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Reactions of radical cations of eight stilbene derivati&s)(have been studied using pulse radiolysis and
y-ray radiolysis in 1,2-dichloroethane or butyl chloride. Unimolecular isomerization @igi8* to trans

St and bimolecular reactions with,@oxidation) and a neutral stilbene (dimerization) occur depending on
the substituents. The unimoleculart isomerization and the oxidation proceed preferabl@insubstituted

with a p-methoxyl group (as an electron-donating substituent) with rate constakts=6f.5 x 1P to 1.4 x

10’ s tandko, = (1.2—-4.5) x 10" M~1s71, respectively. On the basis of transient absorption measurements,
it is concluded that separation and localization of a positive charge and an unpaired electron play the mc
important role as the controlling factors in the reactivities of the unimolecular isomerization and the oxidation

The dimerization involves initial formation of a-complex with overlapping of two benzene rings and is
inhibited by steric hindrance of substituents on the benzene rings and olefinic carbons.

Introduction SCHEME 1

It is well-known thatcis(c)—trang(t) isomerization, dimer-
ization, and addition of a nucleophile occur in radical cations
of aromatic olefins as typical reactiohs> The reactivities
depend on the structure or substituents of the radical cations.

However, a rather small number of the rate constants for the O Q

reactions have been reported despite numerous studies from o frans-Se
synthetic and mechanistic points of viéw. Therefore, factors ois-Se

that control the reactivities of the radical cations are still unclear. RCH=CRR" (S) R
Even those of the stilbene radical cation *($tare not R R A
completely establishett* No unimoleculac—t isomerization ; (jfg; CH : 26:5
occurs in St",2 although it does in the radical cationsm#,4 - 3 4_CH30§: :-1 H CeHs
dibromostilbene and-4,4-dimethylstilbene¢ Dimerizatior? 4 24_(03H33):CGH3 H CzH:
of St with St occurs with a rate constantlef= (3.5-3.9) x §  34-(CH),CH; H  CeHe
10° M~1 571 3cdtg yield azz-dimer radical cations-St"+) with 6 35(CHiO)CeHs H  CeHs
overlappingr-electrons between the two benzene rings, which 7 4-CHy0CgH, CHs CgHs
converts to as-dimer radical cationd-St*™) with an acyclic 8  4-CH30CgH, H 4-CH;0CgH,

linear structure having both a radical and a cation on the 1- and

4-positions of the ¢linkage, decomposing teSt* and St as On the basis of the rate constants of the three types of reactions,
final products® It is reported thatt-St* reacts with a we have found that the unimolecular-t isomerization and
superoxide molecufé¢ at a rate constant dp = 1.9 x 1C° oxidation with @ of radical cations of stilbene derivatives,
M~1s 1 near the diffusion rate consta§twhile t-St* has little particularly with substitution of g-methoxyl group as an
reactivity toward @.3245 On the other hand, a high reactivity  electron-donating substituent in tl&" derivatives, enhance

of ko = 2.6 x 10® M~ s71 has been reported for the radical remarkably the isomerization and oxidation at room temperature.

cation of €)-2,3-diphenyl-2-butent?

It is concluded that separation and localization of a positive

In this article we wish to report three reactions of radical charge and an unpaired electron play the most important role

cations of eight stilbene derivative§{ = RCH=CRR" = in increasing the reactivities.

1-+—8'") (Scheme 1) using pulse radiolysis gnday radiolysis

in 1,2-dichloroethane or butyl chlorideynimolecular isomer- Experimental Section

ization from cis to trans isomer radical cations (eq 1), and General. Pulse radiolyses were performed, as described
bimolecular reactions with £(oxidation, eq 2) and a neutral ~ previously3? using an electron pulse (28 MeV, 8 ns, 0.7 kGy

stilbene (dimerization, eq 3). per pulse) from a linear accelerator at Osaka University. The
K temperature was controlled by circulating thermostated aqueous
ST —t-S" (1) ethanol around the quartz sample cejl-Radiolysis of 1,2-

dichloroethane (DCE) solutions or butyl chloride solutions at a

ko i 2 i i

+ o , concentration of 1.6« 1072 M was carried out in a Pyrex tube
ST +0; RC H?RCR (2) with an inner diameter of 1.0 cm or in 1.5-mm-thick Suprasil
oo cells at 77 K for UV-vis absorption measurements, respectively,

. K ot using a®Co y source (dose, 2.6< 10? Gy).3d Optical
S"+S—S, 3) absorption spectra were taken by a spectrophotometer and a
TTel: Japar-6-879-8496; FAX: Japah6-875-4156; e-mail: majima@ multichannel phptodeteqtor.

sanken.osaka-u.ac.jp. The S-containing solutions for spectral measurements at 77

€ Abstract published irAdvance ACS Abstractguly 15, 1996. K were degassed by freezpump-thaw cycles, while those
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TABLE 1: Transient Absorption Peaks (Amax) and the Molar Absorption Coefficients at the Peak €;) of D; and D, of ¢c-S'* and
t-S* (ST = 1"*—11"") Obtained by Pulse Radiolyses ot- and t-S (S= 1—-11) (5.0 x 103 M) in DCE at Room Temperature?

RCH=CRR" Amadnm (€/M~1 cm1)
St R R R" D, of c-S™* D;of t-S* D; of c-S* D; of t-S*
1+ Ph H Ph 515 480 780 750
(18 000) (65 000) (6180) (11 400)
2t 4-CHzCgHg4 H Ph 520 490 780 790
(30 900) (80 900) (11 500) (19 600)
3+ 4-CH;OCsH4 H Ph 530 470, 500 nd 720, 800
(13 200) (39 200, 74 800) (14 700, 41 700)
4t 2,4-(CH0).CeH3 H Ph 530 480 nd 680
(nd) (105 000) (14 700)
5+ 3,4-(CH0).CsH3 H Ph 540 480 nd 700
(nd) (84 600) (14 700)
6 3,5-(CH0).CsH3 H Ph 520 460, 510 700 >900
(3270) (24500, 20 800)  (1240) >(L1 000)
7t 4-CH;OCsH,4 CHjs Ph 450, 500 440, 490 760, 780 740, 800
(8820, 9710) (18 400,29 400) (7940, 7940) (9810, 184 000)
8+ 4-CH;OCsH,4 H 4-CH;OCsH,4 nd 480, 540 nd 780, 880
(33 100, 76 000) (24 500, 61 300)
ot 4-CH;OCsH4 (CHy)s 4-CH;OCsH,4 490, 560 7907850
(40 000, 16 000) (13 000, 20 000)
11+ 4-CHzCgHg4 H 4-CHzCgHgy 500, 570 nd 790, 900 nd
(20 000, 27 500) (81305 17 500)

a2 The molar absorption coefficients ef are estimated from the optical densitylabm and the optical length of 1 cm with the assumption of
a concentration of 8& 106 M for S+, which is calculated from the optical density at 480 nm, the optical length of 1 cmegsasd 6.5 x 10*

M-t cm™? for 1*" in DCEX3

for pulse radiolyses were saturated by bubbling with Ar er O
for 20 min. Oxygen concentrations were varied by bubbling
with a mixture gas of Mand Q premixed in a high-pressure
cylinder at several ratios.

Half-wave oxidation potentialsEf®) of 1.0 x 1072 M

of S are shown in Figures 1 and 2. Their characteristics are
summarized in Table 1 and discussed later. The transient
absorptions oft-S* decayed monotonously with first-order
kinetics and did not show any shifts or spectral changes. The
apparent rate constanti{) were calculated from the decay

samples were measured by cyclic voltametry using with a of the transient absorptions at a wavelengtind are shown in
potentiostat and a function generator having a scan rate of 100Figures 1 and 2.

mV s, a reference electrode of Ag/AgNGa working electrode
of a platinum disk, a pair electrode of platinum wire, and a
supporting electrolyte of 16 M tetraethylammonium tetrafluo-
roborate in acetonitrile.

Materials. c¢-1 (Aldrich, 97%) andt-1 (>99.5%) were

The transient absorptions ofl**, c-2**, andc-6" without
a p-methoxyl group afl decayed withkyps Similarly to those
of t-1**—8" (Figures 1 and 2). On the other hand, formation
of the band ot-3"*—5"* andt-8'" after the electron pulse was
observed with decay of the band of3**—5" andc-8"" with

purchased from Aldrich and Tokyo Kasei and purified by means a p-methoxyl group, respectively. For example, the transient

of distillation and recrystallization from ethanol, respectively,
before use. The other stilbengs-8 and11) were synthesized

absorption spectrum at 20 ns after the electron pulse was
composed of bands af-3*" and t-3*" at 530 and 500 nm,

by the Wittig reaction of the corresponding substituted benzal- respectively (Figure 1). The band ®8*t at 500 nm increased
dehyde and benzyltriphenylphosphonium chloride with sodium in the range of Js, while the band of-3"* at 530 nm decayed
ethoxide in absolute ethanol at room temperature, according tojn the range of a few hundred nanoseconds and became constant

literature proceduresand purified by means of distillation and
column chromatography on silica gel and/or recrystallization

in the range of Jus because of formation of the bandteg**.
The decay profile of the band of3+ at 530 nm was consistent

from ethanol, respectively, before use. Analyses of the purified with the formation profile of the band af3* at 500 nm.

S by GC showed purities higher than 99.5%. 1,2-Bis(4-
methoxyphenyl)cyclo-1-pentene)( was prepared from the

Similar time profiles were observed in the transient absorptions
of c-4**, ¢-5*, and c-8*. The rate constantskj of the

Grignard reaction of 2-chlorocyclopentanone and (4-methox- ynimolecular isomerization of-S* to t-S were calculated

yphenyl)magnesium bromide, according to the literafumad
was purified by recrystallization from methanol. Other chemi-
cals were purchased from Tokyo Kasei and purified by
distillation or recrystallization prior to use.

from the rise in the absorption peaks tof (Figures 1 and 2
and Table 2), which did not depend on the concentration of
c-S(k =45x 10Pto 1.4 x 10’ s'1). Thek; value forc-8'"

was measured at various temperatures. From the Arrhenius plot

1,2-Dichloroethane (DCE) used as a solvent was distilled over of In k; and the reciprocal of temperaturg ¢), the activation
calcium hydrlde. BUtyl chloride was shaken with concentrated energy and the preexponen[ia] factor were determined to be 1.3

sulfuric acid, washed with water, dried over calcium chloride,
and fractionally distilled.
Results

Formation and Reactions of 8t (S = 1°t—8'*"). Forma-
tion and reactions of8* (ST = 1'"—8'") were investigated

kcal mol! and 105 s71, respectively (Figure 3).
Dimerization was observed ™ —3" andt-6"*, because the
decay of the absorption df*t—3"" andt-6"" increased with
increasing concentration @f*—3* andt-6'*, respectively. The
transient absorption af-1°* shifted to that oft-1°" during the
decay because of the bimolecular isomerizatioo-tf* to t-1°"

using a pulse radiolysis technique in 1,2-dichloroethane (DCE) via o-St**, as reported previoush.d Similarly, c-2+ shifted

at room temperatur®.® The transient absorption spectra
immediately after the electron pulse were assigned-10"—
7t andt-1-t—8+ ° formed from capture of the hole generated

to that oft-2+ through bimolecular isomerization. The rate
constant of the dimerizatiork{ = (2.0-4.3) x 108 M1 s
was calculated from the dependence of decay of the transient

in the initiation step. The spectral changes and the time profiles absorption ofl*t—3'+ andt-6" on the concentration af—3
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Figure 1. Transient absorption spectra®fS* andt-S* (S+ = 1'*—4'") recorded at time after an electron pulse during the pulse radiolysis of
an Ar-saturated DCE solution ofS andt-S (S = 1—4) with a concentration of 5.& 10~ M at room temperature. Insets: kinetic traces illustrating
the time profiles of the Pabsorption band at a wavelengttas a function of. Botht and the observed rate constarks{andk;) are mentioned

in the figure.

andt-6, respectively (Table 22 For example, plots df,psfor that ki < 10° s™1. No dimerization ofc-6°t was observed,
c-1't, ¢-2*, or ¢-3*" vs the concentration of-1, c-2, or ¢-3, because the decay of the absorption did not depend on the
respectively, are shown in Figure 4. When the linear plots of concentration of-6.

kobs VS concentration of-1 andc-2 were extrapolated to 0 M, The transient absorption @f7*" with a p-methoxyl group

the intercepts were essentially equakto However, the plots and a methyl group on the olefinic carbon decayed iifa
gave significantly small values of the intercepts, which indicates according to first-order kinetics without any shifts or influence
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Figure 2. Transient absorption spectra@fS* andt-S* (S+ = 5+—8") recorded at time after an electron pulse during the pulse radiolysis of
an Ar-saturated DCE solution ofS andt-S (S = 5—8) with a concentration of 5.& 10~ M at room temperature. Insets: kinetic traces illustrating
the time profiles of the Pabsorption band at a wavelengttas a function of. Botht and the observed rate constarks{andk;) are mentioned

in the figure.

of the concentration. In other words, neither unimolecular cases oft-3**—5+ andt-7** with a p-methoxyl group. The
isomerization nor dimerization was observedcii*t (Figure decay rates were measured as a function of the concentration
2). of O, and the rate constant of the oxidatié®4) was calculated
Pulse radiolyses of-S and c-S were carried out in @ to bekoz = (1.2-4.5) x 10’ M1 s71 (Table 2). A typical
saturated DCE at room temperature. The decay of the transientexample of the plot ok.ps VS concentration of ©for t-3'* is
absorption of-S* was accelerated in the presence gfi®the shown in Figure 5. On the other hand, no oxidation was
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TABLE 2: Rate Constants for the Reactions of 8" (S =
1-t—8'*") in Pulse Radiolyses in DCE at Room Temperaturg

c-S* t-S*

St kist  kiMIst kodM7ist kyM7ist kod/MTisTt
1t <10 39x 1 <10 39x 1 <10

2t <10° 34x 1 <1¢f 43x 1 <10°

3" 45x10F 20x10°F nd 3.0x 1 45x 10
4+ 13x10° nd nd <10 4.0x 10
5% 14x10° nd nd <10° 1.2x 10
6+t <10° <10° <10° 3.4x 10 <10°
<10 <10° 25x 100 <10 2.8x 10
8+ 55x 10 nd <1c¢ <10® <10®

ak;, calculated from the formation ¢S+ at 5.0x 103 M of c-S;
ki, measured from the dependence of the decaySof on the
concentration o8, koo, obtained from the dependence of the decay of
¢-S™ ort-S™ on the concentration of O ki < 10f s~* denotes that the
formation oft-S+ was not observedky < 10° M~t st andko, < 1C°
M~ s denote that there was no dependence of the deceyBuf or
t-S'* on the concentration df-S, t-S, or O,.

In k

T103K!

Figure 3. Arrhenius plot of Ink; and the reciprocal of temperature
(T for the unimolecular isomerization af8* to t-8'* during the
pulse radiolysis of an Ar-saturated DCE solutionce8 (5.0 x 1072
M).

observed on a similar time scaletid*t, t-2*, andt-6'" without
ap-methoxyl group. For example, no effect of the concentration
of Oz onkypsin t-1°" is shown in Figure 5. No oxidation was
also observed in-8" with two p-methoxyl groups. Oxidation

of c-7*" was also observed with ky, value similar to that for
t-7*, while no oxidation was observed él**, c-2*, andc-6+
without ap-methoxyl group and ir-8'" with two p-methoxyl
groups. Inthe case @f3""—5"" with a p-methoxyl groupkoz

could not be estimated because of the fast unimolecular

isomerization ofc-3t—5"" to t-3""—5"" atk; = 4.5 x 1(° to
1.3x 100 M~ 1s1

Absorption Spectra of S*. c¢- and t-227—8" show two
typical absorption bands in the range 4@D0 and 706-1000
nm assigned to Pp— Dg and Dy < Dg transitions, respectively,
similarly to 1** (Figure 1 and Table 1. Although the shape

J. Phys. Chem., Vol. 100, No. 32, 19963619

(a)
R A
N~
o
Z1F /
%3
o
& A
o 1 1 1 e I}
0 10 20 30 40 50 60
[c1-3]/103M
2
(b)
A/
g [ )
o
T 1F
3
& /A
0 ) ) A A A
0 10 20 30 40 50 60
(t1-3]/103M

Figure 4. Plots of the observed decay rate constafts)(of the
transient absorptions af1*t (O), ¢-2'* (@), c-3* (O) (a) andt-1"+
(0), -2+ (@), t-3" (O) (b) vs concentration of-1, ¢c-2, c-3, t-1, t-2,
ort-3 ([c-1], [c-2], [c-3], [t-1], [t-2], or [t-3]), respectively, during the
pulse radiolysis of an Ar-saturated DCE solution.

10

[0g]/ 103 M
Figure 5. Plots of the observed decay rate constaftsy(of the
transient absorptions ¢f1°" (O) ort-3"* (@) vs concentration of oxygen

([O2]) during the pulse radiolysis of a DCE solution %1 or t-3 (5.0
x 1072 M), respectively.

was measured, while the absorption band-8f*—5" and

and wavelength of the absorption bands depend on the com-c-8+ were not detected becaus&™—5+ andc-8+ isomerized

pounds,c-S* shows an absorption peak Atax at a longer
wavelength that-S'*, similarly to the case of-1°" andt-1°*.

rapidly tot-3**—5" andt-8'*.
The absorption spectra of-3'* and t-3'* generated by

The characteristics of the absorption spectra are summarizedy,-radiolyses ofc-3 andt-3 in butyl chloride at 77 K appear

with respect to substitution as follows.

(1) p-Methyl Substitution 2°* shows a spectrum similar to
that of 1**, although theimax shifts at a longer wavelength of
approximately 510 nm.

(2) p-Methoxyl Substitution3*, 7°*, and8* show aimax
and a shoulder peak ofit 700-900 nm with relatively larger
molar absorption coefficients:f) than those ofl**.11 ¢-3'*,
t-3'*, and t-8* show absorption peaks of ;Dat a longer
wavelength of approximately %0 nm thanl**. t-3* and
t-8'* show a shoulder peak ofat 480 nm. t-8'" also shows
the two Amax of D1 at 760-900 nm. The spectrum of-7*+

similar to those observed during pulse radiolyses-8f+ and
t-3'7 in DCE (Figure 6). Because3" has a largeg; only in
the range 518670 nm than-3'", it is expected that the optical
densities decrease in the range 5800 nm but increase in
other ranges because of the unimolecular isomerizatiarBof
to t-3'+.

Measurement of the absorption spectrace*™ andt-8+
using a multichannel photodetector was also carried out in the
y-radiolyses ot-8 andt-8 in butyl chloride at 77 K. The same
absorption spectrum was observed with a peak at 540 nm, which
is assigned to-8'*. This indicates that-8'+ isomerizes td-8"*
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SCHEME 2

ot

(twisted angle 26°)

Absorbance

Discussion

Formation of S**. It is well established that the radical cation
of 1 (1*) is formed during pulse radiolyses ameradiolyses
in alkyl halide solutions such as DCE and butyl chlorfdé!*
Absorption spectra af-3'* andt-3** generated by-radiolyses
of c-3 andt-3 in butyl chloride at 77 K show absorption bands
similar to those ott-1°T andt-1°": c¢c-3'+, 420-580 with Amax

400 500 600 700 800
Wavelength / nm
Figure 6. Absorption spectra of-3"* andt-3"" measured by-radi-

olyses of butyl chloride solutions containing 50103 M ¢-3 andt-3
at 77 K.

o t=20 A= 560 nm = 500 nm;t-3"*, 400-520 and>700 with Amax = 495, 730,
0al. ® - 0N and>800 nm (Figure 1). Similar absorption spectrace**,
ohs c-4t—8", t-27, andt-4"—8" were observed in the-radi-
Kops= olyses. Thereforeg-S'* andt-S™ (S = 1°t—8'*) are formed
o2l ~ 3.7x105s71 initially by hole transfer from the radical cation of DCE (DCIE
% 1200 ns as shown in the following initiation processes (egs74,
-
01k DCEw— DCE" + &~ (4)
DCE"+S—DCE+S™* (5)
f4] 3 1 I 1 1 I I
300 400 500 600 700 800 900 _ e
Wavelength / nm & +DCE bC (6)
Figure 7. Transient absorption spectra ®f" recorded at after an _ . _
electron pulse in the pulse radiolysis of an Ar-saturated DCE solution DCE" — CICH,CH," + CI (1)

of 9 (5.0 x 10° M) at room temperature. Inset: kinetic trace
illustrating the time profile of the Pabsorption band at 560 nm as a where g denotes a solvated electron and is stabilized by
function oft. Botht and the observed rate constdrtd are mentioned dissociative attachment to DCE.

in the figure. Assignments of Absorption Bands of §. To study the
during the spectral measurement by a multichannel photodetectorelectronic properties af-S™ andt-S, we have measured the
even at 77 K2 To confirm the absorption spectrum o8+, transient absorption spectra ofS* and t-S'* during pulse

that of the 1,2-bis(4-methoxyphenyl)cyclo-1-penteBerédical radiolyses ofS at room temperature (Figure 1). The spectral
cation was measured during the pulse radiolysis in DCE (Figure characteristics are shown with respect to thgx ande; of Dy

7). 9 has a rigid planar structure, with tlee8 chromophore and D, (Table 1).

constrained structurally by the cyclopentene ring, and is stable It is established that1*" shows two absorption bands in the
for geometrical isomerizations as the structurally constrained range 406-510 and 656-900 nm with a relatively sharpmax
derivative ofc-8. From theldmax = 490 and 560 nm ané}, of =480 nm and a weakmnax= 750 nm assigned to.D3— Dy and
o+, ¢-87 is expected to show &max at longer wavelengths,  D; < Do transitions, respectively, while-1** also shows two
with a smallere; than those of-8'+ and 9°*, similarly to the absorption bands in the range 48880 and 656-900 nm with

difference between the values for otteS* andt-S+. The a relatively stronglmax = 515 nm and a weakmax = 780 nm,
absorption spectrum " collapsed on a microsecond time respectivel}>. The absorption bands @f1** are broader and
scale. weaker than those ¢f1**, while the absorption bands ofl**

(3) o-Methoxyl and m-Methoxyl SubstitutioBotht-4** and shift to longer wavelengths than thosetd*t. The differences
t-5" show aimax Of D2 at 480 nm, which is same as that of depend on the electronic configurations of, @;, and D of

t-1**, while D, of t-4** andt-5"* is observed at 686700 nm, ¢St andt-S*. It is reported that-1** has a planar structure
with an extremely smallet; than that oft-1°*. with two benzene rings and a=€C double bond as the most
(4) m,m-Dimethoxyl Substitutiont-6** shows twolmax of stable conformation, while-1°t has a twist angle of 26

D, at 460 and 510 nm and/a.ax Of D1 at a wavelength longer  between the two benzene rings on the basis of MO calculations
than 900 nm, with a considerably smgjl On the other hand,  (Scheme 2}°> Therefore, delocalization of-electrons is less
c-6'" shows very weak and broad absorption bands in the rangein c-1°* than int-1**. The energy level of Pis suggested to

360-900 nm. increase inc-1"" compared that with in-1+*.

(5) Methyl on the Central €C Double Bond c¢-7** andt-7*" Effects of Substituents on Electronic Properties of 2—
show broader absorption bands, with a smaljehan those of 8. On the basis of absorption spectra (Figures 1 and 2 and
-3, Table 1), the effects of substituents on the electronic properties

The most remarkable characteristics of the absorption spectraof 2°*—8" are summarized as follows.
of ¢- andt-2"t—8'*" are that thel o« values of3*+—5" and8* (1) p-Methyl (2°*) and p-methoxyl substitutions3*—5'",

shift to longer wavelengths with larger values than those of 7%, and8'*) enhance the delocalization sfelectrons ot-1°*
1t (Table 1) and that-6't show aimax With an extremely andt-1-*.

small ¢;, similar to that of the 1,3-dimethoxybenzene radical (2) p-Methoxyl substitution *—5" and8'") leads to two
cation?3 types of @ <— Dg and Dy <— Do transitions. Thelmax values at
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SCHEME 3 although no direct evidence for them was observed. Similar
5 + values of k¢ for c-1"t—c-3" suggest thatp-methyl and
Cﬁ { = . p-methoxyl substitutions have little effect on the dimerization
\ , of c-S*. Structures ofr-(c-2)+ andz-(c-3)*" are assumed
R to overlap between the same benzene rings for a greater
R perturbation of ther-orbitals, as shown in Scheme 3. It is
-8 (S=1-3) suggested thad-2,'+ decomposes rapidly into the thermody-
namically stablet-2** andt-2, while o-3,"" decomposes slowly
into t-3"* and t-3 (eq 11) because there is no effect of the
concentration o€-3 on the formation of the absorption 68°*.
This is probably attributed tp-methoxyl substitution, which
R Q O R makes 0-3," stable towardf-fission because of electron
* o+ donating to the positive charge and radical centers.

The decay of the absorption of othe&rS* at higher
concentrations could not be performed, because the decay was
too fast to be detected within the experimental limits, or the
concentration ot-4—8 could not be increased because of low
solubilities in DCE. Thek€ value forc-8'* with a p-methoxy!
group is expected to be 48~ s1 from analogy withc-3"*,
while the steric hindrance due to the twisted structure with the
3,5-dimethoxyphenyl ring rotating relative to the=C double
bond and to the methyl group on the olefinic carbon probably
inhibits the dimerization ot-6"" and 7+, respectively.

Dimerization of t-S*. Similarly to c-1'*, t-1°* decays via
neutralization with Ct (eq 8) and dimerization witlt-1 at a
rate constant dfs = 3.9 x 10° M~1 s~1 to form az-type dimer
radical cation oft-1 (z-(t-1)*", eq 12) with overlapping of
z-electrons between the two benzene ringst-ft and t-1
(Scheme 3§911 Neither the unimolecular nor the bimolecular
isomerization oft-1'" to ¢-1*" occurs. It is found thatr-(t-
1),** generated at 77 K converts tol1,** upon warming (eq
13) and finally decomposes into the thermodynamically stabler
t-1°" andt-1 (eq 11) on the basis of spectroscopic measurements
as discussed above forl**.3d

the longer wavelength of the ;,D— Dy shift to a longer
wavelength in the orderl**, t-2°F, t-3*F, c-1**, c-2*F, ¢-3'7,
t-8't, andc-8'". This order indicates that thémax shifts to
longer wavelength with increasing deviation from the planarity
of the two benzene rings and the=C double bond induced
by increasing the single-bond character of the@double bond

or the chargespin separation character because of fhe
methoxyl group, as discussed below.

(3) o,m-Dimethoxyl substitution4**, 5°*), mm-dimethoxyl
substitution ¢**), and methyl substitution on the centra=C
double bond7*") interfere with the delocalization of-electrons
of t-1*" because of the steric repulsion of the planar structure.
The significant weak broad absorptionstf suggest thaf*™,
particularlyc-6'*, has a twisted structure with the 3,5-dimeth-
oxyphenyl ring rotating relative to the=6C double bond.

Dimerization of c-S". The decay ot-1'" has been analyzed
by neutralization with Ct formed from dissociative electron
attachment to DCE (eq 7) at a rate constarkof 1.6 x 101!
M~1 s71 (eq 8) when the concentration ofl is low (104
M)_Sd,ll

+ ka o
K t-S™ + ¢-S—7-(t-9),” (S=1-3) (12)
S* + CI” — neutral products (8)
. N . (-9, —~ 05" (13)
It is reported that the dimerization af1** with c-1 occurs at
a rate constant d{€ = 3.5 x 108 M~1 s~! at room temperature

to form az-type dimer radical cation of-1 (7-(c-1)**, eq 9), (Table 2). Similarks values fort-1"*—t-3+ andt-6"" suggest

which changes to a-type d|m_er radical cation OI (0-12", eq that p-methyl andm-methoxy! substitutions have little effect
10) (Scheme 3) on the basis of spectroscopic measurementy, , e dimerization ot-S* and that a similar dimerization

mechanism has been suggested (eqs1B)1® On the other

t-2+, t-3*F, andt-6" show behavior similar to that df1*"

c-St+ C-S—kdwr-(c-S)z'+ (S=1-3) 9) hand, the decay rates of the absorption bandsf, t-5,
t-7*, andt-8"* were much slower than those Bi*"™—3* and
7-(c-S), " —0-S,7" (10) t-6't, because the decay rate did not change with varying
concentration (5x 1073—10"1 M) of t-4, t-5, t-7, and t-8,
during the pulse radiolyses aperadiolyses oft-1 and 1,2,3,4- respectively. Therefore, dimerizationstef't, t-5, t-7°*, and
tetraphenylcyclobutanes as precursors of éhéimer model t-8' do not occur. The dimerization occurs even-Bt* with
compounds in DCE at room temperature and in butyl chloride a largekdt value but not int-4**, t-5*+, andt-7**; therefore, it is
at 77 K3 The unimolecular isomerization @f1** to t-1°" suggested that the dimerization involves the initial formation
does not occur, although the bimolecular isomerizatioc: bf of azr-complex with overlapping of the two benzene rings and
to t-1*" is proposed to occur through1,'t on the time scale  that thesr-complex formation is inhibited by steric hindrance
of 100-300 ns with the concentration of{3.0) x 1073 M at of the substituents on the benzene rings and olefinic carbons.
room temperaturé&® Thermally unstabler-1" decomposes Enhancements of Unimolecular Isomerization and Oxida-

rapidly into the thermodynamically stablet*™ andt-1 (eq 11), tion by Charge—Spin Separation (Effect of p-Methoxyl
as proposeé:d Therefore, the bimolecular isomerization is  Substituent). In contrast toc-1** and 2**, the unimolecular

enhanced with increasing concentrationcef. isomerization o£-3*T—5"" andc-8'" having ap-methoxyl group
occurs to yield-3*t—5" andt-8'*, respectively. Thé; value
0-S, = t-ST+t-S (11) for c-3'* is almost equivalent to that far8'*, while those for

c-4"t andc-5'" are larger than those for3+ andc-8"*. Neither

Similarly, concentration effects suggest that the bimolecular the unimolecular nor the bimolecular isomerization occurs in
isomerizations ot-2** andc-3"* to t-2+ andt-3"* involve the c-6" andc-7**. The oxidation oft-3**—5" and7** having a
dimerization ofc-2"* and ¢-3'" to form z-(c-2),*" and z-(c- p-methoxyl group with @ occurs atko, = (1.2—4.5) x 107
3)>** and theno-2,"* ando-3* (eqgs 9 and 10, respectively), M~!s™1 while the oxidation does not occur @l**, c-2+, or
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SCHEME 4
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c-6" without a p-methoxyl group and int-8" with two
p-methoxyl groups. The unimolecular isomerization and the
oxidation with Q are remarkably enhanced 3 —5+ and7**"
with a p-methoxyl group.

Majima et al.

TABLE 3: Oxidation Potentials (E12®) of ¢-S andt-S (S=
1-6) and Difference betweerE,°%(c-S) and E;;.°X(t-Sy

S ROfRCH=CHPh Ey SN EutS)N  AE,L(c—t)V
1 Ph 1.25 1.14 0.11
2 4-CHyCeHas 1.16 1.05 0.11
3 4-CH,OCeH, 0.94 0.82 0.12
4 2,4-(CHO).CoHs 0.80 0.64 0.16
5 3,4-(CHO),CeHs 0.87 0.72 0.15
6 3,5-(CHO).CoHs 1.23 1.03 0.20

a Half-wave oxidation potentialsH,*(c-S) and E1°X(t-S)) of ¢c-S
andt-Sat 1.0x 1072 M, reference electrode of Ag/AgNQDsupporting
electrolyte of 10* M tetraethylammonium tetrafluoroborate in aceto-
nitrile; AEl/zox(C—t) = El/zox(C-S) - El/zox(t-s).

appears on the olefinic carbon on the side of phmethoxy-
phenyl group in3" because of contribution of B, while it
appears on both olefinic carbons8n™ with two symmetrical
p-methoxyl groups. Therefore, the density of an unpaired
electron on the olefinic carbon 8" is lower than that in
-3,

Neither the unimoleculas—t isomerization nor the oxidation

On the basis of these experimental resullts, it is clearly shown of ¢-6"" occurred. It should be noted the6™* shows almax

that ap-methoxyl group as an electron-donating substituent on
the benzene ring remarkably changes the reactivitiekof

8. Itis reported that-1*" has a planar structure with the two
benzene rings and the=€C double bond as the most stable
conformation, whilec-1*" has a twist angle of 2@etween the
two benzene rings on the basis of MO calculatiéhdlthough

with an extremely smale; compared withc-1"t—5"F, c-7°7,
andc-8', but similar to thes; value of the 1,3-dimethoxyben-
zene radical catiok® These results may be interpreted by a
twisted structure with the 3,5-dimethoxyphenyl ring rotating
relative to the &C double bond, because a quinoid-type
structure, B, is not possible io-6"" having anm-methoxyl

the positive charge and unpaired electron are delocalized ongroup.

the singly occupied molecular orbital (SOMO) involving
m-orbitals of sg carbon atoms and the n-orbital of the oxygen
atom of thep-methoxyl group irl*t—8'*, as shown in structure
A, a quinoid-type structure, B, is considered to contribute in
3+—5+, 7*F, and8" with a p-methoxyl group but not id-+,
2t and 6t without a p-methoxyl group (Scheme 4j.
Alternatively, the n-orbital of the oxygen atom of thenethoxyl
group and ther-orbital of the olefinic3-carbon participate
considerably in the SOMO @&*—5t, 7+, and8'*. Therefore,

it is suggested that-methoxyl substitution i3~ —5*, 7+, and

Tokumaru and his co-workers reported that 3 x 1P s™!
for radical cations otis-4,4-dibromostilbened-10") andcis-
4,4 -dimethylstilbene ¢-11°") andk; > 3 x 10° s for ¢-8"*".2¢
They proposed that the unimoleculart isomerization might
be accelerated by reduction of the electron density on the
unsaturated linkage induced by the substituents on the basis of
lower coupling constants of the-H of t-10 andt-11 having
p-substituents rather than thattef itself in ESR studied! They
also proposed that the oxidation depends on the structures of
the olefins, because thg, values varied over a wide rané’

8" causes separation and localization of the positive charge onThe k; values forc-3*"—5't andc-8'* are 1 or 2 orders larger

the oxygen atom of thg@-methoxyl group and an unpaired
electron on the olefinig3-carbon (chargespin separation),
which induces a twisted conformation with a large twist angle
and C-C single-bond character for the centra=C double
bond in B. On the other hand, such chargpin separation is
less important inl**, 2+, and6** than in3**—5*, 7°*, and
8.

The occurrence of unimolecular isomerization and oxidation
in 3*—5*, 7+, and8'*, the largeG values of the formation of
t-3—5in the y-radiolyses oft-3—5 in Ar-saturated DCE® and
the regioselective formation of 4-methoxybenzyl phenyl ketone
in the y-radiolysis oft-3 in O,-saturated DCE are consistent
with the order ok; andko, and charge spin separation induced
by the p-methoxyl group in3*t—57*, 7°*, and 8*. It is
suggested that distonic radical cations known in the gas phase

than those forc-10" and c-11"*,2¢ as shown in Table 2.
Remarkable enhancements of the unimolecctarisomeriza-
tion by p-methoxyl substitution are explained by chargpin

separation irc-3"*—5" andc-8'*.

Thek; value forc-8" was measured at various temperatures.
From the Arrhenius plot of Irki and the reciprocal of the
temperature 1) the activation energyH,) and the preexpo-
nential factor A) were determined to be 1.3 kcal méland
1075 s71, respectively, which are smaller th& = 7.7 kcal
mol~! andA = 10'"*2 s71 for ¢-10"" andE, = 3.3 kcal mot?
andA = 10°*2 s71 for ¢-11°".2¢ This result is consistent with
the larger value ok; for c-8'* than forc-10" andc-11* and
suggests thate, predominantly controls the unimolecular
isomerization. On the basis of the differences in oxidation
potentials betweer-S andt-S (Table 3) andE;, values, the

can be used to explain the reactivities of radical cations even energy barrier is too high to be overcome in the isomerization

in solution?®
Neither the unimolecular isomerization @f7°* nor the
oxidation of t-8'* occurred, although7*™ and 8" have a

of t-S* to ¢-S™ (11-14 kcal motl). This makes the
isomerization one-way from-S'* to t-S* in 1—6.
The rate constant of free radiedD, reactions has been

p-methoxyl group. These are possibly explained in terms of a reported for several free radicals and found to be nearly equal

barrier to the twisting of the €C double bond and the spin
density on the olefinic carbon, respectively. The contribution

to the diffusion rate constankds). For exampleko, = 2.4 x
10° M~1 s71 for the benzyl radicatO, reaction is similar to

of B is decreased by the electron-donating methyl group on the kgt = 6.7 x 10° M~1 s71in cyclohexané&? On the other hand,
olefinic carbon; therefore, it is suggested that the single-bond values ofko, = (1.2—4.5) x 10" M~! s~ for the oxidation of

character of the €C double bond is lower i-7** than in
c-3"" and that the barrier to the twisting of the=C double
bond is higher inc-7** than inc-3"*. An unpaired electron

t-3**—5 andt-7** are found to be 2 orders smaller thiasy
for free radicals andlgir = 7.8 x 10®° M~1s1in DCE. This
suggests that an unpaired electron is not completely localized
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on the olefinic carbon it-3t—5"" andt-7** and that the positive
charge interferes with the reactivity bB**—5" andt-7** as a
radical toward @ because of the electrophilic character of O

Conclusions

It is concluded that-3*"—5+ andc-8" with a p-methoxyl
group generated by pulse radiolysesyaradiolyses isomerize
unimolecularly to the correspondings™ at a unimolecular rate
constant ofk = 4.5 x 10f to 1.4 x 10’ s7%, while t-3+—5F
and 7t with a p-methoxyl group are oxidized with £at a
bimolecular rate constant &f, = (1.2—4.5) x 10/ M1 s™%,

On the other hand, neither the unimolecular isomerization from
t-S'* to ¢-S'* nor the oxidation with @occurs int-S* without
a p-methoxyl group.

It should be noted that an unpaired electron is not completely
localized on the olefinic carbon i3 *—5"* and7** and that
a positive charge interferes with the reactivityt<®*—5+ and
7*" as a radical toward £because of the electrophilic character
of O,. The present work is the first example to clarify that the
reactivities of stilbene radical cations are controlled predomi-
nantly by chargespin separation induced bp-methoxyl
substitution.
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