 18 , in such way that the conrotatory process becomes energetically disfavoured, 

suggesting either a concerted disrotatory opening or a biradical stepwise reaction 19. 

The present pressure study complements nicely the understanding of the principles of electrocyclic reactions of 

eyclobutenes. At last, the results together with those characterizing (m+n) cycloadditions 8 and sigmatropies 12 are 

all consistent with concerted processes supported by the invariably negative AV ;e- values. This demonstrates amply 

the usefulness of the piezokinetic method for mechanistic delineation despite recent criticism 20. 

Experimental par t  

Preparation of cyclobutenes. The cyclobutenes 1-4 were synthesized via [2+2] cycloadition of methyl 
propynoate to the corresponding alkene acoording to a procedure described earlier 21 and modified as follows: The 
acetylenic ester (1 eq.) was added to a dried CH2C!2 solution of ZrCi4 (0.5 eq.) under argon. After one hour 
stirring, the olefin (1,5 eq) was added dropwise and the mixture stirred at room temperature for 3-5 days under 
inert atmosphere. Work up is achieved by pouring the solution into a saturated sodium hydrogenocarbonate 
solution. The aqueous layer is washed twice with ether and the combined organic layers are washed with brine and 
dried over magnesium sulfate. After removal of solvent in vacuo, the residue was placed onto a silica gel column. 
Hash column chromatography (eluent: bexane-ether 9: l) yielded pure cyciobatenes in excellent yields. 
Caut ion:  Work up with ZrCl4-propynoate complex may cause severe dermatis. 

Kinetic measurements. For kinetic measurements, a CH2C12 solution of the required cyclobutene ( 5-7 
x 10 .2 mol.dm "3 ) was introduced in a thick-walled stainless steel tube consisting of a cylinder and a piston fitted 
with a Viton @ O-ring and a steel ring. The extrusion of the piston due to the temperature in the vessel is prevented 
with the help of a stopping screw. The tube was immersed in the high pressure vessel whose temperature was 
controlled to at least 0. I°C and pressure to _+ 0.5 MPa. After release of pressure, the reaction tube was immediately 
cooled. The solvent was removed in vacuo and the crude reaction products analyzed by IH NMR (200 MHz, 
~ 3 ) -  The spectra were in full agreement with those described in refi 11 and 21. 

Volume measurements .  Precision density measurements permit the apparent molar volume ~V to be 
determined according to the known equation 

Mw d - do 1000 

(I~ V = . . . . . . . . . . . . . . . . . . . . .  
do do C 
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in which Mw is the molecular weight of the solute and C its molar concentration and where d and do are the 

densities of the solution and the solvent, respectively. Extrapolation of ~V to zero concentration gives the value of 
the partial molar volume. Density measurements were performed at 25.0"C in dichloromethane with a digital 
densimeter(Parr DMA 602). The partial molar volumes of 3 and 8 were respectively determined as : 177.8 and 
179.8 cm3.mol ' l .  Accordingly, h'~25 has a value of + 2.0 _+ 0.5 cm3.mo1-1 which should approach 2.5-3 
crn3.mo1-1 at 101*C 22 

Acknowledgments. We thank Dr. B. Michels for providing access to the digital densimeter and Dr. M. Miesch 
for supplying zirconium tetrachloride. 
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