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The photolysis of 3-Ñuoro-, 3-chloro- and 3-bromoaniline (3-FA, 3-ClA, 3-BrA) in methanol leads to the formation
of 3-anisidine and aniline with quantum yields depending on the nature of the halogen. Photosubstitution is the
major reaction in the case of 3-FA, but photoreduction also occurs. The latter is more important with 3-BrA than
with 3-FA and 3-ClA. Oxygen does not a†ect the formation of 3-anisidine but reduces that of aniline. Several
transients are observed by laser Ñash photolysis. With each derivative, a broad absorption band with a maximum
around 410 nm appears at the end of the pulse. Based on the quenching of oxygen, these bands are assigned to the
tripletÈtriplet absorptions. The anilino radical cation and 430 nm) is produced by excitationPhNH2~` (jmax\ 410
of the three halogenoanilines. Its formation is not inÑuenced by oxygen. The characteristic absorption of isBr2~~
observed by irradiation of 3-BrA in the presence of Br~ (5 ] 10~3 M). The solvated electron and the long-lived
halogenoanilino radical cations are detected. From the quantum yields of aniline, 3-anisidine,(XPhNH2~`)

and formation in the absence and presence of oxygen, the following mechanism can be proposed :PhNH2~` Br2~~
3-anisidine is produced after heterolytic cleavage of the CÈX bond from the excited singlet state and addition of
MeOH. Aniline is also yielded from the excited singlet state, after heterolytic and/or homolytic cleavage of the CÈX
bond. In the former case is formed as an intermediate. With 3-BrA, the homolytic cleavage of the CÈBrPhNH2~`
bond is proved by the formation of Br2~~.

Me� canisme de la phototransformation des 3-haloge� noanilines en solution me� thanolique. La photolyse des 3-Ñuoro-,
3-chloro- et 3-bromoaniline (3-FA, 3-ClA et 3-BrA) en solution dans le me� thanol conduit à la formation de
3-anisidine et dÏaniline avec des rendements quantiques qui de� pendent de la nature de lÏhalogène. Dans le cas de la
3-FA la photosubstitution est la principale re� action, mais il se produit e� galement une photore� duction. Cette
dernière est plus importante avec la 3-BrA quÏavec les 3-FA et 3-ClA. La pre� sence dÏoxygène est sans e†et sur la
formation de 3-anisidine mais elle de� favorise la formation dÏaniline. Plusieurs espèces transitoires ont e� te� observe� es
en photolyse laser. Avec les 3 compose� s une large bande dÏabsorption ayant un maximum vers 410 nm appara•ü t
juste après lÏe� clair. Cette bande dispara•ü t en pre� sence dÏoxygène ; elle est attribue� e à lÏabsorption tripletÈtriplet. Le
radical cation aniline et 430 nm) appara•ü t lors de lÏirradiation des 3 de� rive� s. Sa formationPhNH2~` (jmax \ 410
nÏest pas inÑuence� e par lÏoxygène. LÏabsorption caracte� ristique du radical anion est observe� e lorsque laBr2~~
3-BrA est irradie� e en pre� sence de Br~ (5] 10~3 M). LÏe� lectron solvate� et les radicaux cations haloge� noaniline de
relative longue dure� e de vie sont de� tecte� s dans tous les cas. La comparaison entre les rendements quantiques de
formation dÏaniline, de 3-anisidine et des espèces transitoires et permet dÏexpliquer lePhNH2~` Br2~~
comportement photochimique des 3-haloge� noanilines de la suivante : la formation de 3-anisidine re� sulte dÏunefacÓ on
coupure he� te� rolytique de la liaison CÈX à partir de lÏe� tat excite� singulet, suivie de lÏaddition de me� thanol, et celle
dÏaniline dÏune coupure he� te� rolytique ou dÏune coupure homolytique de la liaison CÈX. Dans le premier cas, il se
forme interme� diairement le radical cation LÏhomolyse a e� te� mise en e� vidence avec la 3-BrA par de� tectionPhNH2~`.
de radicaux en pre� sence dÏions bromure.Br2~~

Halogenoanilines can be easily transformed by UV light and
analogies with the photoreactivity of halogenophenols are
generally observed. So far, only the mechanism of 4-
halogenoaniline photolysis has been clariÐed1,2 with the help
of the results previously obtained in the case of 4-
chlorophenol.3 The carbene 4-iminocyclohexa-2,5-dienylidene
cation produced by photo-elimination of X~ was shown to be
the key intermediate.1,2 The irradiation of 2-halogenoaniline
in water yields 1,3-cyclopentadiene carbonitrile after ring
contraction4 and 2-aminophenol by photohydrolysis, but no
transient was observed. The intermediate formation of a
nitrene was proposed upon irradiation of 2-chloroaniline in
the gas phase.5,6 Photohydrolysis was reported to be almost
quantitative with 3-chloroaniline7 and 3-chlorophenol8 in
aqueous solution with the formation of 3-aminophenol and
resorcinol, respectively. No transient was detected. This reac-
tion was assumed to be heterolytic.

In alcohol and in alcoholÈwater mixtures, halogenoaroma-
tic compounds are known to undergo photosubstitution and
photoreduction.9h16 However, the mechanisms of the reac-
tions have been the subject of some controversy. The photo-
substitution was reported to be una†ected by oxygen in the
case of chlorobenzene,9 chloro- and Ñuoroanisole10 and naph-
thylmethyl halides.11 It was deduced that this reaction results
from the heterolytic cleavage of the CÈX bond from the
excited singlet state. Photoionization was also suggested to be
the preliminary step in the substitution of chlorobenzene.12 A
very di†erent mechanism was proposed in the case of chloro-
methoxybenzene : formation of a radical cation via the triplet
excimer and subsequent nucleophilic attack of the radical
cation by the solvent.13

Photoreduction was generally assumed to result from the
homolytic scission of the CÈX bond from both the excited
singlet and triplet states.10,11,13,14 The increase in phenol for-
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mation in the series m-chloro-/m-bromo-/m-iodophenol with
decreasing strength of the CÈX bond is consistent with the
homolytic cleavage.15 The lack of formation of reduction
products upon irradiation of Ñuoromethoxybenzene in

(1 : 1)16 is in accordance with the high energy ofMeOHÈH2Othe CÈF bond (B523 kJ mol~1), making the homolysis ener-
getically prohibitive.

The aim of the present work is a better understanding of the
mechanism of the phototransformation of meta-halo-
genoanilines in methanol, using nanosecond laser Ñash pho-
tolysis and product studies. The photochemical behaviour of
Ñuoro-, chloro- and bromo-derivatives are compared.

Experimental
Materials

The 3-halogenoanilines were purchased from Aldrich (purity
98È99%) and used as received. Methanol was from Carlo Erba
(HPLC grade, 99.9%). Aniline and 3-anisidine were of the
highest grade commercially available. 3,3@-Dichloroazo-
benzene was synthesized from 3-chloronitrobenzene and
lithium aluminium hydride.17 Acetonitrile used for HPLC
analysis was from Carlo Erba (HPLC grade, 99.9%). Water
was puriÐed by a Milli-Q device (Millipore). Ammonium
acetate used as bu†er, was Aldrich 98%. Potassium per-
oxodisulfate used as actinometer, was Aldrich 99%.

Irradiation

For the determination of quantum yields, solutions were irra-
diated at 282 nm in the parallel beam obtained from a Schoef-
fel monochromator equipped with a xenon lamp (1600 W).
Band width at mid-height was about 10 nm. The photon Ñow
was evaluated by means of classical ferrioxalate actinometry.
For preparative purposes, solutions were irradiated at 254 nm
in a quartz reactor using six germicidal lamps surrounded by
a cylindrical mirror.

Analysis

UV spectra were recorded on a Varian Cary 3 spectropho-
tometer. Irradiated solutions were analysed by HPLC using a
Waters 996 apparatus equipped with a photodiode array
detector. A waterÈacetonitrile gradient was generally used as
the eluent, and a 1.8 g L~1 ammonium acetate solution was
added to water to prevent ionization in the column 250(C18mm] 4.6 mm). GC-MS spectra were recorded on a HewlettÈ
Packard 5985 mass spectrometer. The column was Optima 5
(MacheryÈNagel, 25 m, i.d. 0.25 mm). Transient absorption
experiments were carried out using a frequency-quadrupled
Nd : YAG laser (Quanta-Ray GCR 130-1, nm,jexc \ 266
pulse width 9 ns). Experimental procedures have been
described elsewere.18 Potassium peroxodisulfate was used as
the chemical actinometer. The formation of sulfate radicals

was monitored at 450 nm (e \ 1400 ^ 100 M~1 cm~1 and
U\ 1.419h21). To measure the e ] U product of the transients
formed from 3-XA, we used solutions with the same optical
densities at 266 nm as that of K2S2O8 .

Results
Continuous irradiation

3-Chloroaniline. A methanolic solution of 3-ClA (8.5 ] 10~4
M) was irradiated at 282 nm under di†erent oxygenation con-
ditions (air-saturated, oxygenated or argon-purged solutions).
Irradiated solutions were analysed by HPLC as described in
the experimental section. The two main products were assign-
ed to aniline and 3-anisidine by comparison with the HPLC
retention time and UV spectrum of authentic commercial
compounds. However, to ensure their identiÐcation a larger
volume of solution was irradiated at 254 nm. The reaction
mixture was then evaporated to dryness, dissolved in a small
volume of methanol and analysed by GC-MS. Only two pro-
ducts were found : product 1 : m/z\ 93 100%) ; 66 (42)(M~`,
and product 2 : m/z\ 123 62%) ; 94 (25) ; 93 (21%) ; 80(M~`,
(15%) ; 66 (10%) ; 53 (18%). These results conÐrm the identiÐ-
cation of product 1 as aniline and product 2 as 3-anisidine.
We evaluated the quantum yields of formation of both pro-
ducts using commercial standards. These quantum yields, as
well as the quantum yield of 3-ClA disappearance, are given in
Table 1. Oxygen has no inÑuence on the disappearance of
3-ClA and on the formation of 3-anisidine, but disfavours the
formation of aniline. Aniline and 3-anisidine together rep-
resent 85% of converted 3-ClA in deoxygenated or aerated
medium and 61% in oxygen-saturated solution.

It was veriÐed that under our experimental conditions there
is no detectable formation of nitrosobenzene, 3-chloronitroso-
benzene, 3-chloronitrobenzene, azobenzene or 3,3@-dichloro-
azobenzene.

3-Fluoro- and 3-bromoaniline. Aniline and 3-anisidine were
also found in irradiated solutions of 3-FA (7.4 ] 10~4 M) and
3-BrA (7.6 ] 10~4 M). The quantum yield values are reported
in Table 1. As in the case of 3-ClA, oxygen has no e†ect on the
formation of 3-anisidine, but reduces the formation of aniline.
The quantum yields of 3-FA and 3-BrA disappearance are sig-
niÐcantly higher than that of 3-ClA. An inhibiting e†ect of
oxygen on the substrate disappearance is only observed in the
case of 3-FA.

Laser Ñash photolysis. IdentiÐcation of transients
3-Bromoaniline. The irradiation of 3-BrA (4.6 ] 10~4 M) in

deoxygenated methanol gives the transient spectra shown in
Figs. 1(A) and 1(B). By taking the di†erence between the
absorbances measured at 0.1 and 0.5 ls after the end of the
pulse and we obtained the spectrum drawn in(A0.1 ls A0.5 ls),
the inset of Fig. 1(A). The presence of at least two species is
revealed. The Ðrst has a broad absorption band with a

Table 1 Quantum yields for the disappearance of 3-halogenoanilines and quantum yields for the formation of aniline and 3-anisidine at(Udisp)282 nm

C/10~4 M Solution 100 ] Udisp 100 ] Uaniline 100 ] U3vanisid
3-FA 7.4 O2 satd 3.4 ^ 0.4 0.31^ 0.06 2.5^ 0.5

Air satd 4.1 ^ 0.4 0.54^ 0.10 2.5^ 0.5
Ar purged 5.2^ 0.5 1.2^ 0.25 2.8^ 0.5

3-ClA 8.5 O2 satd 1.3 ^ 0.2 0.13^ 0.03 0.66^ 0.15
Air satd 1.2 ^ 0.2 0.42^ 0.08 0.64^ 0.15
Ar purged 1.4^ 0.2 0.52^ 0.10 0.64^ 0.15

3-BrA 7.6 O2 satd 5.1 ^ 0.5 1.4^ 0.3 2.3^ 0.5
Air satd 5.7 ^ 0.6 2.3^ 0.5 2.4^ 0.5
Ar purged 5.5^ 0.6 3.6^ 0.7 2.3^ 0.5

3-BrA ] Br~ (5] 10~3 M) 7.5 Ar purged 6.6^ 0.6 4.3^ 0.8 2.6^ 0.5
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Fig. 1 Transient spectra measured in a deoxygenated methanolic
solution of 3-BrA (4.6 ] 10~4 M). (A) Absorbances measured 0.1 ls

and 0.5 ls (j) after the end of the pulse. Inset : di†erence between(>)
and (B) Absorbances measured 2 ls and 30 lsA0.1ls A0.5 ls . (L) (=)

after the end of the pulse. Inset : di†erence between andA2ls A30ls .

maximum at ca. 410 nm and a decay time of ca. 0.5 ls (see
Fig. 2A). Its lifetime is shortened to less than 0.1 ls when the
solution is saturated with oxygen. This transient may be
assigned to the triplet state. The second transient absorbs at
j [ 500 nm. In argon-saturated solution, the decay follows
Ðrst-order kinetics with k \ 6.2] 106 s~1 (see Fig. 2B). This
latter species, which is quenched by oxygen, is most likely the
solvated electron.

The absorption spectrum of a third species was obtained by
subtracting the absorbance measured at 30 ls from(A30ls)
that measured at 2 ls [inset of Fig. 1(B)]. This species(A2 ls)
has a two-band structure with nm and 430 nm. Itjmax \ 410
decays by Ðrst-order kinetics with k \ 6.0] 104 s~1 [see Fig.
2(C)]. The di†erence at 430 nm increases lin-A2ls [ A30ls
early with the energy pulse, showing that the transient is
formed via a monophotonic process (Fig. 3). Neither its forma-
tion nor its decay is a†ected by oxygen.

Another two-band structure species with nmjmax \ 435
and 455 nm can be observed 30 ls after the end of the pulse.
This species is mainly produced by a monophotonic process
(Fig. 3). It is a long-lived species that decays by second-order
kinetics. The same transient is generated when 3-BrA is oxi-
dized by formed by photolysis of aqueous (0.1SO4~~, K2S2O8M) (Fig. 4). The 435/455 nm absorption was therefore attrib-
uted to the 3-bromoanilino radical cation (BrPhNH2~`),
which is expected to be produced by photoionization along
with solvated electrons.

The 410/430 nm species di†ers spectrally from the 3-
bromoanilino radical cation by a 25 nm blueshift, as expected
for the unsubstituted anilino radical cation ThisPhNH2~`.
latter radical was produced and characterized by Szczepanik
and Grabner by photolysis of 4-chloroaniline in water in the

Fig. 2 Time evolution of absorbances measured at A 370, B 540 and
C 435 nm in a deoxygenated methanolic solution of 3-BrA
(4.6] 10~4 M).

Fig. 3 Pulse energy dependence of transients measured in deoxy-
genated solutions of 3-BrA in methanol : di†erence between the(…)
absorbances measured 2 and 30 ls after the pulse end at 430 nm,
optical density at 266 nm equal to 0.85 ; (j) absorbance measured 30
ls after the pulse end at 460 nm, optical density at 266 nm equal to
0.93.
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Fig. 4 Transient spectrum of 3-bromoanilino radical cation produc-
ed by photolysis of an acidic aqueous solution containing K2S2O8(0.1 M) and 3-BrA (8.5] 10~4 M).

presence of H-donor molecules.2 It exhibits an absorption
spectrum with two maxima at 407 and 423 nm. The 410/430
nm transient that we observed in methanol is most likely the
anilino radical cation, the small wavelength shift being attrib-
uted to a solvent e†ect.

When 3-BrA (7.3] 10~4 M) is irradiated in the presence of
Br~ (5] 10~3 M) a new species is produced with jmax\ 380
nm (Fig. 5). Its build-up is at a maximum about 5 ls after the
pulse end and not inÑuenced by oxygen. Based on the liter-
ature data, this transient is assigned to the radical anion

The formation of this species is evidence for theBr2~~.22
homolytic scission of the CÈBr bond.

3-Chloroaniline. As in the case of 3-BrA, a short-lived tran-
sient exhibiting a maximum at about 410 nm and readily
quenched by oxygen was observed. The two-band structure
species and 430 nm) was detected too. This feature(jmax \ 410
conÐrms the assignment to the anilino radical cation

A long-lived transient was also produced. Due to(PhNH2~`).
the very weak absorption (A around 0.001), it was not possible
to measure the spectrum accurately. Nevertheless, the absorp-
tion maximum is located around 440È450 nm, as expected for
the 3-chloroanilino radical cation, which was produced inde-
pendently for comparison by photolysis of an acidic aqueous
mixture of (0.1 M) and 3-ClA (10~3 M) (Fig. 6).K2S2O8

3-Fluoroaniline. The photolysis of an air-saturated solution
of 3-FA (7.3 ] 10~4 M) yields the anilino radical cation

as in the case of 3-ClA and 3-BrA. A transient(PhNH2~`)
attributed to 3-Ñuoroanilino radical cation was(FPhNH2~`)
also observed, the same radical being obtained independently

Fig. 5 Transient spectrum measured 5 ls after the pulse end in a
methanolic solution of 3-BrA (7.3 ] 10~4 M) containing Br~
(5] 10~3 M).

Fig. 6 Transient spectra of 3-Ñuoro- and 3-chloroanilino radical
cations produced by photolysis of acidic aqueous solutions containing

(0.1 M) and 3-FA (10~3 M) or (j) 3-ClA (10~3 M).K2S2O8 (…)

by irradiation of an aqueous solution containing andK2S2O83-FA (Fig. 6).

Laser Ñash photolysis. Quantum yield measurements

Using appropriate actinometries (see experimental section), we
determined the e ] U product for at 430 nm byPhNH2~`measuring the di†erence Taking for the extinc-A2 ls [ A30 ls .
tion coefficient at 430 nm the value 4000 M~1 cm~1 given by
Szczepanik and Grabner,2 we computed U. Values are report-
ed in Table 2. The quantum yield of formation wasBr2~~evaluated at 0.019^ 0.003 from the product and thee430] U
value of the extinction coefficient at 380 nm reported in the
literature22 M~1 cm~1).(e430\ 9000

Discussion
We experimentally prove in this work that photosubstitution
and photoreduction occur with 3-FA, 3-ClA and 3-BrA. If
photosubstitution of halogenoaromatics was often reported in
the literature, whatever the nature of the halogen, photoreduc-
tion of Ñuoroaromatic compounds, on the other hand, is not
common.

Several transients are detected by laser Ñash photolysis of
the three halogenanilines : triplet excited states, XPhNH2~`,
solvated electrons and Oxygen has no inÑuence onPhNH2~`.
the disappearance of 3-ClA and 3-BrA. This feature implies
that the excited triplet states observed by laser Ñash photolysis
are chemically unreactive and that the photochemistry is
therefore likely to proceed from the singlet excited states.
Photoejection takes place with formation of andXPhNH2~`solvated electrons. However, this reaction is expected to be a
minor pathway, especially in steady-state irradiation. Among
all the transients detected, the anilino radical cation

which is observed with all the derivatives, is thePhNH2~`,
one that should contribute most signiÐcantly to the photo-
transformation ; it is a logical precursor for aniline.

The photoreduction of halogenoaromatics is generally
explained by the homolytic cleavage of the CÈX bond and
subsequent reduction of the organic radical through H-
abstraction from the alcohol. Homolysis is not possible in the

Table 2 Quantum yields for the formation of the anilino radical
cation M~1 cm~1)2PhNH2~` (e430\ 4000

A266 nm e430 ] U 100 ] U

3-FA 0.69 25^ 3 0.62 ^ 0.12
3-ClA 0.70 20^ 2 0.50 ^ 0.10
3-BrA 0.70 48^ 10 1.2 ^ 0.25

is the absorbance of the solution at 266 nm.A266 nm
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Scheme 1 Heterolytic photoreduction of 3-halogenoanilines.

case of 3-FA because of the bond strength. The formation of
aniline is therefore likely to involve the intermediate forma-
tion of resulting from the heterolytic cleavage ofPhNH2~`,
the CÈF bond and reduction of the carbocation by methanol
(Scheme 1).

Quantitative measurements show a very good agreement
between the quantum yields of anilino radical cation and
aniline formations in the case of 3-ClA (see Tables 1 and 2).
With 3-BrA, the quantum yield of aniline formation is signiÐ-
cantly higher, indicating that an additional reaction pathway
takes place. The di†erence is explained by homolysis of the
CÈBr bond (Scheme 2). Indeed, the quantum yield of aniline
formation is very close to the sum of the quantum yields of
the formation of and the anilino radical cation. AsBr2~~shown in Table 1, the addition of Br~ (5] 10~3 M) increases
the formation of aniline because of the trapping of by Br~.Br~

With 3-FA, is higher than the quantum yield ofUanilineanilino radical cation formation and this di†erence cannot be

Scheme 2 Homolytic photoreduction of 3-bromoaniline.

Scheme 3 Formation of aniline via reduction of 3-FA by esolv~.

Scheme 4 Formation of 3-anisidine.

Scheme 5 Mechanism of the phototransformation of 3-XA in meth-
anol.

explained by homolysis. As an alternative pathway, it can be
proposed that the solvated electrons produced by photoion-
ization are trapped by 3-FA, thus inducing loss of F~ and the
formation of a dehalogenated radical, which is further reduced
into aniline (see Scheme 3). Such a reaction is expected to be
less efficient with the chloro and bromo derivatives because
chlorine and bromine atoms are less electron withdrawing
than Ñuorine. This assumption is consistent with the inhibiting
e†ect of oxygen on the formation of aniline, with oxygen
acting as electron quencher (see Table 1).

The formation of 3-anisidine implies heterolytic cleavage of
the CÈX bond in the singlet excited state and addition of
methanol. This reaction may be concerted as it was suggested
for photohydrolysis8 (Scheme 4). The formation of 3-anisidine
is not a†ected by oxygen ; in contrast, the production of
aniline is signiÐcantly reduced in oxygenated solutions. It can
be deduced that both the anilino radical cation andPhNH2~`aminophenyl radical are quenched by oxygen.

The photochemical behaviour of 3-halogenoanilines is sum-
marized in Scheme 5.

Conclusions
Aniline and 3-anisidine are the main photoproducts in the
photolysis of 3-halogenoanilines in methanolic solution.
Several transients were observed in laser Ñash photolysis :
anilino radical cation halogenoanilino radicalPhNH2~`,
cation solvated electron and in the case ofXPhNH2~`, Br2~~3-bromoaniline irradiated in the presence of Br~.

The formation of 3-anisidine results from a heterolytic
methanolysis. Quantum yields are similar with 3-BrA and
3-FA. The highest quantum yield of aniline formation is
observed with 3-BrA. With 3-BrA, 65% of aniline formation is
due to homolysis of the CÈBr bond. Photoreduction proceeds
also from heterolysis via the intermediate formation of the
anilino radical cation, which is observed with the three deriv-
atives. This latter pathway explains the unexpected photore-
duction of 3-FA.

References
1 B. Szczepanik and T. Latowski, Pol. J. Chem., 1997, 71, 807.
2 B. Szczepanik and G. Grabner, XV IIIth International Conference

on Photochemistry, Warsaw, August 1997, poster 1P78.
3 G. Grabner, C. Richard and G. Ko� hler, J. Am. Chem. Soc., 1994,

116, 11470.
4 K. Othmen and P. Boule, Bull. Environ. Contam. T oxicol., 1997,

59, 924.
5 K. Ozawa, T. Ishida, K. Fuke and K. Kaya, Chem. Phys. L ett.,

1988, 150, 249.
6 T. Ishida, H. Abe, A. Nakajima and K. Kaya, Chem. Phys. L ett.,

1990, 170, 425.
7 B. David, M. Lhote, V. Faure and P. Boule, W ater Res., 1998, 32,

2451.
8 P. Boule, C. Guyon and J. Lemaire, Chemosphere, 1982, 11, 1179.
9 V. Avila, H. E. Gsponer and C. M. Previtali, J. Photochem., 1984,

27, 163.
10 J. R. Siegman and J. J. Houser, J. Org. Chem., 1982, 47, 2773.
11 G. H. Slocum and G. B. Schuster, J. Org. Chem., 1984, 49, 2177.
12 C. M. Previtali and T. W. Ebbensen, J. Photochem., 1985, 30, 259.
13 J. P. Soumillion and B. Dewolf, J. Chem. Soc., Chem. Commun.,

1981, 436.
14 J. T. Pinhey and R. D. G. Rigby, T etrahedron L ett., 1969, 16, 1267.
15 J. T. Pinhey and R. D. G. Rigby, T etrahedron L ett., 1969, 16, 1271.
16 G. Zhang and P. Wan, J. Chem. Soc., Chem. Commun., 1994, 19.
17 J. F. Corbett and P. F. Hott, J. Chem. Soc., 1963, 2385.
18 F. Bonnichon and C. Richard, J. Photochem. Photobiol., A Chem.,

1998, 119, 25.
19 G. Mark, M. N. Schuchmann, H. P. Schuchmann and C. von

Sonntag, J. Photochem. Photobiol. A Chem., 1990, 55, 157.
20 W. J. McElro., J. Phys. Chem., 1990, 94, 2435.
21 G. Grabner, personal communication.
22 J. F. Endicott, G. Ferraudi and J. R. Barber, J. Phys. Chem, 1975,

79, 630.

Paper 9/02609F

New J. Chem., 1999, 23, 857È861 861


