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Abstract: The addition of the 4-methoxystyrene radical cation to neutral 4-methoxystyrene and the cleavage reactions 
of the 1,2-bis(4-methoxyphenyl)cyclobutane radical cation in acetonitrile have been studied by product analysis and 
by nanosecond and picosecond transient absorption spectroscopy. The main product upon radical cation mediated 
dimerization of 4-methoxystyrene using chloranil as the electron transfer sensitizer is a substituted dihydronaphthalene, 
1,2-dihydro-7-methoxy-l-(4’-methoxyphenyl)naphthalene, at low concentrations of 4-methoxystyrene. At higher 
concentrations, the main product is 1,2-bis(4-methoxyphenyl)cyclobutane. Cleavage of the cyclobutane radical cation 
is found to give 4-methoxystyrene and the dihydronaphthalene in a 1:3 ratio. In the time-resolved experiments, the 
radical cations are generated from 4-methoxystyrene and 1,2-bis(4-methoxyphenyl)cyclobutane by 266-nm photoionization 
or by 355-nm photoinduced electron transfer using triplet chloranil as the sensitizer. A transient with an absorption 
maximum at 500 nm is observed as a short-lived intermediate in both the radical cation mediated 4-methoxystyrene 
dimerization and the cyclobutane radical cation cleavage experiments. Spectroscopic and kinetic considerations lead 
to the conclusion that this transient is a substituted hexatriene radical cation produced as an intermediate in the 
conversion of the 1,2-bis(4-methoxyphenyl)cyclobutane radical cation to thedihydronaphthalene. Observed rate constants 
for the decay of the 4-methoxystyrene radical cation measured at 4-methoxystyrene concentrations of 0,0001 to 0.01 5 
M increase in a linear fashion with concentration, while at concentrations >0.2 M, the observed rate constant is found 
to be independent of concentration. Analysis of the kinetic data according to a rate law derived from a concerted [2 
+ 11 mechanism leads to the following rate constants: kl = 1.4 X lo9 M-I s-l for the addition reaction, k-l = 8 X 107 
s-I for the cycloreversion reaction, k2 = 2.5 X lo8 s-l for the rearrangement of the cyclobutane radical cation, and kj 
= 1.5 X 1Olo M-l s-l for the reduction of the cyclobutane radical cation by neutral 4-methoxystyrene. Monitoring the 
kinetics of the reactions of the cyclobutane radical cation gives the same values for the rate constants k2 and kl. 

Introduction 

Olefin radical cations undergo a variety of cycloaddition 
reactions, including dimerization and cross-additions leading to 
cyclobutanes and Diels Alder products.24 These reactions are 
frequently much more facile than the analogous [2 + 21 or [2 + 
41 cycloadditions of neutral olefins and often lead to different 
stereochemistry and regiochemistry. Radical cation mediated 
cycloaddition reactions are thus of considerable current mecha- 
nistic and synthetic intere~t,49~J’ and their use as radical cation 
clocks has been recently suggested?JO The pioneering work by 
Ledwith on the triplet chloranil sensitized dimerization of 
N-vinylcarbazole led to the development of the mechanism 
outlined in Scheme 1 for this radical cation initiated chain 
process.” The key step is addition of the olefin radical cation 
to a neutral molecule to generate an acyclic 1P-radical cation. 
This intermediate then cyclizes to a cyclobutane radical cation 
that is reduced by the neutral olefin and regenerates a second 
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Scheme 1 

radical cation to carry on the chain (Scheme 1). This mechanism 
has been used to explain the radical cation mediated [2 + 21 
dimerization of a variety of olefins, including aryl-substituted 
ethylenes, acetylenes, and vinyl e t h e r ~ . ~ J ~ J ~  Later studies on the 
photochemical electron transfer sensitized cyclodimerizations 
established that the acyclic 1,Cradical cation could be trapped 
by nucleophiles and could also undergo 1,6-cyclization to give a 
substituted hexatriene radical cation that leads to dihydro- or 
tetrahydronaphthalene products.l”l6 More recently, Farid et 
al. suggested a further modification of the initial mechanism to 
explain their results on the dimerization of 1,l -diarylethylenes.17 
They invoked a competition between (1) diffusional separation 
of the initial geminate radical ion pair to give a free radical cation 
and (2) in-cage trapping of the monomer radical cation to give 
a dimer radical cation/radical anion pair. The free radical cation 
reacts with a neutral olefin to generate an acyclic dimer radical 
cation that undergoes predominantly 1,6-cyclization. In contrast, 
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cation to neutral 4-methoxystyrene and for the isomerization, 
cleavage, and reduction of the cyclobutane radical cation. 

ExperlmentpI Section 
Materials and General Techniques. GC analysis was carried out with 

a Hewlett-Packard 5890 gas chromatograph (cross-linked methylsilicone 
column), and GC-MS was performed using a Hewlett-Packard 5970 
Series mass selective detector. Proton NMR spectra were recorded on 
a Bruker AM200 spectrometer. Continuous irradiation experiments were 
carried out using a Rayonet photoreactor equipped with either 300- or 
350-nm lamps. The photoreactions were carried out in Pyrex cells. In 
some cases, the solutions were deaerated by bubbling with argon for 20 
min. HPLC analysis of the products from chloranil sensitized irradiation 
of 1,2-bis(Cmethoxyphenyl)cyclobutane was carried out using a Hewlett- 
Packard 1090 liquid chromatograph with a UV-vis diodearray detector 
(Hewlett-Packard ODS Hypersil 5-am column). The solvent program 
for the HPLC experiments was 5050 water-acetonitrile for 4 min followed 
by a 14-min gradient leading to a 2575 water-acetonitrilemixture. Peak 
areas were calculated at  260, 280, or 330 nm. 

Acetonitrile (HPLC Grade, Baker) was used without further purifica- 
tion. Chloranil was recrystallized from acetonitrile prior to use. 
CMethoxystyrene (Aldrich) was purified over silica. cis-1,2-Bis(4- 
methoxypheny1)cyclobutane was prepared according to literature pro- 
c e d u r e ~ ~ ~  by irradiation (300nm) of Cmethoxystyrenein argon-saturated 
acetonitrile for seven hours and purified over silica using benzene as the 
eluant. ‘H-NMR (CDCl3) 66.16-6.40 (dd, 8H), 3.44 (m, 2H), 3.24 (8, 

6H), 1.92 (m, 4H); GC/MS m / e  (re1 intensity) 240 (l), 134 (M+/2, 
100), 119 (14), 91 (12). tranr-1.2-Bis(4-methoxyphenyl)cyclobutane 
was preparedx by irradiation (300 nm) of a solution of 1,4-dicyanobenzene 
and Cmethoxystyrene in argon-saturated acetonitrile for 24 hand purified 
by column chromatography. ‘H-NMR (CDCl3) 6 6.34-6.72 (dd, 8H), 
3.24 (9, 6H), 3.04 (m, 2H), 1.82 (m, 2H), 1.64 (m, 2H);GC/MS m / e  
(re1 intensity) 240 (l), 134 (M+/2, loo), 119 (14), 91 (13). 

Dlwriytioaof QMetboxystyrme. Irradiation (350 nm) of an aerated 
solution of chloranil (0.001 M) with low concentrations of 4-methoxy- 
styrene (0.01 M) in acetonitrile for 1.5 h resulted in conversion of 
emethoxystyrene to two products present in a 23:l ratio. The solvent 
was evaporated under reduced pressure and the major product isolated 
by column chromatography over silica using a 90: 10 hexanbethyl acetate 
mixture as the eluant. Analysis by GC/MS and IH-NMR was used to 
identify the product as 1,2-dihydro-7-methoxy-l-(4’-methoxyphenyl)- 
naphthalene. GC/MS, m / e  (re1 intensity) 266 (M+, 100), 251 (21), 235 
(25), 189(10), 158(17), 134(11), 121 (56). ‘H-NMR(CDCl3)67.01- 
7.05 (d, lH,  J =  8.2 Hz), 6.82-7.15 (dd, 4H), 6.67-6.72 (dd, lH,  J = 

9.6H~),5.82-5.91 (dt,1H9J=9.6Hz,J=4.2Hz),3.89(s,  1H),3.79 
8.2 Hz, J = 2.6 Hz), 6.40 (d, lH ,  J = 2.3 Hz), 6.46-6.51 (d, lH, J = 

(8, lH), 4.13 (t, lH), 2.66 (m, 2H). The minor product was identified 
by GC/MS as the tetralin derivative, 1,2,3,4-tetrahydro-7-methoxy-l- 
(4’-methoxyphenyl)naphthalene. GC/MS, m/e  (re1 intensity) 268 (M+, 
57), 240 (13). 209 (15), 160 (loo), 134 (14), 121 ( l l ) ,  91 (8). 

Irradiationcarriedout using concentrationsof 4-methoxystyrene >0.05 
M gave no dihydronaphthalene. Instead the major product was trans- 
1,2-bis(4-methoxyphenyl)cyclobutane as confirmed by GC/MS and 1H- 
NMR analysis. 

Cleavage of bur0 1,2-Bis(4-methoxyphenyl)cyclobutrrw. Irradiation 
(350 nm) of chloranil (0.005 M) in the presence of tranr-1,2-bis(4- 
methoxypheny1)cyclobutane (0.01 M) in acetonitrile for 30 min led to 
the formation of emethoxystyrene and 1,2-dihydro-7-methoxy-1-(4’- 
methoxypheny1)naphthalene. HPLC was used to determine quantitatively 
the relative yields of the two products instead of GC because rruns-1,2- 
bis(Cmethoxypheny1)cyclobutane and the dihydronaphthalene have 
identical retention times on our GC OV1 column. At low conversion 
(13%)ofthetranrdimer, HPLCanalysisshowed that 1296oftheconsumed 
dimer is converted to Cmethoxystyrene while 34% is converted to the 
dihydronaphthalene. The remaining 54% of the product was unidentified 
and is likely due to polymerization. 

Laser Photolysis. Nanosecond transient absorption spectra were 
obtained using a flow system in order to ensure the presence of 
unphotolyzed substrate for each laser pulse. Observed rate constants for 
the formation and decay of the radical cations were determined using 
static samples; in these experiments, each sample was exposed to one 
laser pulse. The samples in both the flow and static experiments were 

(25) Tojo, S.; Toki, S.; Takamuku, S .  J .  Org. Chem. 1991,56,6240-6243. 
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the geminate radical cationlanion pair undergoes back electron 
transfer to generate a dimer biradical that cyclizes to cyclobutane. 

Although the initial formation of an acyclic distonic radical 
cation explains much of the experimental data for radical cation- 
initiated olefin dimerizations, there is equally convincing ster- 
eochemical evidence from the work of Bauld3 and Lewis18 for a 
concerted (but non-synchronous) [2 + 11 cycloaddition to give 
a long-bond cyclobutane radical cation, Scheme 2. This inter- 
mediate is then reduced to the cyclobutane by neutral olefin or 
by sensitizer radical anion. The cyclobutane products retain the 
stereochemistry of the initial olefin double bond, a result that is 
not expected for an equilibrated acyclic 1,Cradical cation. It 
has also been pointed out that a 1,3-sigmatropic shift to give a 
hexatriene radical cation occurs for a number of cyclobutane 
radical cations and can thus explain the observation of 1 ,daddition 
products without theintermediacy of an acyclic 1,4-radical ~ a t i o n . ~  
The concerted cycloaddition mechanism shown in Scheme 2 is 
also supported by a variety of theoretical calculations on the 
ion-molecule reaction between ethene radical cation and 
ethene.5Jg-21 The most recent of these does not provide any 
evidence for a stable tetramethylene radical cation but does find 
that the addition of electron-donating substituents stabilizes long- 
bond cyclobutane radical cations to the extent that they become 
preferred over the more symmetric delocalized structures.21 

The ring-cleavage reactions of the diarylcyclobutanes that are 
formed by radical cation mediated dimerization of styrenes also 
occur under photosensitized electron transfer c o n d i t i o n ~ . ~ ~ , ~ ~ J ~  
The results demonstrate that the rate of cleavage of the 
cyclobutane radical cation is strongly affected by the substituents 
as a result of changes in the relative charge densities on the 
cyclobutane ring and the aryl groups. 

We have recently undertaken a systematicstudy of the reactivity 
of a variety of aryl olefin radical cations toward anionic, alcohol, 
amine, and olefin nucleophiles. Our initial work in this area 
indicated that substituted styrene radical cations react with their 
neutral olefin precursors with rate constants in the range of lo9 
M-l We have now examined the radical cation mediated 
dimerization of 4-methoxystyrene and ring-cleavage reactions of 
its trans-cyclobutanedimer using a combination of product studies 
and nanosecond and picosecond transient absorption measure- 
ments. Our results are consistent with a mechanism in which 
addition of 4-methoxystyrene radical cation to neutral 4-meth- 
oxystyrene occurs in a concerted [2 + 11 manner to yield the 
same cyclobutane radical cation that is formed by oxidation of 
the neutral trans-cyclobutane. This radical cation then either 
cleaves to regenerate 4-methoxystyrene plus its radical cation or 
isomerizes to give a substituted hexatriene radical cation. In the 
presence of high concentrations of 4-methoxystyrene, reduction 
of the cyclobutane radical cation by the styrene competes with 
the other two reaction pathways. In addition, our results provide 
detailed insight into the dynamics of each step of the dimerization 
process, including rate constants for the addition of the radical 
~ 
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contained in 7 X 7 mm2 quartz cells. Spectra and rate constants were 
measured in aerated solutions at room temperature (-20 “C). The laser 
system used has been described el~ewhere.~’ A Nd:YAG laser (266 nm; 
80 mJ/pulse; - 10 ns/pulse or 355 nm; 40 mJ/pulse; - 10 ns/pulse) or 
a Lumonics Model EX530 excimer laser (308 nm; 540 mJ/pulse; -8 
ns/pulse) was used as the laser excitation source. 

In the picosecond transient absorption experiments, a Continuum YG- 
601-C Nd:YAG laser giving pulses of 35-ps duration at 10 Hz is used 
togenerateboth theprobebeam(1064nm; 15mJ/pulse)andtheexcitation 
beam (266 nm; 6 mJ/pulse). After exiting one port of the laser housing, 
the excitation beam is directed by a series of dichroic mirrors to a 7 X 
7 mmZquartzsamplecell through whichisflowedasolutionofthesubstrate 
of interest. The 1064-nm beam exits the laser housing through a second 
port and is sent via another series of dichroic mirrors to a retroflector 
mounted on the stage of a computer-controlled, precision rail table. The 
1064-nm beam is then focused into a 25-cm-long tubular cell containing 
DzO with 15% PzOs, causing the emission of 35-ps pulses of a broad 
continuum of light ranging from 400 to 800 nm. The white light continuum 
is focused onto a bifurcated quartz fiber optic cable (25 cm long) that 
carries one-half of the continuum light to the sample cell and the other 
half to a reference cell. The beams of light passing through the sample 
and reference cells are collected by lenses and focused separately onto 
two quartz fiber optic cables. These fiber optic cables carry the sample 
and reference data to a spectrograph which separates the white light 
continuum into its individual wavelengths and delivers the light to a 
Princeton Instruments dual diode array (DPDA- 1024), with the sample 
cell data being recorded on one diode array and the reference cell data 
on the second. The data recorded on both diode arrays are sent to a 
PrincetonInstrumentsST-1 1Ocontroller interfaced toapersonalcomputer 
for analysis and storage. To obtain an absorption spectrum, the light 
transmitted through the reference cell, TR, and through the sample cell, 
Ts, is recorded in an experiment in which the excitation beam is directed 
to the sample. A second experiment is then carried out in which the 
transmission through the reference, TR’, and sample, Ts’, cells is recorded 
with the excitation beam blocked. The absorption spectrum is then 
calculated from these data using the following expression. 

Decay traces are obtained by measuring the absorption spectra of the 
sample at various times after the laser pulse and then plotting the 
absorption at a specific wavelength as a function of known delay times. 
The monitoring beam was delayed relative to the excitation beam by 
increasing or decreasing the path length of the 1064-nm light by changing 
the position of the reflector on the stage of the rail table. 

Results 
Product Studies. Products from the reactions of the 4-meth- 

oxystyrene radical cation were determined by generating the 
radical cation by photoinduced electron-transfer using chloranil 
as the electron-transfer sensitizer. Thus, 350-nm irradiation of 
chloranil in acetonitrile gives singlet chloranil that rapidly 
intersystem crosses within 30 ps2* to give triplet chloranil that 
has been shown to readily oxidize 4-methoxystyrene to its radical 
cation.24 The reactions of the 4-methoxystyrene radical cation 
generated in this way led to the formation of two major products. 
These products were identified by IH-NMR and GC/MS as the 
substituted dihydronaphthalene, 1,2-dihydro-7-methoxy-1(4’- 
methoxypheny1)naphthalene and trans- 1,2-bis(4-methoxyphen- 
yl)cyclobutane, eq 1. 

CH30 r El [ CH,O p]+’+ CH3 &3- 

An = 4-Methoxyphenyl 1 
AcN 

(1) 

CH,O An + An???h 

The trans stereochemistry of the cyclobutane was established by 
comparison of the IH-NMR spectrum of the product isolated in 
the present work and the ‘H-NMR spectrum of the trans isomer 
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in the literature, and also by determining that the ‘H-NMR and 
GC characteristics of the product are considerably different than 
those of an authentic sample of the cis isomer synthesized 
independently. The stereochemistry of the dihydronaphthalene 
with respect to the chiral center at the 4-position was not 
determined. 

From experiments in which product yields were measured as 
a function of initial concentrations of 4-methoxystyrene ranging 
from 0.01 to 0.5 M, it was found that the product ratio was 
strongly dependent upon the initial concentration of 4-meth- 
oxystyrene. At low concentrations of 4-methoxystyrene (<0.02 
M), only the substituted dihydronaphthalene was produced, while 
at higher concentrations, trans-cyclobutane formation was also 
observed. At 0.5 M 4-methoxystyrene, the cyclobutane was the 
exclusive product. Photoinduced electron-transfer dimerization 
of 4-methoxystyrene has been described p r e ~ i o u s l y ~ ~ * ~ ~ - ~ ~  and in 
all cases the only dimerization product was the cyclobutane. Since 
these experiments were all carried out using >0.5 M 4-meth- 
oxystyrene, the absence of the dihydronaphthalene product is 
consistent with the present results. 

We have also determined the products derived from the 
cyclobutane radical cation in acetonitrile. This radical cation 
was generated as described above by irradiation of chloranil in 
the presence of trans- 1,2-bis(4-methoxyphenyl)cyclobutane. Two 
products were formed and identified as Cmethoxystyrene and 
the same dihydronaphthalene produced in the dimerization 
reaction, eq 2. 

HPLC analysis of the products from chloranil-sensitized irradia- 
tion showed that both 4-methoxystyrene and the substituted 
dihydronaphthalene were produced concomitantly with con- 
sumption of the substituted cyclobutane at low conversions, with 
the 4-methoxystyrene4ihydronaphthalene product ratio remain- 
ing unchanged at 1 :3 from 2-10% conversion. Thus, both products 
are primary photoproducts generated from the reactions of the 
cyclobutane radical cation. 

Nanosecond Laser Photolysis: Dimerization. As described 
previ~usly?~ 266- or 308-nm laser excitation of 4-methoxystyrene 
in acetonitrile results in biphotonic photoionization to give the 
4-methoxystyrene radical cation, eq 3, with the absorption 
spectrum shown in Figure 1 (open circles). 

hv 

CH,O -e’ 

The radical cation decays in a first-order manner with a rate 
constant that is largely determined by the initial concentration 
of 4-methoxystyrene. Observed rate constants for the decay of 
the radical cation were found to increase in a linear manner with 
increasing concentration of 4-methoxystyrene9 Figure 2a, and 
these data lead to the rate constant for quenching of the 
Cmethoxystyrene radical cation by neutral 4-methoxystyrene, 

Because 4-methoxystyrene has a high extinction coefficient at 
the excitation wavelengths of 266 and 308 nm, the photoionization 
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Figure 1. Transient absorption spectrum taken immediately after 266- 
nm laser irradiation of 4-methoxystyrene (O.OOO5 M) in acetonitrile (open 
circles). Absorption spectrum taken 1 after 355-nm irradiation of a 
solution of chloranil (0.003 M) and 4-methoxystyrene (0.001 M) in 
acetonitrile (filled circles). 

method for the generation of the radical cation is limited to the 
use of relatively low concentrations (<0.0015 M) of 4-meth- 
oxystyrene. To study the decay of the 4-methoxystyrene radical 
cation at higher concentrations, the radical cation was produced 
by photoinduced electron-transfer from 4-methoxystyrene to 
triplet chloranil. High concentrations of the styrene can be used 
because chloranil can be selectively excited at 355 nm where 
4-methoxystyrene has no significant absorption. 

The chloranil triplet (A,,, = 500 nm)32 generated by 355-nm 
laser irradiation of chloranil in acetonitrile is quenched by 
4-methoxystyrene with a second-order rate constant of kET = 1.3 
X 1 0 l o  M-I s-I. Triplet quenching is accompanied by the formation 
of the radical cation of 4-methoxystyrene with absorption at 600 
nm and the chloranil radical ion at 450 nm,33 Figure 1 (closed 
circles). These results indicate that triplet quenching involves 
electron transfer from 4-methoxystyrene to triplet chloranil to 
give the chloranil radical anion and the radical cation of the 
styrene, eq 4. 

Chl 

Observed rate constants for the decay of the 4-methoxystyrene 
radical cation generated by the chloranil sensitization method at 
low concentrations of 4-methoxystyrene (<0.002 M) parallel the 
rate constants determined using the photoionization method to 
generate the radical cation. However, at concentrations of 
4-methoxystyrene greater than 0.01 M that are not accessible 
using the photoionization method, the observed rate constant 
levels off and reaches a maximum value of about 2.5 X lo7 s-l 
at concentrations >0.20 M, Figure 2b. 

As expected from the rapid rate of electron transfer, triplet 
chloranil is completely quenched and the 4-methoxystyrene radical 
cation and the chloranil radical anion are produced within the 
10-ns laser pulse at 0.01 M 4-methoxystyrene. The radical cation 
then decays by reaction with neutral 4-methoxystyrene with an 
observed rate constant of 8.3 X lo6 s-I. Under these conditions, 
a transient with an absorption maximum at 500 nm is observed 
in addition to the chloranil radical anion at 450 nm and the 
4-methoxystyrene radical cation at 600 nm, Figure 3. The 
transient is not produced within the laser pulse, but instead grows 
in with a rate constant identical to the rate constant for the decay 
of the radical cation, Figure 3 (inset). The 500-nm band is 
therefore due to a transient produced by reaction between the 
4-methoxystyrene radical cation and neutral 4-methoxystyrene. 
The 500-nm species is quite reactive and decays in a first-order 

(32) Gschwind, R.; Haselbach, E. Hela Chim. Acto 1979, 62, 941-955. 
(33) Andre, J. J.; Weill, G. Mol. Phys. 1968, 15, 97-99. 

2.0 

2 
1 .o 

aH 

0.0 
0.0 0.05 0.10 0.15 0.20 0.25 

[4-Methoxystyrmel/M 

Figure 2. Relationship between the observed rate constant for the decay 
of the 4-methoxystyrene radical cation and (a) concentration of 4-meth- 
oxystyrene ranging from O.ooOo4 to 0.0015 M and (b) concentration of 
4methoxystyrene ranging from 0.002 to 0.23 M in acetonitrile. 
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Figure 3. Transient absorption spectra after 355-nm laser irradiation of 
a solution of chloranil (0.003 M) and 4-methoxystyrene (0.01 M) in 
acetonitrile. Spectra were recorded immediately after the laser pulse 
(filled circles) and 100 118 after the laser pulse (open circles). The inset 
shows the growth and decay of the transient at 500 nm for the same 
sample. 

planner with a rate constant of k = 5 X lo6 s-l ,  The decay 
remains constant in 0 2 -  and N2-saturated solution, indicating 
that the 500-nm transient is not reactive toward oxygen. It should 
be noted that the transient is not observed (Figure 1, closed circles) 
in the presence of low concentrations of 4-methoxystyrene because 
its decay would be faster than its formation by addition of the 
4-methoxystyrene radical cation to neutral 4-methoxystyrene. In 
addition, the initial jump in absorption at 500 nm during the 
laser pulse and the residual absorption seen in the inset of Figure 
3 are not due to the presence of the new transient but are instead 
due to the chloranil radical anion which has significant absorption 
in this region and decays quite slowly. 

Nanosecond Laser Photolysis: Cyclobutane Ring-Cleavage. 
The kinetics and spectroscopy of the ring-cleavage reactions of 
the cyclobutane radical cation have been examined using both 
nanosecond and picosecond laser spectroscopy. The results from 
the nanosecond experiments show that the chloranil triplet 
generated by 355-nm laser excitation is rapidly quenched by the 
addition of the substituted cyclobutane with a second-order rate 
constant of 1.5 X 1OIo M - l  s-1 in acetonitrile. The triplet quenching 
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Figure 4. Transient absorption spectrum taken immediately after 355- 
nm laser photolysis of chloranil (0.003 M) and tram-1,2-bis(4-meth- 
oxypheny1)cyclobutane (0.01 M) in acetonitrile. 

is accompanied by growth of the chloranil radical anion at 450 
nmand byweakabsorptionat 600 nmdue to the4-methoxystyrene 
radical cation, Figure 4; the observed rate constant for the growth 
of the radical ions is the same as that for the triplet decay. An 
additional transient species is also observed with an absorption 
maximum at 500 nm, Figure 4, and a decay rate of 5 X lo6 s-1 
that are identical to those for the transient observed upon 
dimerization of the 4-methoxystyrene monomer radical cation 
described above. At cyclobutane concentrations of 0.01 M, the 
chloranil triplet is quenched and the 4-methoxystyrene radical 
cation and the 500-nm transient are formed within the duration 
of the 10-ns laser pulse. The prompt formation indicates that 
both the 4-methoxystyrene radical cation and the 500-nm transient 
are formed with rate constants >lo8 s-l. 

In the presence of 0.01 M trans-l,2-bis(4-methoxyphenyl)- 
cyclobutane, the 4-methoxystyrene radical cation decays with a 
rate constant of 6 X lo6 s-1 that is significantly greater than the 
rate constant of 4 X lo5 s-1 for its decay in neat a~etoni t r i le .~~ 
This rapid decay indicates that the observed rate constant for the 
decay of the monomer radical cation depends on the concentration 
of the substituted cyclobutane. Thus, the observed rate constant 
for the decay of the 4-methoxystyrene radical cation increased 
linearly with the concentration of the substituted cyclobutane, 
with a second-order rate constant of 7 X lo8 M-‘ s-1. Since the 
only products observed upon chloranil sensitized irradiation of 
the cyclobutane in acetonitrile are 4-methoxystyrene and the 
substituted dihydronaphthalene, quenching of the 4-methoxy- 
styrene radical cation by the cyclobutane most likely occurs by 
electron transfer to give neutral 4-methoxystyrene and the 
cyclobutane radical cation, eq 5 .  

The spectrum in Figure 4 clearly shows that the absorption at 
500 nm is significantly more intense than the absorption at 600 
nm. After correction for the contribution from the chloranil 
radical anion, the 500-nm band is found to be 3 times more intense 
than the 600-nm band. However, different results were obtained 
upon generation of the cyclobutane radical cation by photoion- 
ization of 1,2-bis(4-methoxyphenyl)cyclobutane (0.OOOl M) using 
266-nm laser irradiation. In this case, the 4-methoxystyrene 
radical cation and the transient with absorption at 500 nm, Figure 
5 ,  were both produced within the duration of the IO-ns pulse. 
However, the intensity of the radical cation absorption at 600 nm 
is considerably greater than the absorption at 500 nm. Thus, 
while chloranil sensitized ring-cleavage gave a 600 nm-500 nm 
ratio of 1:3, photoionization resulted in a ratio of 3:1 of the two 
signals. 

Picosecond Laser Photolysis: Cyclobutane Ring-Cleavage. 
Photoionization experiments similar to the nanosecond experi- 
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Figure 5. Transient absorption spectra after 266-nm irradiation of trans- 
1,2-bis(4-methoxyphenyl)cyclobutane (O.OOO5 M) in acetonitrile. Spectra 
were recorded immediately after the laser pulse (filled circles), 100 ns 
after the laser pulse (open circles), and 2 ps after the laser pulse (filled 
triangles). 
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-6. Transient absorption spectra after 266-nm picosecond irradiation 
of tram-1,2-bis(4-methoxyphenyl)cyclobutane (O.OOO5 M) in acetonitrile. 
Spectra were recorded at  time intervals of 0 ps after the laser pulse (filled 
triangles), 250 ps after the laser pulse (filled circles), and 9 ns after the 
laser pulse (open circles). 
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Figure 7. Timedependent absorption changes upon 266-nm picosecond 
irradiation of tram-l,2-bis(4-methoxyphenyl)cyclobutane (0.0005 M) 
in acetonitrile monitored at (a) 600 nm and (b) 500 nm. 

ments described above were carried out using time-resolved 
picosecond absorption spectroscopy. Our results show that direct 
35-ps 266-nm irradiation of the trans or cis isomer of the 
cyclobutane results in the formation of two transient species. 
One of these is readily identified as the 4-methoxystyrene monomer 
radical cation from its characteristic absorption at 600 nm, Figure 
6. The time dependence for the growth of the 4-methoxystyrene 
radical cation, Figure 7a, clearly shows that the radical cation 
is formed within about 100 ps after the laser pulse. 

The second transient produced upon direct 35-ps irradiation 
of the substituted cyclobutane is the 500-nm transient observed 
in the dimerization experiments, Figure 6. This species is not 
detected immediately after the laser pulse. Instead, its population 
grows to a maximum value at about 5 ns after the laser pulse, 
Figure 7b. The increase in absorption followed first-order kinetics 
well, with a rate constant of kgrowth = (4 f 1) X lo8 s-l. 

Discussion 

The mechanism for the concerted cycloaddition of the 4-meth- 
oxystyrene radical cation to neutral 4-methoxystyrene proposed 
by Bauld3 is shown in Scheme 3. The primary intermediate is 
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a long-bond cyclobutane radical cation that cleaves to regenerate 
the radical cation of 4-methoxystyrene and neutral 4-methoxy- 
styrene, or rearrangesvia a 1,3-sigmatropicshift tothesubstituted 
hexatriene radical cation. Loss of a proton followed by electron 
transfer and loss of a second proton then gives the final observed 
product, the substituted dihydronaphthalene. The long-bond 
cyclobutane radical cation can also be reduced by electron transfer 
from neutral 4-methoxystyrene in a chain propagation step to 
give the neutral cyclobutane and the radical cation of 4-meth- 
oxystyrene. This mechanism differs from the stepwise process 
postulated by Ledwith in which the primary intermediate upon 
addition of the 4-methoxystyrene radical cation to neutral 
4-methoxystyrene is the acyclic 1,Cradical cation, Scheme 4. In 
this case, dihydronaphthalene formation occurs by 1,6-cyclization 
of the acyclic radical cation, while cyclobutane formation takes 
place by 1,4-cyclization of the acyclic radical cation followed by 
electron transfer from 4-methoxystyrene. 

Both the concerted and stepwise mechanisms are compatible 
with the results from the dimerization product studies showing 
that the dihydronaphthalene is the only product at low concen- 
trations of 4-methoxystyrene. The formation of the cyclobutane 
at higher concentrations of 4-methoxystyrene is also consistent 
with both mechanisms. In addition, reaction of the radical cation 
of truns- 1,2-bis(4-methoxyphenyl)cyclobutane to give 4-meth- 
oxystyrene and the dihydronaphthalene agrees with both the 
concerted and stepwise mechanisms. Therefore, the results from 
the product studies alone are not sufficient to determine which 
of the two mechanisms applies to the radical cation mediated 
dimerization of 4-methoxystyrene and the ring-cleavage reactions 
of the corresponding cyclobutane. However, the kinetic and 
spectroscopic data for these two processes can be used to help 
distinguish between the concerted and stepwise mechanisms, as 
outlined below. 

A 500-nm transient is observed in both the dimerization and 
ring-cleavage reactions and could in principle be assigned to one 
of three possible intermediates in Schemes 3 and 4: the acyclic 
1,4-radical cation, the long-bond cyclobutane radical cation, or 
the hexatriene radical cation. Previous time-resolved studies of 
the radical cation mediated dimerization of ~ t y r e n e , ~ ~ ? ~ ~  a-meth- 
yl~tyrene,~~ and 4-methoxystyrenez5 have all described the 

(34) Egusa, S.; Arai, S.; Kira, A.; Imamura. M.;Tabata, Y. Rudiar. Phys. 
Chem. 1977, 9,419-431. 
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presence of similar transient species with absorption in the 4 5 s  
500-nm region upon addition of the radical cation to the neutral 
precursor. In particular, Tojo et aLZ5 showed that the decay of 
the4-methoxystyrene radical cation generated by pulse radiolysis 
of 0.02 M 4-methoxystyrene in dichloromethane gave rise to an 
absorption band at 495 nm in a manner similar to that observed 
in the present work. The results in the previous studies were 
interpreted on the basis of the assumptions that the addition of 
the radical cation to the neutral styrene follows the stepwise 
mechanism, and that the absorption in the 45G500-nm range is 
due the presence of the acyclic 1,4-radical cation. If these 
assumptions are both valid, the radical cation mediated cleavage 
of the substituted cyclobutane should result in the rapid formation 
of the acyclic 1,4-radical cation at 500 nm. Subsequent decay 
of the 500-nm band should then be accompanied by a growth in 
the 600-nm region due to the formation of the Cmethoxystyrene 
radical cation. However, this is clearly not the case for the 
chloranil sensitized ring-cleavage experiments carried out in the 
present work since both the 500-nm transient and the radical 
cation absorption at 600 nm are formed promptly within the 
10-ns laser pulse. Furthermore, the decay of the 500-nm band 
does not lead to the formation of the 4-methoxystyrene radical 
cation. Thus, these results lead to the conclusion that the 
assumption of a stepwise mechanism for the radical cation 
mediated dimerization of 4-methoxystyrene and the assignment 
of the 500-nm band to an acyclic 1,4-radical cation need to be 
reexamined. 

Spectroscopic and kinetic considerations are also inconsistent 
with the assignment of the 500-nm transient to the acyclii 1,4- 
radical cation. If the radical cation exists in the open form, €here 
should be little interaction between the cationic center and the 
radical center and its absorption spectrum should correspond to 
that of the isolated chromophores as has been observed for 
biradical~.~~ The acyclic 1 ,Cradical cation is therefore expected 
to have absorption maxima in the 300-340-nm region that 
correspond to the spectra of the 4-methoxyphenethyl cation, A,, 
= 340 nm,38 and 4-methoxybenzyl radical, A,, = 310 nm,39 and 
not at 500 nm. In addition, the minimum reactivity of the acyclic 
1,4-radical cation should be a composite of the reactivity of the 
emethoxyphenethyl cation and the 4-methoxyphenethyl radical. 
However, the lifetime of about 200 ns measured in the present 
work for the 500-nm transient in acetonitrile is at least 10-fold 
longer than the lifetime of <20 ns for the 4-methoxyphenethyl 
cation in thesames~lvent.~~ In addition, since benzyl-like radicals 
are quenched by oxygen at diffusion-controlled rates, the 
insensitivity of the observed rate constant for the decay of the 
500-nm transient to oxygen concentration also argues against 
the identification of this transient as the acyclic 1 ,Cradical cation. 

Identification of the 500-nm band as the long-bond cyclobutane 
radical cation can be ruled out since its formation should also 
precede the formation of the 600-nm band upon cleavage of the 
cyclobutane radical cation. In addition, since reduction of the 
cyclobutane radical cation by 4methoxystyrene leads to neutral 
cyclobutane formation, the observed rate constant for the decay 
of the cyclobutane radical cation should increase as the concen- 
trationof emethoxystyrene increases. However, our results show 
that the decay of the 500-nm transient is insensitive to 4-meth- 
oxystyrene concentration. 
Thus, based on the spectroscopic and kinetic data, the 500-nm 

transient formed by addition of the radical cation to the neutral 
styrene and by reaction of the cyclobutane radical cation is unlikely 

(35) Eguea, S.; Tabata, Y.; Era, A.; Imamura, M. J.  Polym. Sci. 1978, 

(36) Irk, M.; Masuhara, H.; Hayashi, K.; Mataga, N. J.  Phys. Chem. 

(37) Johnston, L. J.; Scaiano, J. C. Chem. Rev. 1989,89, 521-547. 
(38) McClelland, R. A.; Kanagasabapathy, V. M.; Stcenken, S. J .  Am. 

(39) Tokumura, K.; Ozahi, T.; Ncaaka, H.; Saigusa, Y.; Itoh, M. J.  Am. 

16,729-741. 

1974.78, 341-347. 

Chem. Soc. 1988,110,6913-6914. 

Chem. Soc. 1991,113,4914-4980. 
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to be the acyclic 1 ,Cradical cation. We suggest that the 500-nm 
band is due to the substituted hexatriene radical cation produced 
by 1,3-sigmatropic rearrangement of the cyclobutane radical 
cation. This assignment is based on spectroscopic data for 
analogous hexatriene radical cations derived from &&,trans- 
hexatrieneM and methylenecyclohexadiene.4l The matrix spectra 
for these hexatriene radical cations have absorption maxima in 
thevisible near 430 nm. The absorption maximum of the transient 
observed in the present work is at a considerably longer wavelength, 
A,,, = 500 nm, but the additional methoxy and methyl groups 
in the hexatriene radical cation formed by rearrangement of the 
1,2-bis(4-methoxyphenyl)cyclobutane radical cation would be 
expected to shift the absorption to higher wavelengths. It is also 
likely that the 450-nm transient observed in the radical cation 
mediated dimerization of styrene3*J5 is the corresponding 
hexatriene radical cation on the basis of the similarity between 
the absorption maximum at 450 nm and the absorption maximum 
of the methylcyclohexadiene radical cation at 430 nm, and from 
product studies which show that the naphthalene derivative is the 
major product.42 Furthermore, it has been shown that the radical 
cation mediated dimerization of &methyl-4-methoxystyrene and 
cleavage of the corresponding cyclobutane radical cation do not 
lead to the formation of naphthalene derivatives. The hexatriene 
radical cation is therefore not formed in the dimerization or 
cleavage reactions, and in this case, no absorption in the 450- 
550-nm range is observed in time-resolved s t ~ d i e s . ~ ~ ~ ~ ~  

Stepwise or Concerted Mechanism. The results from the 
picosecond ring-cleavage experiments show that the hexatriene 
radical cation with absorption at 500 nm is produced with a rate 
constant of (4 f 1) X lo8 s-I in acetonitrile. Thus, if the acyclic 
1,4-radical cation is present as an intermediate along the pathway 
to the hexatriene radical cation as required by the stepwise 
mechanism, we can assume either that the cleavage of the 
cyclobutane radical cation to the acyclic 1,4-radical cation takes 
place with a rate constant of kA = 4 X lo8 s-l followed by 
cyclization to the hexatriene radical cation with a rate constant 
of kH >> 4 X lo8 s-I, eq 6, or that cleavage to the acyclic 1,4- 
radical cation is fast, kA >> 4 X lo8 s-I, followed by slower 
cyclization to the hexatriene radical with a rate constant of kH 
= 4 x 108 s-1. 

The second scenario in which kA >> 4 X lo8 s-, can be ruled out 
because it implies that cleavage of the cyclobutane radical cation 
will be too fast for electron transfer to 4-methoxystyrene to 
compete successfully, and formation of the cyclobutane would 
not take place at 4-methoxystyrene concentrations of 0.05 M as 
observed in the present work. Thus, it appears that cleavage of 
the cyclobutane radical cation is the rate determining step in the 
formation of the hexatriene radical cation upon oxidation of the 
cyclobutane. 

The above discussion leads to the conclusion that neither the 
product studies nor the time-resolved experiments require the 
formation of an acyclic 1,4-radical cation as an intermediate in 
the dimerization or cyclobutane ringcleavage reactions. Fur- 
thermore, it is clear that the 500-nm transient, irrespective of its 
assignment to either the acyclic or hexatriene radical cations, 
cannot be the primary intermediate formed in either reaction. 

(40) Kelsall, B. J.;Andrews, L.J.Am. Chem.Soc. 1983,105,1413-1419. 
(41) Bally, T.; Nitsche, S.; Roth, K.; Haselbach, E. J.  Phys. Chem. 1985, 

(42) Asanuma, T.; Yamamoto, M.; Nishijima, Y. J.  Chem. SOC., Chem. 
Commun. 1975, 608-609. 

(43) Preliminary results from picosecond laser studies on the cleavage of 
the cyclobutane show no evidence for the presence of a transient in the 5Wnm 
region at time scales as short as 50 ps. Johnston, L. J.; Schepp, N. P. 
Unpublished results. 

89, 2528-2533. 
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On the basis of these conclusions, as well as detailed studies by 
Bauld3 and Lewis1B showing that some dimerization and ring- 
cleavage reactions m u r  by a concerted mechanism, we believe 
that the concerted mechanism with a long-bond cyclobutane 
radical cation as the primary intermediate provides a better model 
with which to explain our results. The kinetic analysis presented 
in the following section is derived on that basis and is independent 
of the assignment of the 500-nm transient. 

Kinetic Analysis. According to the concerted mechanism shown 
in Scheme 3, the observed rate constant for the disappearance 
of the 4-methoxystyrene radical cation is given by the following 
rate law, eq 7, 

k, k, [CMeOSty] 
(7) kob = k-, + k, + k3[4-MeOSty] 

derived by assuming the steady-state approximation with respect 
to the long-bond cyclobutane radical cation. In this equation, kl 
represents the rate constant for addition of the radical cation to 
the neutral styrene, k-1 is the rate constant for the cleavage of 
the cyclobutane radical cation to 4-methoxystyrene and its radical 
cation, and kz designates the rate constant for the rearrangement 
of the cyclobutane radical cation to a hexatriene radical cation. 
The parameter k3 is the rate constant for the electron transfer 
from the long-bond cyclobutane radical cation to neutral 4-meth- 
oxystyrene. At low concentrations of 4-methoxystyrene where 
k-1+ k2 > k3 [4-MeOSty], the rate law is simplified to that shown 
in eq 8. 

k, k, [CMeOSty] 
(8) k-,+ k, kobs = 

This expression agrees well with the linear relationship between 
the observed rate constants for the decay of the 4-methoxystyrene 
radical cation and the 4-methoxystyrene concentration shown in 
Figure 2a. 

The rate law shown in eq 7 is also consistent with the curvature 
shown in Figure 2b. At sufficiently high concentrations of 
4-methoxystyrene, the observed rate constant will begin to level 
off and eventually become independent of the concentration when 
k-l + k2 < k3[4-MeOSty], eq 9. 

Values for each of the rate constants in eq 7 can be obtained 
in the following way. According to eq 8, the slope of the linear 
plot in Figure 2a, k, = 1.1 X lo9 M-’ s-l, is made up of a 
combination of rate constants, slope = klkzj(k-1 + k2). On the 
basis of the 3:l ratio of the dihydronaphthalene and 4-meth- 
oxystyrene products obtained from the cyclobutane radical cation, 
we can estimate that k21k-1 - 3. Using this ratio together with 
the slope of the line in Figure 2a, we calculate a value for kl of 
1.4 X lo9 M-I s-l. The observed rate constant at high 
concentrations of 4-methoxystyrene where the decay of the 
4-methoxystyrene radical cation is independent of 4-methoxy- 
styrene concentration, /cob = 2.5 X lo7 s-I, is a combination of 
rate constants kl, kz, and k3 as shown in eq 9. If the electron 
transfer from 4-methoxystyrene to the cyclobutane radical cation 
is sufficiently exothermic, the electron-transfer reaction will be 
diffusion controlled with a rate constant of k3 - 1.5 X 1Olo M-1 
s-I. This value and the rate constant kl = 1.4 X lo9 M-I s-l can 
becombined with the observed rateconstant in the plateau region, 
kob = 2.5 X lo7 s-I, to give a rate constant of k2 = 2.5 X loB s-1 
for the reaction of the long-bond cyclobutane radical cation to 
give the 500-nm transient that we assign to the hexatriene radical 
cation. Finally, on the basis of the rate ratio of k21k-1 - 3, a 
value of k-l = 8 X lo7 s-1 can be calculated for the cleavage of 
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the cyclobutane radical cation to the 4-methoxystyrene radical 
cation and neutral 4-methoxystyrene. 

Picosecond Photoionization: Cyclobutane Ring-Cleavage. As 
described above, the picosecond photoionization data show that 
the hexatriene radical cation at 500 nm grows in with a rate 
constant of (4.0 f 1.0) X lo8 s-I. According to the mechanism 
in Scheme 3, this rate constant corresponds to the global rate 
constant for the decay of the cyclabutane radical cation, k-1 + 
kz, and is identical within experimental error to the sum of k-1 + k2 = 3.3 X lo8 S-I calculated from the curvature shown in 
Figure 2b. The agreement between these two values verifies the 
assumption that the rate constant for the electron transfer from 
4-methoxystyrene to the cyclobutane radical cation is diffusion 
controlled. In fact, by using the experimentally determined value 
of (4.0 f 1.0) X lo8 s-l together with results from the product 
study showingthat kZ= 3k-1,therateconstant k2canbecalculated 
as (3.0 f 0.8) X lo8 s-I. Substitution of this rate constant and 
the value of kl = 1.4 X lo9 M-' s-I determined earlier into eq 9 
leads to an experimentally determined value of the rate constant 
for electron transfer from emethoxystyrene to the cyclobutane 
radical cation, k3 = (2.1 f 0.5) X 1Olo M-I s-I, that agrees well 
with the estimated value of 1.5 X 1Olo M-l S - I . ~  

The formation of the 4-methoxystyrene radical cation within 
100 ps after direct 266-nm irradiation of the cyclobutane suggests 
that the cyclobutane radical cation produced by photoionization 
decays with a rate constant >1 X 10'0 SKI, This rate constant is 
considerably greater than that determined above and is incom- 
patible with the mechanism shown in Scheme 3 because electron- 
transfer from 4-methoxystyrene to the cyclobutane radical cation 
would not compete with cleavage of the cyclobutane radical cation 
occurring with a rate constant >lolo s-I. We considered a 
mechanism in which the cyclobutane radical cation is formed in 
a quasi-concerted process, but breaks down in <10-lo s to give 
the 4-methoxystyrene radical cation and the acyclic 1 ,4-radical 
cation. The acyclic 1,4-radical cation then undergoes a 1,6- 
cyclization to give the dihydronaphthalene, or at sufficiently high 
concentrations of neutral 4-methoxystyrene is reduced by electron 
transfer from the 4-methoxystyrene to give the 1 ,ebutanediyl 
biradical that closes to the cyclobutane and to regenerate the 
4-methoxystyrene radical cation, However, since the reduction 
potentials of the radical center and the cation center of the acyclic 
1 ,Cradical cation should be similar to those of the 4-methoxy- 
benzyl radical4s and the 4-methoxybenzyl cation,45 respectively, 
the electron-transfer between 4-methoxystyrene and the acyclic 
l,4-radical cation will be endothermic by at least 25 k ~ a 1 . ~ ~  The 
rateconstant for electron-transfer would therefore be much slower 
than the diffusion controlled rate constant of 1.5 X 1OIo M-I s-l 
and the curvature in the plot shown in Figure 2b would not be 
observed. 

The rapid formation of the 4-methoxystyrene radical cation 
upon direct picosecond irradiation of the cyclobutane therefore 
indicates that photoionization provides an additional mechanism 
for the rapid cleavage of the cyclobutane radical cation. This 
suggestion is reinforced by the increased yield of the 4-meth- 
oxystyrene radical cation relative to the hexatriene radical cation 
at 500 nm in the photoionization experiment as compared to the 

(44) The rate constants 2.1 X 1 O 1 O  M-* s-l for the reduction of the 
cyclobutane radical cation by Cmethoxystyrene and 7 X l@ M-l s-I for the 
reduction of the Cmethoxystyrene radical cation by neutral cyclobutane lead 
to AE' = 90 mV for the two redox couples. Verification of this difference 
from electrochemical measurements is difficult because oxidation of Cmeth- 
oxystyrene is irreversible, and oxidation of the cyclobutane is not a simple 
one-electron oxidation. However, AE' = 90 mV is consistent with the small 
OED = 1OmVdcterminedfrompeakpotentialmeasurementsfor theirreversible 
oxidation of the analogous tram-anethole and its cyclobutane dimer system 
in acetonitrile.18 

(45) Sim, B. A.; Milne, P. H.; Griller, D.; Wayner, D. D. M. J .  Am. Chem. 
Soc. 1990, 112, 6635-6638. 

(46) Based on oxidation potentialsof 1.4 and 0.26 eV for Cmethoxystyrene 
and 4-methoxyphenethyl radical, respectively, and a reduction potential of 
-1.81 for 4-methoxyphenethyl cation.4s 
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chloranil sensitized irradiation, We considered the possibility 
that the dimer undergoes direct photochemical cleavage to give 
4-methoxystyrene which is then photoionized. Since the pho- 
toionization of 4-methoxystyrene has been shown to be biphotonic, 
the overall process would require three photons and is, thus, 
unlikely even if the direct photochemical cleavage is rapid (Le. 
<35 ps). A more likely explanation for the enhanced yield is that 
direct 266-nm excitation of the cyclobutane leads to an electroni- 
cally or vibrationally excitedcyclobutaneradical cation that breaks 
apart to give the 4-methoxystyrene radical cation in competition 
with deactivation to give the ground state cyclobutane radical 
cation, Scheme 5 .  Cleavage of photochemically excited cy- 
clobutane radical cations has been observed for the parent 
cyclobutane radical cation which is stable in a low-temperature 
matrix but undergoes unimolecular rearrangement reactions upon 
irradiati0n.4~3~~ 

Cyclobutpoe Radical Cation Cleavage. The results in the present 
work provide a clear picture of the dynamics of the dimerization 
and ring-cleavage reactions and lead to the conclusion that the 
reactions of the cyclobutane radical cation are the prime factor 
in determining the course of the dimerization reaction. This 
species could not be observed directly by nanosecond laser 
photolysis because of its short 3 4 s  lifetime. The failure to detect 
the intermediate by picosecond spectroscopy suggests that the 
radical cation has absorption below 400 nm in a region that is 
not accessible with our picosecond spectrometer. 

The 34s  lifetime of the cyclobutane radical cation is consider- 
ably greater than the <1-ns lifetime estimated for the 1,2- 
diphenylcyclobutane radical cation generated by addition of 
styrene radical cation to styrene.23 The increased lifetime of the 
4-methoxy-substituted cyclobutane radical cation can be at- 
tributed to stabilization of the positive charge by the electron- 
donating 4-methoxy groups. On the other hand, the 3 4 s  lifetime 
is considerably less than the lifetime of 100 d 8 s 2 3  estimated for 
the radical cation of 1,2-bis(4-methoxyphenyl)-3,4-dimethylcy- 
clobutane produced by addition of anethole radical cation to 
anethole. Some of this difference is due to the reluctance of the 
anethole cyclobutane radical cation to undergo a sigmatropic 
shift; in this case, only cleavage to starting material or reduction 
by electron-transfer from anethole occurs.18 Thus, the 100-ns 
lifetime of the radical cation represents a rate constant for 
cycloreversion of 1 X lo7 s-l which is about 8-fold slower than 
the cycloreversion of the 4-methoxystyrene cyclobutane radical 
cation determined in the present work, k, = 8 X lo7 s-l. 

Rate constants for the cleavage of the radical cations of 
substituted 2,3-bis(4-methoxyphenyl)butanes, which are acyclic 
analogs of the 1,2-bis(4-methoxyphenyl)cyclobutane radical 

(47) Toriyama, K.; Nunome, K.; Iwasaki, M.; Shida, T.; Ushida, K. Chem. 
Phys. Lcrr. 1985,122, 118-123. 

(48) Further support for an alternative mechanism being raponsible for 
rapid cleavage of the cyclobutane dimer comes from the observations that the 
2,3-dmethyl- 1,2-bis(4-methoxyphenynyl)cyclobutane radical cation has a life- 
time of ca. 100 IIS in acetonitrile,l**23 while 266-nm picosecond irradiation of 
the same cyclobutane in acetonitrile leads to the complete formation of the 
anethole radical cation within 100 p. Johnston, L. J.; Schepp, N. P. 
Unpublished results. 

(49) Pemer, S.; Sankararaman, S.; Kochi, J. K. J.  Chem. Soc., Perkins 
Tram. 2 1993, 825-837. 

(50) Maslak, P.; Vallombroso, T. M.; Chapman, W. H.; Narvaez, J. N. 
Angew. Chem., Inr. Ed. EngI. 1994, 33, 73-75. 
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cation discussed in the present work, have recently been 
m e a s ~ r e d . 4 ~ * ~ ~  The data show that acyclicanalogues cleave rapidly 
with rate constants of 6 X lo8 s-1 for 2,3-bis(4-methoxyphenyl)- 
2,3-dimethylbutane radical cation50 and <5 X lo7 s-l for the 
cleavage of 2,3-bis(4-methoxyphenyl) butane radical cation49 that 
are similar to the rate constant of 8 X lo7 s-' measured in the 
present work for the cleavage of the 1,2-bis(4-methoxyphenyl)- 
cyclobutane radical cation. 

Conclusions 
Our results are consistent with a mechanism in which the 

4-methoxystyrene radical cation adds in a concerted manner to 
neutral 4-methoxystyrene to give a cyclobutane radical cation 
with a rate constant of 1.4 X 109 M-1 s-I. This radical cation 
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undergoes a 1,3-sigmatropic shift with a rate constant of 2.5 x 
108 s-l to give a substituted hexatriene radical cation with 
absorption at 500 nm. The cyclobutane radical cation also cleaves 
to regenerate 4-methoxystyrene and its radical cation with a rate 
constant of ca. 8 X lo7 8. When the cyclobutane radical cation 
is generated in the presence of high concentrations of 4-meth- 
oxystyrene, an additional reaction pathway becomes available 
involving electron transfer to give the neutral cyclobutane product 
and the 4-methoxystyrene radical cation, indicating that cy- 
clobutane formation is a chain process. 
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