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Arene/chlorine atom m-complexes were generated by pulse radiolysis of a wide variety of substituted benzenes
in carbon tetrachloride at room temperature. Upon laser flash photolysis of the m-complexes, intramolecular hydrogen
abstraction was observed in times much shorter than the flash time (6 ns), with quantum yields between 0.05 and 0.18
depending on the sort and the number of the substituents but not on their positions. The effects of substituents on the
photochemistry of arene/chlorine atom st-complexes were discussed in connection with the bond dissociation energy of
the related atoms and with the structure of the m-complexes.
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About 40 years ago, Russell suggested that the increased
selectivity for abstraction of hydrogen attached to the ter-
tiary carbon atom in photochlorination of alkanes would
be attributed to the formation of m-complexes of chlorine
atoms with benzene.!”? After that, the kinetic studies of the
arene/Cl st-complexes have been carried out extensively by
many workers.>® The application of the idea of the partial
reactivity'® to hydrogen abstraction of free chlorine atoms'"
and benzene/Cl m-complexes'? from various alcohols has
clearly shown the higher tertiary/primary selectivity of -
complexes. Recently, we reported that methyl-substituents
exhibit a significant effect on the rate constants for reac-
tions of ground state arene/Cl m-complexes with various
alcohols.”® It was found that the reaction rate constants de-
crease by almost one order as the number of methyl-sub-
stituents increases by one. This change can be explained by
the increase of basicity with increasing the number of methyl
groups.'” The increase of basicity of arenes contributes to
the stabilization of the ;w-complexes with chlorine atoms and
leads to the decreasing reactivity of the st-complexes toward
alcohols.

Recently, the photochemistry of st-complexes of halogen
atoms with diphenyl sulfide and mesitylene has been investi-
gated using combined pulse radiolysis-laser flash photolysis
techniques.’ Permanent photobleaching was observed, de-
pending on both solvents and counter halogen atoms. While
no photochemistry was observed for Br complexes with ei-
ther molecule, permanent photobleaching was induced by
intermolecular hydrogen abstraction of excited dipheny! sul-
fide/Cl mt-complexes from solvents (@ =0.05 in 1,2-dichlo-
roethane). On the other hand, in the case of mesitylene/Cl
m-complexes, permanent photobleaching resulted from in-
tramolecular hydrogen abstraction with no dependence on
solvents (@ =0.10). In this work, we have investigated the
effects of the kind, the number and positions of substituents

on the reaction process of various arene/Cl m-complexes in
excited states, using combined pulse radiolysis-laser flash
photolysis techniques. A series of methyl-substituted ben-
zenes and their isomers (from toluene to hexamethylben-
zene), several ethyl-substituted benzenes (from ethylbenzene
to 1,3,5-triethylbenzene), and other alkyl-substituted ben-
zenes were studied. In addition, benzene derivatives with
methoxy groups and with methoxy and methyl groups were
also investigated.

Experimental

Materials. All samples of methyl- and ethyl-substituted ben-
zenes (special guaranteed reagent grade) except 1,3,5-triethylben-
zene from Tokyo Kasei were used as received. The other alkyl-
substituted benzenes, methoxy-substituted benzenes, benzene, car-
bon tetrachloride (spectral grade), naphthalene (scintillation grade),
and benzophenone (special guaranteed reagent grade) from Wako
were also used as received.

Irradiation. The conventional pulse radiolysis setup with
a time resolution of 10 ns was used to produce arene/Cl m-com-
plexes. Electron pulses of 45 MeV and 30 ns in duration from an
S-band linear accelerator were used as an irradiation source. The
dose per pulse in the present study was 130—200 Gy measured by
the KSCN dosimeter. For the flash photolysis studies of arene/Cl
n-complexes, the irradiations were carried out at 337.1 nm with
an Ny-laser (Usho, YKN-900). The flash duration was 6 ns. Acti-
nometry was performed with solutions of benzophenone (1.0x 103
mol dm~?) containing naphthalene (1.0x 10~! mol dm™?). The op-
tical absorption of the naphthalene triplets formed by energy transfer
from the benzophenone triplets was measured (&5 nm = 1.32x10*
dm® mol ' cm™1,'9® =1.0'”). The maximum laser output per
pulse was 2.5 mJ.

Solutions containing 2x10™% moldm™ substituted benzenes
were deaerated with a stream of argon and sealed with a Teflon®
valve. The electron and laser beam were collinearly focused to a 6
mm diameter spot. To observe transient optical absorption signals,
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‘the analyzing light from a 1 kW xenon arc lamp was passed through
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the sample perpendicularly to both electron and laser pulses. All
experiments were carried out at room temperature (1542 °C).

Results and Discussion

Transient Absorption Spectra of Various Substituted
Benzene/Cl n-Complexes.  Figure 1 shows transient ab-
sorption spectra of 1,3,5-triethylbenzene (a) and 1,3-dimeth-
oxybenzene (b) in carbon tetrachloride observed immedi-
ately after an electron pulse. There are two absorption bands
around 340 and 500 nm in both spectra. These UV-vis ab-
sorption bands can be easily characterized as arene/Cl m-
complexes on the basis of assignments made for benzene/Cl
and methylated benzene/Cl m-complexes in the previous
studies.'®?? For the other substituted benzenes, the spectra
similar to those shown in Fig. 1 were also obtained. Con-
sidering the position of the band around 340 nm and the
shape of the spectra of various arene/Cl n-complexes, these
mt-complexes can be excited by a laser pulse of 337.1 nm.

Photobleaching of Various Arene/Cl m-Complexes.
Figure 2a shows a kinetic trace observed at 328 nm on pulse
radiolysis of 1,3,5-triethylbenzene in carbon tetrachloride
which illustrates formation and decay of 1,3,5-triethylben-
zene/Cl t-complexes. The change of the transient optical
absorption of the s-complexes induced by laser flash photol-
ysis at 1.2 ps after the electron pulse is shown in Fig. 2b. It
is seen that w-complexes are bleached during a laser pulse (6
ns) and decay without recovering. The difference of the op-
tical density due to photobleaching (Figs. 2a and 2b) is given
in Fig. 2c. These results indicate that a part of m-complexes
were photobleached permanently on photolysis.

Figure 3 shows kinetic traces of 1,3-dimethoxybenzene ob-
served at 328 nm in carbon tetrachloride by pulse radiolysis
(a), pulse radiolysis-laser flash photolysis (b), and subtrac-
tion of b from a (c), respectively. In the case of methoxy-
substituted benzenes, the decay rates of m-complexes were
higher than those of alkyl-substituted ones, which would
bring difficulties in observation of small change of transient
optical absorptions; however, photobleaching was evidenced
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Fig. 1. Transient absorption spectra of arene/Cl t-complexes

observed immediately after pulse radiolysis of 1x1072
moldm > 1,3,5-triethylbenzene (a), and 1,3-dimethoxy-
benzene (b) in carbon tetrachloride at 15 °C.
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Fig. 2. Absorbance changes at 328 nm vs. time of 1x1072

mol dm™* 1,3,5-triethylbenzene in carbon tetrachloride ob-
served by pulse radiolysis (a), and combined pulse radiol-
ysis-laser flash photolysis (b), and changes of absorbance
due to photobleaching of m-complexes (c) obtained by sub-
traction of b from a.

02 L electron

AO.D.
o
T

%
0 MMMM:*W\MNW

1 L

0 2 4 6
t/us

Fig. 3. Absorbance changes at 328 nm vs. time of 1x 1072
moldm ™ 1,3-dimethoxybenzene in carbon tetrachloride
observed by pulse radiolysis (a), and combined pulse radi-
olysis-laser flash photolysis (b), and changes of absorbance
due to photobleaching of m-complexes (c) obtained by sub-
traction of b from a.

by the subtraction result shown in Fig. 3c.

The effects of solvents (carbon tetrachloride and 1,2-di-
chloroethane) and concentration of arenes on the quantum
yields of permanent photobleaching were investigated. It
is shown that the photobleaching is not dependent on sol-
vents or on concentration of arene. This result agrees with
those reported in the previous studies on mesitylene/Cl -
complexes,' i.e., these photobleachings can be attributed
to intramolecular hydrogen abstraction of arene/Cl m-com-
plexes.

Furthermore, in order to elucidate whether the intramolec-
ular hydrogen abstraction of arene/Cl m-complexes occurs
on a benzene ring or on the substituents, nonsubstituted ben-
zene/Cl m-complexes were investigated. According to the
kinetic traces obtained by pulse radiolysis-laser flash photol-
ysis of benzene/Cl t-complexes, photobleaching was not ob-
served with our experimental system (the limit of detection:
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AO.D.pieach > 0.003). On the other hand, photobleaching as
shown in Figs. 2b and 3b was observed for all substituted
benzene/Cl m-complexes. Therefore, we conclude that the
hydrogen atom involved in intramolecular hydrogen abstrac-
tion comes from the substituents rather than from a benzene
ring.

In the previous study,'” we reported a mechanism of the
intramolecular hydrogen abstraction induced by excitation
of mesitylene/Cl st-complexes as follows (Scheme 1).

According to the present experimental results, we assume
that the mechanism of intramolecular hydrogen abstraction
for substituted benzenes/Cl wt-complexes except for benzene
is the same as that depicted in Scheme 1.

Quantum Yields of Photobleaching. The quan-
tum yields of photobleaching by intramolecular hydrogen
abstraction of various substituted benzene/Cl m-complexes
were determined using the difference kinetic traces obtained
by subtracting the kinetic traces obtained by pulse radiolysis-
laser flash photolysis from those obtained by pulse radiolysis.
The extinction coefficients of m-complexes were estimated
assuming the radiation chemical yield of the chlorine atom
in neat carbon tetrachloride to be 0.17 umol J~! as described
previously.'” The quantum yields of photobleaching thus
obtained for methyl-, ethyl-, alkyl-, and methoxy-substituted
benzenes are listed in Tables 1, 2, 3, and 4, respectively.

Tables 1 and 2 indicate the influence of the number and
the position of substituents on quantum yields. As can be
seen from Table 1, the quantum yields of methyl-substituted
benzenes increase from 0.05 to 0.15 as the number of methyl-
substituents increases. But in the case of ethyl-substituted
benzenes there is no clear increase of quantum yields with in-
creasing substituents from ethylbenzene to diethylbenzenes.
It should be noticed from the data in Tables 1 and 2 that the
same quantum yields were obtained among isomers within
the experimental errors. From these data, it is clear that the
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Table 1. Quantum Yields of Photobleaching of Methyl-
Substituted Benzene/Cl si-Complexes in CCly
Arene Dyteach
C¢HsCH3 0.05+£0.02
1,2-CsHa(CHs)2 0.08
1,3-CsH4(CHs3), 0.10
1,4-C¢H(CH3)2 0.10
1,2,3-CsH3(CH3)3 0.11
1,2,4-C¢H3(CHs)s 0.11
1,3,5-C¢H3(CH3)3 0.12
1,2,3,4-CH,(CH3)4 0.14
1,2,3,5-CsH2(CH3)4 0.13
1,2,4,5-CsH2(CH3)4 0.13
CsH(CHz3)s 0.15
Cs(CH3)s 0.15
CHs CHs
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Table 2. Quantum Yields of Photobleaching of Ethyl-Sub-
stituted Benzene/Cl si-Complexes in CCls

Arene Dhjjeach
C¢H5C,H;5 0.1340.02
1,2-CcH4(C,Hs), ) 0.14
1,3-C¢Hy(C2Hs)2 0.13
1,4-CsHa(C2Hs)2 0.13
1,3,5-C¢H3(CyHs5)3 0.18

Table 3. Quantum Yields of Photobleaching of Alkyl-Sub-
stituted Benzene/Cl st-Complexes in CCla

Arene Dhjeach
CsHsCH;3 0.054+0.02
CsHsC,H;5 0.13
C¢HsC3Hy 0.11
CeHsC4Ho 0.12
CgHsCsHj, 0.12
CeH5CH(CH3), 0.14

Table 4. Quantum Yields of Photobleaching of Methoxy-
Substituted Benzene/Cl n-Complexes in CCla
Arene Deach
CsHsOCH3 0.04+£0.02
1,2-CsHa(OCHzs)2 0.05
1,3-CsH4(OCHs), 0.05
1,2-CsH4(OCH3)CH3 0.08
1,3-CsH4(OCH3)CH3 0.08
1,4-C¢H4(OCH3)CH3 0.10

quantum yields of photobleaching of arene/Cl m-complexes
are not affected by the position of substituents. These results
can be well explained by consideration of the structures for
arene/Cl m-complexes. In the previous theoretical and ex-
perimental studies, arene/Cl m-complexes were supposed to
possess Cg, symmetry,”?® and the structure of the arene/Cl
sti-complexes was speculated to have a chlorine atom posi-
tioned directly above the center of the benzene ring. Jarzeba
et al.?" suggested, however, that the chlorine atom of ben-
zene/Cl mt-complexes was positioned slightly outside of the
benzene ring at 101° to the plane of the ring by ab initio cal-
culations. If arene/Cl m-complexes had the structure which
they suggested, the quantum yields of photobleaching of sub-
stituted benzene/Cl n-complexes should be different among
isomers, i.e., the quantum yields should be affected by the
position of substituents. However, in the present experimen-
tal results, such an effect can not be observed. Therefore, it
is concluded that the structure of benzene/Cl m-complexes
agrees with the suggested one, in which a chlorine atom is
positioned directly above the center of the benzene ring. It

A
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Scheme 1.
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should be noted that the above calculations were carried out
for the structure of ;t-complexes in the gas phase.

As can be seen from Table 3, among monoalkyl-substi-
tuted benzenes, toluene has the smallest quantum yield of
photobleaching (0.05), while for ethyl-, propyl-, butyl-, and
pentylbenzene, almost the same quantum yields (0.11—0.13)
were obtained within the experimental errors. According to
the results above, it is apparent that the length of normal
chains of alkyl-substituents beyond an ethyl group exhibits
no effect on the quantum yield of photobleaching. Besides,
for cumene with a branched chain, almost the same quantum
yield as that of ethylbenzene was also obtained. If hydrogen
atoms in the outer methyl groups of cumene were concerned
in photobleaching, the quantum yields should be twice that
of ethylbenzene. Therefore, it can be deduced that the hydro-
gen atom involved in the intramolecular hydrogen abstraction
comes from the substituents in which the hydrogen atoms are
bonded to carbon atoms directly connected to a benzene ring.
Considering the results for toluene (@ =0.05) and ethylben-
zene (0.13), the smaller bond dissociation energy of cumene
hydrogen compensates for the difference of the number of
hydrogen atoms which can be abstracted (vide infra).

The photobleaching quantum yields for methoxy-substi-
tuted benzenes are smaller than those of corresponding meth-
yl-substituted ones (Table 4). In the case of methoxy- and
methyl-substituted benzenes, similar quantum yields to those
of dimethylbenzenes were obtained. It is also observed here
again that the positions of substituents, whether the sub-
stituents are the same kind or not, have no effect on the
quantum yields. '

The absence of photobleaching in the case of benzene
and certain trends in the dependence of quantum yields of
photobleaching due to intramolecular hydrogen abstraction
on the substituents can be recognized with the aid of the
bond dissociation energy of the related atoms. The bond
dissociation energy®® of the hydrogen atoms are : 464.0 (H-
CsHs), 431.62 (H-CI), 368.2 (H-CH,C¢Hs), 357.3 (H-CH-
(CH3)C5H5), 353.1 kJIl'lOl_1 (H—C(CH3)2C6H5). From these
values, we can expect larger quantum yields for ethyl-substi-
tuted benzenes than those for methyl-substituted ones. The
increase of quantum yields for the methyl-substituted ben-
zene/Cl m-complexes with increasing the number of methyl
groups should be due to statistical effects. Since hydrogen
abstraction from benzene by chlorine atoms is an endother-
mic reaction the photobleaching of excited benzene/Cl -
complexes is not an efficient process. Even though the bond
dissociation energy of anisole has not been reported, the rea-
son why the quantum yield for anisole is lower than that of

Photochemistry of Arene/Cl m-Complexes

toluene can be deduced from the difference of the distance
between Cl and H on the substituents. It is notable that this
explanation is based on the structure of Cg, symmetry of 7t-
complexes discussed above.

The authors are very grateful to Messrs Hiroaki Tanida
and Koichi Sato for their help in operating the linac.
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