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Abstract

The direct photolyses of thiobencarb and ethiofencarb in water were investigated by product studies and laser flash photolysi
At 253.7nm and in air-saturated solution, thiobencarb is photoconverted into 4-chlorobenzaldehyde and 4-chlorobenzylalcohol wit!
a good efficiency ¢ = 0.14 £ 0.02). Ethiofencarb is phototransformed with a close efficiengy={ 0.12 &+ 0.02) into sulfoxide,
2-methylphenyl-methylcarbamate and two unidentified oxidation products. The homolytic cleavage of the C—S bonds takes place ¢
proved by the detection of benzylic-type radicals by transient absorption spectroscopy. With thiobencarb, this reaction yields finally
4-chlorobenzaldehyde. On the other hand, 4-chlorobenzylalcohol and 2-methylphenyl-methylcarbamate are likely to arise from the he
erolytic cleavage of the C-S bonds. The sulfoxide formation observed in the case of ethiofencarb may result from an electron transfer fro
the triplet excited state to oxygen and involve a peroxysulfoxide as intermediate. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction because ethiofencarb and thiobencarb exhibit similarities

from the structural point of view having in common a benzyl
Thiobencarb$-[(4-chlorophenyl)methyl]diethylcarbamo-  sulfide moiety.

thioate) and ethiofencarb (2-[(ethylthio)methyl]phenyl ~ Photocleavage of S—-C bonds is well-know [2]; it is in

methylcarbamate) are plant products used in agriculture andline with the low C-S bond strength (272kJmd) [3].

as a consequence potential pollutants of the aquatic environ-Many examples of C-S bond photoscission have been re-

ment in which they are susceptible to be photochemically ported in the literature. Evidences supporting the radical

degraded. nature of this process have been described, see for example
[4,5]. Photolysis of benzyl sulfides in organic solvents was
studied in details by Fleming et al. [6-8]. These authors ir-

o O CONHCH, radiated substituted benzyl phenyl sulfides in deoxygenated
Cl_@;a_h_ . - 5— t-butyl alcohol and found photoproducts arising from the
- benzyl-sulfur bond scission. They proved by trapping reac-
tive intermediates with a hexenyl side chain that this reaction
) is homolytic. On the basis of the product studies they ruled
thiobencarb (TB) ethiofencarb (EF)

out the occurrence of an heterolytic cleavage. The reaction
of benzyl phenyl sulfide with singlet oxygen in benzene [9]

Literature data concerning the photochemical behaviour and CDC4 [10] was reported too. Benzaldehyde was found

of these two compounds are very scarce. According to the asvr\?alp phgtopr(;dluct and dsulfokX|de ‘ZS millnc(er. dv of th

Pesticide Manual [1], the photodegradation of ethiofencarb € found usetu j[o. un erta €a etaile stu_y of the
in solar-light is very rapid. Sulfoxide and sulfone are the photochemical reactivities of ethiofencarb and thiobencarb
main degradation products in water and soil. By contrast, in water to get a better insight in the mechanisms of reac-

thiobencarb is considered as photostable. Such a diﬁerencéion' We gathered experimental data on both compounds in
in the photochemical behaviour is somewhat surprising

the hope to draw some parallels in the behaviours. These
compounds absorb poorly at > 270nm (see Fig. 1).

"+ Corresponding author. Teks 33-4-73-40-71-69; Photptr_ansformatlons were investigated by stea_\dy s_tate
fax: +33-4-73-40-77-00. irradiations at 253.7 nm and by laser flash photolysis mainly
E-mail addressclaire.richard@univ-bpclermont.fr (C. Richard). at 266 nm.
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3 0x104 etry (GC-MS) analyses were performed in Centre Régional
..‘ de Mesures Physiques (Université Blaise Pascal). Chemical
2,5x104 4, ionisation with methane was used.

Laser flash photolysis experiments were performed using
a frequency quadrupled Nd-YAG lasekefc = 266 nm,
pulse duration = 9ns). The experimental device was
described elsewhere [11].
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3.1. Direct photolyses

Fig. 1. UV absorption spectra of TB and EF in water. 3.1.1. Steady state irradiations

3.1.1.1. Phototransformation of thiobencarbrlhe irradi-
ation at 253.7nm of an air-saturated aqueous solution of
TB (4.5 x 10°°M) yields 4-chlorobenzylic alcohol and
4-chlorobenzaldehyde (Fig. 2). Chemical yields of forma-
tion are equal to 32 and 49%, respectively, after a conversion

) i . extent of 16%. The quantum yield of TB disappearance
TB and EF were purchased from Riedel De Haén (purity js equal to 014 + 0.02. In nitrogen-saturated solution,
96—97%) and used as received. Ethiofencarb sulfoxide andonly 4-chlorobenzylic alcohol is detected. Due to the high

ethiofencarb sulfone (Riedel De Haén), 4-chlorobenzal- g aiility of TB, we cannot give any accurate value for the
dehyde and 4-chlorobenzylalcohol (Fluka) used as refer- .pamica) yield of formation of this product. The irradiation

ence compounds were of the highest grade available. Waterys 18 a1 > 300 nm yields only 4-chlorobenzaldehyde.

was purified with a MilliQ-Millipore device. For comparison, TB was also irradiated in acetonitrile.
The reaction is the same as in water from the kinetic point of
2.2. Methods view, but it is different from the analytical point of view: in
acetonitrile, the chemical yield of 4-chlorobenzylic alcohol
For analytical purpose, samples were irradiated in a quartzis significantly reduced (8% instead of 20% in water).
cylindrical reactor in devices equipped with either six ger-
micidal lamps § = 2537nm) or six sunlamps emitting 3.1.1.2. Phototransformation of ethiofencarbAt 253.7
within the wavelength range 275-350 nm. Polychromatic ir- and 270 nm, the quantum yield of EF photolysis is equal to
radiations at. > 300 nm were performed using a 900W 0.12+ 0.02. A typical HPLC chromatogram obtained upon
xenon lamp and a glass filter to cut off wavelengths shorter irradiation of an aerated aqueous solution of EF within
than 300nm. An IR filter was placed to avoid overheat- the wavelength range 275-350 nm is given in Fig. 3. Four
ing and the solutions were constantly stirred by means of photoproducts appear on the chromatogram. The injec-
magnetic stirrers. Solutions containing the substrates andtion of ethiofencarb sulfone and ethiofencarb sulfoxide as
Rose Bengal were irradiated at 546 nm using a high pressure
mercury lamp equipped with a monochromator Bausch and 0,20
Lomb. For quantum yield measurements purpose, we irradi-
ated samples in parallel beams using the 900 W xenon lamp 3
equipped with a Schoeffel monochromatar £ 270 nm, J
bandwidth at mid-height= 10 nm) or using a germicidal
lamp. The chemical actinometer was potassium ferrioxalate.
The irradiated samples were analysed by analytical HPLC
using a Waters apparatus equipped with a photodiode array
detector (model 996) and a reverse phase column Spherisork
S5 ODS, (Waters). For TB, the eluent was a mixture water—
ortho-phosphoric acid (0.1%)/acetonitrile. The proportions
were the following: 60—-40% from O to 5min, then regular 0 ' : ' 10 ‘ 15 ' 20
increase of acetonitrile up to 90% reached at 10 min. For EF, o _
the proportions were 80—20% from 0 to 5 min, then 10-90% retention time (min)
reached after 10 mirtH-RMN spectra were recorded on a Fig. 2. HPLC chromatogram of an air-saturated solution of TB
Bruker AC400 MHz. Gas chromatography—mass spectrom- (4.5 x 105 M) irradiated at 254 nm. Conversion extent equal to 70%.

2. Experimental

2.1. Materials
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I tification of the products. Data collected in GC-MS and
EF| NMR showed small molecules having lost the methyl group
—~ 0,075 bound to the nitrogen atom and the ethyl group bound to
3 the sulfur atom. These compounds are, therefore, secondary
E 0,050 ‘ products. In N-saturated solutions, | and Il are not de-
] \‘ ‘ tected. This result confirms that they are oxidation products.
5 v i/“‘ Actually, only 2-methylphenylmethylcarbamate is produced
g 00254 oo |/ upon photolysis of EF in the absence of oxygen. Photolyses
£ 1 \ . ye of ethiofencarb sulfone and ethiofencarb sulfoxide were
2 00004 A Ju studied too. They do not yield either | nor II.
0 4 8 12 16
retention time (min) (QCONHCH;3 Ic’) QCONHCH,
CHy-S—Et CH,
Fig. 3. HPLC chromatogram of an air-saturated solution of EF
(5.5x 10~* M) irradiated with sunlamps. Conversion extent equal to 70%.
reference compounds allowed the assignment of 1l as the
sulfoxide and showed that ethiofencarb sulfone was not a ethiofencarb 2-methylphenyl
photoproduct. The chemical yield of Il is equal to 10% sulfoxide (III) methyl carbamate (IV)

after a conversion extent of 50%.

The products I, Il and IV were separated by HPLC.
The fraction enriched in IV was analysed bg-RMN and
GC-MS CH;-Cl. We found:§ (ppm, CDC}) 2.25 (3H, s),
2.90 (3H, d,J = 4.8Hz), 5.00 (1H, s), 7.07 (1H, dd, = 8
and 1.3Hz), 7.12 (1H, td/j = 7.3 and 1Hz), 7.19 (2H,
td and dd,J = 7.5 and 1 Hz). The C-Cl mass spectrum
showed signals atVz = 166, 194 and 206. Since methane  The photolysis of TB in mixture water—acetonitrile (80/20,
gives adducts atVz = M +1, M +29 andM +41, it comes v/v) at 266 nm produces at pulse end a transient species ex-
that the mass of product IV is 165. Based on these data, ithibiting two absorption maxima at 270 and 318 nm and dis-
is concluded that IV is 2-methylphenylmethylcarbamate.  appearing in deoxygenated solution within the firsp&dol-

The fractions containing | and 1l were analysed too. lowing the pulse end (Fig. 4 and inset). Oxygen significantly
Unfortunately, they were not pure enough to allow the iden- enhances its rate of decay. On the basis of literature data,

At A > 300nm, the phototransformation of EF is more
specific: ethiofencarb sulfoxide and Il are the only products
detected. The chemical yield of the sulfoxide is equal to
46% after a conversion extent of 10%.

3.1.2. Laser flash photolysis experiments
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Fig. 4. Transient absorption spectra measured from a deoxygenated solution of TB in a mixture water—acetonitrile (80/20, v/v). Absorbanceqi&l66 nm e
to 0.16. @): End pulse; Q): 60ps after the pulse end; inset A: difference between absorbances measured at the pulse encsafte6ehe pulse end.
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Fig. 5. Plots ofAOD vs.P. (Q): OD®— OD%OMS from a solution of TB

in water—acetonitrile (80/20, v/v), absorbance at 266 nm equal to 0.16;
(@): OD™ — OD3Hs from a solution of EF in water—acetonitrile (95/5,
vlv), absorbance at 266 nm equal to 0.50.

this transient can be assigned to the 4-chlorobenzylic rad-
ical (e269 = 40700 M 1cm! andezi7 = 8100Mtem™?

in cyclohexane [12]). The absorbance at 270 nm was mon-
itored for several pulse energy valuél, The differences
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with maximum around 320 nm can be observed after the
complete disappearance of the 4-chlorobenzylic radical
(see Fig. 4).

The photolysis of EF in a mixture water—acetonitrile
(95/5, vlv) produces two species (Fig. 6). The first one
shows two absorption maxima at 257 and 320nm (inset
of Fig. 6), disappears by an apparent first order kinetics in
deoxygenated mediunt & 1.0 x 10°s~1) and reacts with
oxygen ko, = 1.5 x 10°M~1s71). Based on the analo-
gies with the 4-chlorobenzylic radical, it is reasonable to
assigned this first intermediate to the 2-methylcarbamate
benzylic radical. The differencesd’=° — 0.d.’=30+S mea-
sured at 257 nm increase linearly with (Fig. 5) yield-
ing €257 x ¢ = 240M~1cm 1.The second transient is
long-lived, exhibits a broad absorption band with maximum
around 320 nm and is insensitive to oxygen.

3.2. Photosensitised oxidations

The oxidations by singlet oxygen were studied using Rose
Bengal as sensitiser. Solutions containing EF or TB (4
10~°>M) and Rose Bengal (k¥ 10~°M) were buffered at
pH 7 with phosphates and irradiated at 546 nm under oxy-

between the end pulse absorbance and the absorbancgen bubbling. In these conditions, no consumption of TB

measured 6fQs after the pulse end (GB° — OD/=30vs)
are plotted versu® (Fig. 5). The plot is linear, indicating

that the transient is produced by a monophotonic process.

The slope of the straight line is connected to the ¢
value: by chemical actinometry with 46,0, we found
€270 X ¢ = 2200 M~Lcmt giving finally a quantum yield
of radical formation equal to 0.054. A long-lived transient

0,025

is observed. By contrast, EF is oxidised into ethiofencarb
sulfoxide (chemical yield= 66%) and Il. The rate of EF
transformation is 3.4-fold reduced upon the addition gf N
(1.8 x 10~3 M) in agreement with the involvement of singlet
oxygen in the reaction. #D, was detected in irradiated so-
lutions and titrated by a colorimetric method [13] (chemical
yield = 20%).
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Fig. 6. Transient absorption spectra measured from a deoxygenated solution of EF in a mixture water—acetonitrile (95/5, v/v). Absorbance ate266 nm eq

to 0.50. @): End pulse; Q): 30ps after the pulse end; inset A: difference between absorbances measured at the pulse encsafteBehe pulse end.
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These results contrast with those reported in the case ofcarbocation in the case of TB. The carbanion formation is
benzyl phenyl sulfide [9,10]. It shows that substituents on the in line with the alkyl phenyl sulfide structure since, in this
aromatic ring, presence of the carbonyldrposition with case, the C-S bond is polarised with the negative charge
respect to the S atom and polarity of the solvent drastically on the benzylic carbon atom. The presence of a carbonyl in
influence the oxidation reaction. a-position with respect to the S atom, on the other hand,
favours the formation of the carbocation by stabilising the
negative charge on the S atom.

4. Discussion Two additional results confirm this heterolytic reaction.
First, the formation of 2-methylphenylmethylcarbamate is

The detection of the 4-chlorobenzylic radical by laser not influenced by oxygen. A reaction pathway involving
flash photolysis of TB shows that homolytic scission of the an homolytic cleavage is, therefore, ruled out. Second, in
C-S bond occurs. Quantum yields measurements indicateacetonitrile, the chemical yield of 4-chlorobenzylalcohol is
that this route accounts for about 50% of the phototransfor- drastically reduced. It shows that the presence of water is
mation. Formation of 4-chlorobenzaldehyde in oxygenated required in the alcohol formation.
medium can be rationalised by the further oxidation of the  Photo-oxidation of EF into sulfoxide is observed, Il be-

benzylic-type radical. ing produced along with the sulfoxide. The sulfoxide and
0 0
cl CHz"' S—C—E e Cl CH, + S—C—Et
o

Cl@ CHO

In the case of EF, homolytic scission of the C—S bond also
occurs as shown by laser-flash photolysis experiments but itll are also yielded in the photosensitised oxidation of EF.
is a minor pathway (about 5%). By product studies we did It suggests that the two reactions have a common inter-
not detect any aldehyde formation. mediate. The oxidation of sulfides by singlet oxygen has
Formations of 4-chlorobenzylalcohol from TB and been extensively studied. In polar medium, the formation
2-methylphenylmethylcarbamate from EF can be tentatively of peroxysulfoxides giving rise to sulfoxide and sulfone is
explained by the heterolytic scission of C-S bonds followed strongly suggested [10,14,15]. Such an intermediate may be
by hydrolysis:

(6} (0]

[l hv . o
Ct CH,~S—C—E —> (I CH," + S—C—E
i oH
Cl@ CH,OH

OR OR

hv - +
CH,~S—E ——> CH, + " S—E

"

OR

To rationalise the experimental results, we have to postulatealso produced in direct photolysis by electron transfer
the formation of a carbanion in the case of EF and of a reaction from the triplet excited state of EF to oxygen and
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further recombination of the radical cation with the super- e An electron transfer from triplet excited states to oxygen
oxide anion. yielding radical cations is likely to take place. However,
the radical cations show distinct reactivities. In the case of

OR OR EF, it recombines with the superoxide ion yielding finally
hy . the sulfoxide. In the case of TB, it cleaves yielding the
CH-S—E ——> CH-S—Et + 0, benzaldehyde derivative.

In conclusion, thiobencarb and ethiofencarb are photo-

0,

| l transformed in water with good efficiencies. Homolytic
\ OR o- cleavage of the C—S bonds is proved to occur. The formations
o of 4-chlorobenzylalcohol and 2-methylphenylmethylcarba-
mate, on the other hand, are explained by an heterolytic
@ cleavage of the C-S bonds. Oxidation of the S atom also
takes place and a sulfoxide is produced in the case of EF.

i The differences of photoreactivity between EF and TB are

mainly due to the presence of the carbonyldfposition

OR with respect to the S atom; it reverses the polarisation of the
|C,) C-S bond and hinders the addition of oxygenated species
CH=S—E +1I onto the S atom.

|
CH,~ S—Et
+

Formation of a sulfoxide is not observed with TB. This pafarences

result indicates that one of the two reactions (electron trans-
Tel’ or rad!cgl recomb.ma“on) does notoccur. The .faCt that TB [1] C. Tomlin (Ed.), The Pesticide Manual, 10th Edition, Crop Protection
is not oxidised by singlet oxygen, whereas EF is, suggests = pypiications and The Royal Society of Chemistry, 1994, The Bath
that the presence of the carbonyl hinders the oxygen addi-  Press, Bath.
tion onto the S atom. As a consequence, the recombination [2] S.T. Reid, in: D. Bryce-Smith (Ed.), Photochemistry, Part ll, Vols.
between the radical cation and the superoxide ion, if formed, __ 13-19. Burlington House, London, 1982-1988 (Chapter 7).

o . . [3] J. Emsley, (Ed.), The Elements, 2nd Edition, Clarendon Press,
should be difficult too. On the other hand, the radical cation Oxford. 1991
from TB was produced using 9,10-dicyanoanthracene as (4] G. Bastein, M.P. Crozet, E. Flesia, J.M. Surzur, Bull. Soc. Chim. Fr.
electron acceptor [16] and 4-chlorobenzaldehyde was shown  (1979) 606.
to be one of the main photoproducts. Oxidation of TB into [5] H. Hinrichs, P. Margaretha, Angew. Chem. Int. Ed. Engl. 28 (1989)

the radical cation upon irradiation in the presence of oxygen 1499. ) )
cannot be. therefore. ruled out [6] S.A. Fleming, D.B. Rawlins, V. Samano, M.J. Morris, J. Org. Chem.

, o , 57 (1992) 5968.
This study shows analogies in the primary steps of TB [7] s A. Fleming, AW. Jensen, J. Org. Chem. 58 (1993) 7135.
and EF photolysis but also differences in the rearrangements [8] S.A. Fleming, A.W. Jensen, J. Org. Chem. 61 (1996) 7040.
of the primary intermediates. [9] E.J. Corey, C. Ouannés, Tetrahedron Lett. 47 (1976) 4263.
e The homolytic cleavage of the C—S bond occurs in both [10] D.J. Pasto, F. Cottard, L. Jumelle, J. Am. Chem. Soc. 116 (1994)
. . : . 8978.
cases. This rgacuon produces finally a benzaldehyde Wlth[11] F. Bonnichon, C. Richard, J. Photochem. Photobiol. A 119 (1998)
TB but not with EF. The presence of the carbamate sub- 25.
stituent in ortho-position with respect to the CHrad- [12] R.F.C. Claridge, H. Fischer, J. Phys. Chem. 87 (1983) 1960.
ical may favour intramolecular reactions preventing the [13] G.M. Eisenberg, Ind. Eng. Chem. 15 (1943) 327.
aldehyde to be produced in the case of EF [14] C. Sheu, C.S. Foote, C.L. Gu, J. Am. Chem. Soc. 114 (1992) 3015.

. . [15] N. Soggiu, H. Cardy, J.L. Habib Jiwan, I. Leray, J.Ph. Soumillion,
e The heterolytic cleavage of the C-S bonds explains both S. Lacombe, J. Photochem. Photobiol. A 124 (1999) 1.

the formation of 4-chlorobenzylalcohol from TB and that [16] E. Baciocchi, C. Crescenzi, O. Lanzalunga, Tetrahedron 53 (1997)
of 2-methylphenylmethylcarbamate from EF. 4469.



