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Summary: Evidence is presented to support the conclusion that the [2+2] photocycloaddition 

of acrylonitrile to naphthalene has a late transition state similar in volume to 

those in concerted thermal cycloadditions. 

It is a well-established fact now that thermslly allowed [2+4] and [4+6] cycloadditions 

have late transition states, which occupy small volumes comparable to those of the products.2 

Conversely, molecules undergoing thermal [2+2] cycloaddition by ww of a diradicsl inter- 

mediate occupy a 

derived from the 

lstionship 

and in competing 

relatively large space in the transition state. 3 This knowledge has been 

pressure coefficients of the rate constants of these reactions via the re- 

a(ln k)/ap) = -AV*/RT 

reactions from 

a(ln r)/dp) = (vi - $)/m 

where r is the ratio of the products B/A. The principal reason for this difference in volume 

is thought to be the extra bond which is allowed to form in the concerted reactions. In view 

of these results it seemed of interest to learn the volume relationships in a photocycloaddi- 

tion reaction. 

Although it has long been predicted4 that hydrostatic pressure msy become a valuable tool 

in photochemical investigations, little or no work has been published which begins to realize 

these expectations.5 One of the problems is that very little is known about the pressure ae- 

pendence of the fun&mental steps that characterize photochemistry; another, that accurate 

knowledge of absolute rate constants in photochemistry is difficult to come by even at atis- 

pheric pressure. However, useful insights can be gained from the effect of pressure on product 

distributions. 

McCullough and co-workers have made a very thorough study6 of the [2+2] photocyclosddition 

of acrylonitrile to naphthalene, a process which features competition by a photosubstitution: 
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The latter reaction is greatly favored by the use of polar solvents. Thus, while only (1) 

obtains in benzene, mixtures are formed in M)re polar media, and in formic acid only (2) 

can be detected; a good correlation was found between the product ratio and the solvent 

parameter Z. 
6a 

It was also noted that the cycloaddition is stereospecific: only the endo- 
-6b 

products form, although at least one of them is denmnstrably less stable than its epimer. 

Their formation can be photochemically reversed, and the reversion c&n be quenched by the 

addition of 2,3-dimetbylbutadiene (3).6a 6c The reaction is known to originate with the 

first excited singlet state of naphthslene, which either undergoes concerted cycloaddition 

to acrylonitrile, or which forms a highly dilzolar exciplex with it; the latter reaction is 

followed by protonation, and finally, irreversible formation of (2). 

In our experiments, use was made of a Hsnovia 450 W lamp with Pyrex filter. The high 

pressure optical vessel and the cell have been described elsewhere;' the pressure range 

was 1500 atm. A glycerine-water mixture (20-80 by volme) was used as hydraulic fluid and 

methanol as the solvent; the solutions were initially 0.03 M in naphthalene and 2 M in 

acrylonitrile, and enough (3) was added (0.1 M) to prevent the reversal of the cycloaddition. 

The temperature was 25’; analysis was done by means of vpc, and known mixtures were used to 

calibrate the technique. The result is that the product distribution in the forward direc- 

tion is independent of pressure; the ratio (2)/(l) equals 0.491 f 0.005 over the entire 

range. This mesns that the transition states leading to these products have pa.rtisI volumes 

equsl to within 0.3 cc/mole. Ihis at first seems surprising, since reactions favored by the 

use of polar solvents are invariably also promoted by the application of pressure due to 

solvation (electrostriction). 
8 

Since the transition state for the formation of (2) should be 

highly compact due to salvation of the charges, the activated complex on the way to (1) must 

have an alternative feature accounting for its small volume. The only other factor known to 

cause this is an advanced state of bonding. It is reasonable to postulate concerted bond 

formation on this basis. 

It should be pointed out that the lack of any pressure sensitivity of the product ratio 

cannot be ascribed to a conunon transition state for both products ("C in Figure 1). In that 

case, the inevitable partitioning occurs on the down hill side of the energy profile, and the 

pressure dependence of the ratio B/A will then be governed by V(*AAI) - V(*BB'); otherwise, how- 

ever, nothing changes. A conmron transition state is not ruled out, but the pressure in- 

sensitivity is neither explained nor demanded by it. Furthermore, the solvent effect would 

remain unexplained. 
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Figure 1. Reaction profile involving competing reactions with a co-n intermediate. 

In a study of the reverse reaction of (1) (which is of course not the microscopic reverse), 

a methanolic solution of m-toluic acid was used as a filter (to prevent the forward reaction), 

and (3) was omitted. Pressure has the effect of suppressing the decomposition reaction; thus, 

under a given set of conditions the amount decomposed decreases from 4% at smbient pressure 

to 3% at 1500 atm. The difference in volume between the transition states for decomposition 

and deactivation is approximately + 4 an3/mo1. Hand has shown that sensitization and energy 

transfer are only modestly sensitive to steric hindrance;' it was concluded that, while contact 

is required, a very close approach is not necessary. On that basis it seems reasonable to as- 

sume that AV* for deactivation is about zero or not much less than that. 
10 

Accordingly, AV* for 

the cycloreversion as sn upper limit is about + 4 cm3/rw1. Since the volume difference between 

pairs of olefinic rmlecules and their cycloadducts is ususlly shout + k0 cm3/mol, we conclude 

that the photocydloreversion has an early transition state. 
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