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Photoreduction and Photoarylation of O-Ethyl S-n-Propyl Phenylphos- 
phonothioate 
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U.V. irradiation (254 nm) of O-ethyl S-n-propyl phenylphosphonothioate (1) in EtOH leads to a rapid photo- 
reductive cleavage of the phosphorus-sulphur (# = 0.1 4) or the sulphur-carbon ( 4  = 0.05) bond, as evidenced by 
the formation of O-ethyl phenylphosphinate, n-propanethiol, O-ethyl phenylphosphonothioic acid, and propane 
as the major reaction products. The concomitant photo-oxidation of EtOH to acetaldehyde is also observed. The 
rate of photoreduction of (1) is independent of the hydrogen-donor capacity of the solvent (MeOH, EtOH, or 
Pr'OH). Hence, the reaction proceeds without prior hydrogen abstraction, probably by direct homolysis of the 
excited state of (1). In accordance with this, in situ spin-trapping experiments show the intermediacy of the 
phosphonyl radical EtO(Ph)P(O). 

Sensitizers with a triplet energy >80 kcal mol-l sensitize the photoreduction of (1). Sensitization by aromatic 
hydrocarbons, e.g. benzene, is found to be complicated by simultaneous photoarylation of (1 ), which leads to the 
formation of O-ethyl diphenylphosphinate. 

THE photodegradation of various organophosyliate 
pesticides,l e.g. Parathion,2 D i ~ x a t h i o n , ~  Methidathi~n,~ 
and I n e ~ i n , ~  has been investigated in order to assess their 
persistance and properties as toxicological hazards in the 
environment. These studies were mainly qualitative 
and the underlying reaction mechanisms have received 
little at tent ion, 

We here report a quantitative study of the plioto- 
reduction (264 nm) of the title compound (1) in EtOH, 
serving as a model reaction for the photodegradation of 
organophosphate pesticides, in continuation of an earlier 
study on the photolysis of trimethyl phosphatc6 

EXPERIMENTAL 

U.V. spectra were recorded by means of a Zeiss 1'MQ 20A 
spectrometer. Mass spectrometric analyses were perforinetl 
with a JEOL JMS-OlSG-2 mass Spectrometer, coupled with 
a JEOL JGC-1100 gas chromatograph. 

Materials.--The title compound O-ethyl S-n-propyl 
phenylphosphonothioate (1) was prepared by alkylation of 
the dicyclohexylaninionium salt of O-ethyl phenylphos- 
phonothioic acid with a four-fold excess of n-propyl iotlicle 
in refluxing 1,Z-dimcthoxyethane. ' 1 1 ~  product was puri- 
fied successively by means of distillation under rcduced 
pressure (b.p. 115 "C a t  5 x mniHg), niolecular distil- 
lation and by preparative 1i.p.l.c. on a silica coluinn, using 
ethyl acetate as an eluant. The gas chromatographic (g.c.)  
purity of the product was >99.5(j/, (SE-30). The Lr., 
n.m.r., and mass spectra of the product were in accordance 
with the proposed structure (Found: C, 54.2; H, 7.0; P, 
12.7; S, 13.1. Cl,H1,O,YS requires C, 54.1; 13, 7.0; T', 
12.7; S, 13.1%). 

O-Ethyl phenylphosphinate and 00-dicthq-1 plienyl- 
phosphonate were prepared according to standard pro- 
cedures and were distilled under reduced pressure (purities 
>99yo, g.c., SE-30). O-Ethyl phenylphosphonothioic acicl 
and O-ethyl phenylphosphonic acid were isolated from their 
respective dicyclohexylammonium salts (purities >98yo, 
acidimetric titration). For identification purposes, a small 
amount of O-ethyl O-n-propyl phenylphosphonothionatc 
was isolated by means of preparative g.c. (SE-30) from the 

t Formerly, Chemical Laboratory TNO, now including thc 
former Technological Laboratory TNO. 

reaction mixture of O-ethyl phenylphosphonochlorido- 
thionate with sodium n-propoxide. The product was 
characterized by means of its mass spectrum. 

Di-n-propyl disulphide was prepared by oxidation of the 
sodium salt of n-propanethiol with iodine (b.p. 132 "C a t  40 
inmHg ; purity S9%, g.c., SE-30). N-Benzylidene-t-butyl- 
amiiie N-oxide was prepared according to E n i n i o n ~ . ~  All 
prepared compounds had satisfactory elemental analyses. 

Methanol (Merck, Uvasol), isopropyl alcohol (Merck, 
Uvasol), and ethanol (Merck, p.a.), used in the irradiation 
experiments were dried on molecular sieves prior to use. 

The following products were obtained commercially and 
were used without further purification : n-propanethiol 
(Fluka, 97%), propane (Matlieson, 99.5%), acetaldehyde 
(B.lI.H, W%), n-heptadecane (Mercli, 99.4%), t-butyl 
alcohol (Merck, p.a.), chloroacetic acid (Merck, 99.5%),  
benzophenone (Merck, 98%), m-methoxyacetophenone 
(Aldrich, 99%), triphenylene (Aldrich, 98%), P-xylene 
(Merck, 980/),  anisole (Merck, p.a.), benzonitrile (B.D.H., 
97%,), diphcnylamine (Riedel-de Haen, p.a.), fluorene 
(Aldrich, !IS%), and pcrfluorohexane (Fluka, 2 9 9 % ) .  

Irradiation Procedures.-Irradiations were carried out in a 
liayonct 1W12 208 reactor (Southern New England Ultra- 
violet Company, U.S.A.), equipped with either RPR-2537 A 
or with 111'12-3000 A lamps. Before irradiation, helium 
was passed for 2 11 through the solution (ca. 15 nil) in a 
quartz vessel (ca. 25 nil) in order to remove oxygen. A 
slight positive pressure of helium was maintained during 
irradiation. Samples were removed during irradiation 
with a syringe via a rubber septuni. Pyrex vessels were 
used for irradiations with the RPR-~OOO A lamps. 

Analysis of the Reaction Products.-Gas chromatographic 
procedures. G.c.-analyses were performed with a Pye- 
Unicam 104 apparatus, equipped with a flame-ionization 
detector. Peak areas were measured with an Infotronics 
CRS 304 integrator (Techmation). 

After addition of known amounts of internal standard to 
the irradiated samples, quantitative analysis of the reaction 
products was done by measurement of peak areas of product 
and of internal standard. For each product analysed, the 
relationship between relative peak areas of product and of 
internal standard I I~YSUS known amounts of product and of 
standard were determined separately. 

O-Ethyl S-n-propyl phenylphosphonothioate (1) ,  O-ethyl 
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phenylphosphinate, 00-diethyl phenylphosphonate, and 
n-propyl disulphide were determined on a column packed 
with 15% SE-30 on Cliromosorb W.A.W.-D.M.C.S., 80- 
mesh (length 2 m, C$ 3-4 mm) a t  a column temperature of 
220 "C, with n-heptadecane as the internal standard. 

The volatile products n-propanethiol and acetaldehyde 
were analysed on a column (length 2 m, 4 3-4 mm) packed 
with Poropak Q (80-100 mesh) at a column temperature 
of 150 "C, using t-butyl alcohol as the internal standard. 

Results on both columns were reproducible within 3%. 
H .  p .l. c. Procedures .-High-performance liquid chromato- 

graphy was carried out at room temperature with a system 
consisting of a Waters Associates 6000A pump, a Valco 
universal injector, a steel column (length 0.25 m, internal 
diameter 4.6 mm) packed with Lichrosorb Si-60-5 (Merck) 
according to the procedure of Linder et aZ.,* and a variable- 
wavelength u.v.-detector (Techmation, model 970). 0- 
Ethyl S-n-propyl phenylphosphonothioate and 0-ethyl 
phenylphosphinate were cliromatographed with n-hexane- 
EtOH (160/12.5) as a solvent (retention volunies 3.2 and 
7.2 ml, respectively, a t  a flow rate of 1 ml miii-l), with the 
detector set a t  260 nm. A calibration curve a t  this wave- 
length showed for both compounds a linear relationship 
between peak area and amount of product. Results were 
reproducible within 2.5%.  

Paper Chromatography.-Quantitative paper chromato- 
graphy of 0-ethyl phenylphosphonothioic acid and of 
0-ethyl phenylyhosphonic acid was performed on IVhatman 
no. 1 paper, which had been washed thoroughly with 0 . 1 ~ -  
aqueous hydrochloric acid and subsequently with distilled 
water. 

Samples from the irradiated solution were applied directly 
to the paper by means of a microsyringe and were chromato- 
graphed in the ascending mode with n-butanol-pyridine- 
water (15 : 10 : 12, v/v) as the solvent system. The products 
were detected according to H a i ~ . ~  Next, the spots were 
cut out, and the amount of phosphorus was analysed 
according to the procedure of Gerlach and Deuticke.10 
Blanks were substracted from the found values. Finally, 
the amounts of 0-ethyl phenylphosphonothioic acid (I?, 
0.65) and of 0-ethyl plienylphosphonic acid (RP 0.52) were 
determined from calibration curves. Results were found 
to  be reproducible within ca. 7%. 

Propane.-For the analysis of propane and, concomi- 
tantly, of U-ethyl phenylphosphonothioic acid, experiments 
were performed in quartz ampoules (25 ml), equipped with 
two straight-bore glass valves. Ca. O.O4~-solutions (12 ml) 
of U-ethyl S-n-propyl phenylphosphonothioate (1) in the 
ampoule were thoroughly degassed a t  the vacuum line 
through one of the valves by means of a t  least three freeze- 
thaw cycles. After irradiation for 20 min, air was admitted 
through the degassing valve. Samples were taken from the 
gas and liquid phases in the ampoule through a septum 
covering the other valve, and were analyscd for propane by 
means of g.c. on a Poropak Q column a t  150 "C. The 
amount of propane was calculated by comparison of its 
peak surface with that of a known amount of propane in a 
calibrated sample. 

Determination of Quantum Yields.-Solutions of 0-ethyl 
S-n-propyl phenylphosphonothioate (1) in EtOH (0.0045~1, 
El cm > 10 at 254 nm) and of chloroacetic acid in water 
(2M, El = 2.54 a t  254 nm) in quartz tubes, all filled to the 
same height, were deoxygenated by means of a stream of 
helium. The solutions were then pre-heated in a thermo- 
statted bath a t  34.8 "C and were placed alternatively into a 

merry-go-round ' set up in the Rayonet reactor, in which 
the lamps had been pre-heated. Immediately thereafter, 
the samples were irradiated for 35 min (ca. 20% conversion), 
during which period the temperature remained constant 
within 0.5 "C. 

Samples of the irradiated solutions were analysed 
for organophosphate products as described above. The 
chloride content of the actinometer solutions was deter- 
mined by titration with mercuric nitrate.ll In  separate 
experiments i t  was shown that the amount of chloride 
released from the actinometer did not increase when the 
concentration of chloroacetic acid in water was increased 
from 1 to 2 ~ .  Hence, the calculation of quantum yields 
was straightforward, since ( i )  the quantum yield for the 
actinometer a t  34.8 "C could be calculated from the data of 
Smith et aZ.,12 (ii) necessary conditions of total absorption in 
both sample and actinonieter solutions prevailed, and (iii) 
absorption due to reaction products was proved to be in- 
significant relative to absorption by starting material. 

Spin-trapping Experiments.-E.s.r. spectra were re- 
corded on a JEOL ME-IX spectrometer, equipped with 
matching U.V. irradiation unit JES-UV-1. Thick-walled 
quartz tubes (Wilniad Glass Company) were employed when 
EtOH was used as a solvent; thin-walled quartz tubes were 
used for cxperiiiients in benzene. 

The in s i tu  spin trappings were carried out a t  approxi- 
mately equiniolar concentrations of 0-ethyl S-n-propyl 
phenylphosphonothioate (1 )  and of the spin trap N- 
benzylidcne-t-butylaniine N-oxide : ca. O. 1~ in benzene, 
whereas in EtOH 0.04 and 0 . 4 ~  solutions were used. 

All solutions were deoxygenated prior to e.s.r. measure- 
ments in the tubes by purging with nitrogen for several 
minutes. 

RESULTS 

Ultvaviolet Spectroscopy.-The absorption spectrum of 
EtO(Ph)P(O)SnPr (1) in EtOH (Figure 1) has the character- 
istic long wavelength absorption maxima ( E ~ , ~  = 640 f 20; 
E ~ ~ ,  = 810 f 10; E~~~ = 780 f 10) and short wavelength 
absorption region (Amx. < 230 nm) of mono-substituted 
benzene derivatives. Additionally, we observe for (1) a 

200 220 240 260 zeo 300 
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FIGURE 1 Absorption spectra of EtO(Ph)P(O)SnPr (-; 
0.41 m M )  and of (EtO),Ph(P)O (- - -; 0.36 mM) in EtOH 

broad absorption with a maximum at 236 nm (E = 3 200 f 
loo), which is absent in an oxygen analogue of (l), i .e. 
(EtO),P(Ph)O (see Figure 1) and in (EtO),P(O)SEt. In  
n-hexane this latter maximum in the absorption of (1) is 
shifted onlv slightly to longer wavelength (238 nm). 
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Qualitative Analysis of Irradiation Products.-Irradiation pak Q column. Additionally, (1) and EtO(Ph)P(O)H were 

in the Rayonet reactor of a ca. 0.04~-solution of compound analysed by means of h.p.1.c. on a silica column, with n- 
(1) in deoxygenated EtOH a t  264 nm leads to a rapid hexane-ethanol as an eluant. The acids EtO(Ph)P(S)OH 
disappearance of (1) .  The nature of the reaction products, and EtO(Ph)P(O)OH were determined by means of quantita- 
as identified by comparison with authentic samples, tive paper chromatography.lO 
indicates that  concurrently a t  least the following three types In Table 1, the results are summarized for the quantitative 
of reaction take place: (i) photoreductive cleavage of the analysis of the reaction products of two separate irradiations 

TABLE 1 
Concentrations a (mmol 1-l) and balance of products after two separate irradiations of 0-ethyl S-n-propyl phenyl- 

phosphonothioate (1)  in EtOH (254 nm) at various times of irradiation 

Irradiation time (min) 

-- 
Product (mmol 1-l) Irr. 1 
EtO(Ph)P(O) SnPr 42.0 

(42.3) 
E tO (Ph) P(0) H 

E tO (Ph) P(S) OH 
E tO (Ph) P( 0) OH 
(EtO) 2Ph(P) 0 
Pto t r l  42.0 

, 
0 10 20 30 - 3 - 

Irr. 2 Irr. 1 
39.7 36.4 

(41.1) (39.0) 
2.4 

0.5 
0.4 
0.1 

39.7 39.8 

(2.1) b 

7 I 

Irr. 2 
38.7 

(41.8) 
1.7 

0.4 
0.2 
0.2 

41.2 

(1.9) 

c- 

Irr. 1 
32.9 

(33.1) 
4.1 

1.2 
0.4 
0.5 

39.1 

(3.9) b 

1 
Irr. 2 
34.2 

(35.6) 
5.0 

(4.2) li 
0.9 
0.5 
0.7 

41.3 

r-- 
Irr. 1 
29.6 

(31.3) 
7.8 

1.4 
0.4 
0.7 

39.9 

(5.4) I )  

-7 
Irr. 2 
31.7 

(31.7) 
6.4 

(6.2) 
1.2 
0.7 
1.0 

41.0 
PrGH 2.6 2.5 4.8 5.0 7.0 6.7 
(PrnS-) 0.1 0.1 0.1 0.3 0.2 0.4 
Propane 
Acetaldehyde 1.7 1.5 2.6 2.7 5.2 3.9 

Each concentration averaged from two measurements. Estimated error ca. 5%. * Values in parentheses refer to h.p.1.c.- 
analyses. See Table 2. 

phosphorus-sulphur bond, as evidenced by the formation 
of 0-ethyl phenylphosphinate, EtO(Ph)P(O)H (g.c.-m.s., 
h.p.l.c.), n-propanethiol (g.c.) and di-n-propyl disulphide 
(g.c.-m.s.) ; (ii) photoreductive cleavage of the sulphur- 
carbon bond, as shown by the formation of 0-ethyl phenyl- 
phosphonothioic acid, EtO(Ph)P(S)OH (P.c.), its oxygen- 
analogue * EtO(Ph)P(O)OH (P.c.), and propane (g.c.) ; 
(iii) photosolvolysis of compound (l), as follows from the 
formation of 00-diethyl phenylphosphonate, (EtO) 2- 

Ph( P) 0 (g .c.-m.s., h. p. 1 .c.) . 
The formation of benzene (g.c.) and of 00-diethyl 

phosphonate, (EtO),P(O)H (g.c.-m.s.) upon prolonged 
irradiation (> 1 h) indicates that the phosphorus-aryl bond 
of (1 )  is not completely stable with regard to photo- 
reduction either. Tentatively, we assume that the primarily 
formed reaction product EtO(PrnS)P(0)H is rapidly solvo- 
lysed to (EtO),P(0)H.13 

Finally, the observed formation of acetaldehyde (g.c.) as 
a reaction product is in accordance with hydrogen donation 
by the solvent EtOH for the above-mentioned photo- 
reduction rea~t i0ns . l~  

Quantitative Analysis of Irradiation Products.-For a 
quantitative analysis of the reaction products, samples were 
taken from the quartz reaction vessel, through which a 
slow stream of helium was bubbled, a t  various time intervals 
without interruption of the irradiation. Volatile reaction 
products were determined by g.c.-analysis, after addition of 
an internal standard. The title compound (1)  , EtO(Ph)P- 
(O)H, (EtO),Ph(P)O, and di-n-propyl disulphide were sep- 
arated satisfactorily and were hence analysed on a silicone 
SE-30 column, whereas the low-boiling products n-propane- 
thiol, propane, and acetaldehyde were analysed on a Poro- 

* Probably formed by oxidation of EtO(Ph)P(S)OH with 
traces of oxygen in the solution. In separate experiments it was 
shown that the latter product is oxidized in the presence of 
oxygen under our irradiation conditions, whereas EtO(Ph)P(O)H 
is not significantly oxidized under these conditions. 

of (l),  at various times of irradiation. Evidently, photo- 
reduction of the phosphorus-sulphur bond of (1 )  is the main 
reaction taking place, with formation of equivalent amounts 
of EtO(Ph)P(O)H on the one hand and of n-propanethiol 
and disulphide (as far as not due to photosolvolysis, see 
below) on the other hand. 

On comparison of the amounts of EtO(Ph)P(S)OH and of 
its oxidized derivative EtO(Ph)P(O)OH with the amount of 
EtO(Ph)P(O)H, it appears that photoreduction of the 
sulphur-carbon bond of (1) proceeds 2.5-3.5 times slower 
than the reduction of the phosphorus-sulphur bond of (1 ) .  

TABLE 2 
Concentrations of products resulting from the photo- 

reduction of the sulphur-carbon bond after irradiation 
(254 nm) of a 4 0 m ~  solution of 0-ethyl S-n-propyl 
phenylphosphonothioate (1) in EtOH for 20 min in a 
quartz ampoule in VUGUO 

Concentration (mmol 1-') 
Product Irrad. 3 Irrad. 4 

EtO(Ph)P(S)OH a 0.55 0.45 
Propane 0.55 0. 35 

a The formation of EtO(Ph)P(O)OH was not observed 
(p...), due to thorough degassing of the solution prior to 
irradiation. See Experimental section. 

Separate irradiations were carried out in a quartz ampoule 
in order to determine the amount of propane which is formed 
on photoreduction of the sulphur-carbon bond of (1 ) .  As 
shown in Table 2, the amounts of EtO(Ph)P(S)OH and of 
propane formed are reasonably equivalent, within experi- 
mental error. 

Photosolvolysis of (1)  leading to (EtO),Ph(P)O appears to 
be a minor process, which proceeds a t  least twice as slowly 
as photoreduction of the sulphur-carbon bond and nearly 
seven times slower than the photoreduction of the phos- 
phorus-sulphur bond. 
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As shown in Table 1, the sum total of the various organo- 
phosphate reaction products which have been determined 
quantitatively accounts almost completely for the total of 
compound ( 1) which disappears during the photolysis. 

Finally, i t  should be mentioned that the amount of 
acetaldehyde in the reaction mixture is substantial, although 
less than expected on the basis of the overall amount of 
photoreduction which has taken place. This is probably 
due to secondary photolysis of acetaldehyde to methane and 
carbon m0n0xide.l~ No evidence was found for a photo- 
chemical condensation reaction of acetaldehyde with 
EtO ( l'h) P( 0) H . l6 

Quantum Yields.-Quantum yields for the photoreduction 
of the phosphorus-sulphur bond and of the sulphur-carbon 
bond of compound ( 1 )  in EtOH, as well as for the overall 
disappearance of ( l ) ,  were determined in the liayonet 

TABLE 3 
Quantum yields for the photoreduction (254 nm) of the 

phosphorus-sulphur and sulphur-carbon bonds of 
0-ethyl S-n-propyl phenylphosphonothioate (1) , as 
well as for the overall disappearance of (1) in EtOH 
(34.8 "C f 0.5 "C) 

Product Quantum yield a 
E tO (Ph) P (0) H 0.14 f 0.01 
E tO (Ph) P( S) OH 0.05 f 0.01 

0.20 f 0.01 
Averaged value from two experiments. 

reactor in a ' merry-go-round ' set-up l7 a t  34.8 "C &- 0.5 "C. 
A 2~-aqueous solution of chloroacetic acid was used as an 
actinometer (4 = 0.403 at 34.8 OC).12 

The results summarized in Table 3, indicate that the 
overall photoreduction of (1 )  is a rather efficient process. 
To our knowledge, quantum yields for similar photo- 
reactions are not available in the literature for comparison. 
The photoreduction of the sulphur-carbon bond of (1) might 
be compared with the benzophenone-sensitized scission of 
the carbon-sulphur bond in di-n-hexyl disulphide,18 which 
is however a much less efficient process (9 ca. lop3). 

Rates of Photoreduction in Solvents with Varying Hydrogen- 
donor Ca;bacities.-In order to evaluate the dependence of 
the photoreduction rate of the title compound (1 )  on the 
homolytic hydrogen-donor capacity of the solvent, we have 
measured the rate of disappearance of (1) in deoxygenated 

TABLE 4 
First-order reaction rates (AJrnin-l) and half-lives (min) for 

the disappearance of 0-ethyl S-n-propyl phenylphos- 
phonothioate (1) during irradiation (254 nm) in MeOH, 
EtOH, and Pr'OH, respectively (35 "C) 

Disappearance of (1) 

Solvent k,/rnin-' Half-life/min 

EtOH (1.33 f 0.04) 10-2 52 f 2 
PriOH (1.34 f 0.07) 10-2 52 f 2 

MeOH, EtOH, and Pr'OH, in which primary, secondary, 
and tertiary hydrogen, respectively, can be abstracted from 
the carbon-hydrogen bond. 

Upon irradiation (1) disappears in all three solvents 
according to first-order kinetics for at least two half-lives 
of the reaction. Calculated first-order reaction rates and 
half-lives are summarized in Table 4. 

Sensitization and Quenching Experiments.-In an attempt 
to obtain some information with regard to the excited state 
of ( l ) ,  which is responsible for its photoreduction, we have 

MeOH (1.31 f 0.05) 53 2 

studied the influence of several sensitizers, and of a quencher, 
on the reaction. Sensitization experiments at 2 3 0 0  nm 
were performed with Rayonet ' Sunlight Phosphor lamps ', 
by irradiation for 20 h of ca. 0.05~-solutions of (1) in EtOH 
in Pyrex vessels. The following sensitizers were added, 
respectively, in such concentrations that light absorption 
due to (1) was insignificant relative to absorption due to the 
sensitizer: acetone (1.721~1, ET 80 kcal mol-l), m-methoxy- 
acetophenone (0 .0086~ ,  ET 72.4 kcal mol-l), benzophenone 
(0.391~1, ET 68.5 kcal mol-l), and triphenylene (O.O035M, ET 
66.6 kcal tnol-l).19 Only in the presence of acetone could a 
substantial reactivity of ( 1 )  be observed, although the 
expected products, e.g. EtO(Ph)P(O)H, were not identified. 
In separate experiments, it was shown that the latter 
product undergoes a rapid photoreaction with acetone in 
EtOH a t  300 nm.16 

By adaptation of the concentration of the sensitizer and 
of ( l ) ,  sensitization experiments a t  254 nm were arranged in 
such a way, that 2 9 9 %  of light absorption was due to the 
sensitizer. Solutions of (1)  in EtOH were irradiated for 1 h 
in quartz vessels with, respectively, benzene ( 8 . 5 ~ ~  Err 
84.4 kcal mol-l), anisole (3.71~1, ET 80.7 kcal mol-l), 9-xylene 
(6.4M, ET 80.1 kcal niol-l), benzonitrile ( 5 . 9 ~ ,  ET 77.0 
kcal mol-l), diphenylamine (0.41~1, ET 7 1 . O  kcal mol-l), and 
with fluorene ( 0 . 0 7 ~ ,  ET 67.6 kcal mol-l) .19 In the presence 
of benzene and p-xylene, a rapid photoreduction of (1) took 
place with formation of EtO(Ph)P(O)H and EtO(Ph)P(S)OH 
as the expected products. With anisole only a trace of 

E t O  0 EtO 0 EtO ,O 

I' ' 
Ph 

photoreduction took place, whereas no reaction a t  all was 
found in the presence of the other sensitizers. 

In  addition to the usual products, the reaction sensitized 
by benzene led to a new major reaction product, i.e. 0-ethyl 
diphenylphosphinate (EtO)P(Ph),O (g.c.-m.s.), whcreas in 
the presence of p-xylene the corresponding product 0-ethyl 
phenyl-2,5-dimethylphenylphosphinate is formed (g.c.- 
m.s.). The photoreduction in benzene also proceeds readily 
in complete absence of EtOH, leading to 0-ethyl diphenyl- 
phosphinate and 0-ethyl phenylphosphinate as the major 
reaction products of this novel photoarylation reaction.*I21 

Attempts to quench the photoreduction reaction of (1) in 
EtOH (0.01~) a t  254 nm by addition of trans-piperylene 
( 0 . 0 2 ~ ~  ET 58.8 kcal mol-l) were unsuccessful, since the rate 
of disappearance of (1) was not depressed under these 
conditions, where 2 9 0 %  of the light absorption was due 

In  situ Spin Tra;bping.-The photoreactions of (1) both 
in EtOH and in benzene (sensitized) were also studied by 
in situ irradiation with a high-pressure mercury arc in the 
presence of N-benzylidene-t-butylamine N-oxide (2) as the 
spin trap. 

The e.s.r. spectra showed hyperfine structure (h.f.s.). 
Variations in the relative intensities of the separate 1i.f .s. 
lines of the spectra of one single run a t  different times 
already revealed that several spin adducts were formed next 
to and after each other. This complicated the analysis of 
the various products that  were being trapped. However, 

* For an analogous photoarylation reaction via thermally 
generated radicals, see ref. 20. 

to (1) .  
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one feature in nearly all of the observed spectra is obvious, 
namely that the distance between the outermost h.f.s. lines 
exceeds 5 mT (see Figure 2a and 2b, spectra obtained in 

H- 

benzene and in EtOH, total width = 5.20 and 5.15 mT 
respectively). 

A total width of ca. 5.2 mT is much larger than is en- 
countered in the isotropic spectrum of those nitroxides in 

intensities, b u t  can be divided into two groups of almost 
equal intensity. Each of the stronger lines is accompanied 
by a weaker one at a separation of ca. 0.28 mT (see Figure 2).  

We suggest that this abnormal appearance of the 
measured spectrum is due the presence of two diastereo- 
isomers in the spin adduct (3),  as a result of the addition of 
the chiral P-centred radical 23 to the prochiral carbon atom 
of the spin trap (2). 

In  EtOH as the solvent the full partial spectrum of the 
phosphonyl adduct (3) was less easy to identify. The spin 
trapping gave rise to additional spin adducts, always 
present in preponderance. At low concentrations of both 
(1) and spin trap (ca. 0 . 0 4 ~ ) ,  the partial spectrum of (3) 
with the characteristic large total width (5.15 mT) was 
observed as a transient only, quickly decaying during the 
first hour of irradiation. On continued irradiation one single 
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1 1 mT 

which the h.f.s. is due to splittings by nitrogen and hydrogen 
only. In the latter case a total width equal to  AN + A H ,  
would come to ca. 3.5 mT a t  most. Hence, in the observed 
6.2-niT wide spectra some additional splitting will be 
involved. On the assumption of this being due to a doublet 
splitting by 31P, a value of A P  of ca. 2 mT is obtained. 
From a study by Brunton et ~ 1 . 2 ~  P-couplings in this order 
of magnitude are known to occur in P-centred adducts to 
(2). In  view of their findings, we assign structure (3) to our 
spin adduct with the total width of 5.2 mT. 

In  benzene the complete spectrum of (3) could be identi- 
fied by visual inspection of the series of spectra taken a t  

(4) ( 5 )  

different times during the irradiation experiments. A 
partial spectrum of the expected twelve lines could be 
traced. The outmost two lines on the high-field and the 
low-field side outside the range of 3.5 mT always showed the 
same rate of appearance and decay as did 10 other lines. 
The 12 lines thus singled out, however, do not all have equal 

six-line spectrum persisted, consisting of a triplet ( A  = 
1.50 mT), split into doublets ( A  = 0.35 mT). It was 
assigned to the a-hydroxyethyl spin adduct (4) (litera- 
ture: 2 4 9 2 5  A N  = 1.535 mT, A H  = 0.360 mT, in EtOH). 

At a high concentration level of both (1) and spin trap 
( 0 . 4 ~ ) ,  the partial spectrum with total width of 5.15 mT 

TABLE 5 
E.s.r. coupling constants (in mT) of the diastereoisomeric 

forms (3a) *and (3b) of the spin adduct EtO(Ph)P(O)- 
CH(Ph)N(0)But in EtOH a 

A N  A H  AP 
1.44 0.36 1.96 
1.45 0.37 1.80 

( 3 4  
(W 

“ I n  benzene unique sets of the coupling constants of the 
forms a and b could not be determined. The average values 
are: A N  = 1.41, A H  = 0.28, and A p  = 2.10 mT. However, 
from the regularities in the intensity ratios of the h.f.s. lines 
i t  was deduced that, as in EtOH, the sum A N  + A H  + A p  in 
the two forms a and b in benzene is approximately equal. 

persisted and could still be observed in the dark after 
termination of the photolysis (see Figure 2b). 

The assigned coupling constants for the diastereoisomers 
a and b of (3) in EtOH, based on computer-generated 
spectral simulations are given in Table 5. 

In addition to the aforementioned spin adducts, a t  least 
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one extra free radical appeared to be present ( < 20% of the 
percentage total). I ts  spectrum partially coincided with 
that of the a-hydroxyethyl adduct (4), due to a triplet 
splitting ( A N  ca. 1.38 mT) and showed a further doublet 
splitting ( A H  = 0.18 mT). In  all likelihood, the latter 
spectrum should be assigned to the n-propylthiyl radical 
adduct (5) t o  the spin trap (2) .  An e.s.r. spectrum with the 
latter coupling constants was also obtained upon photolysis 
of a solution of propanethiol with (2) in EtOH. 

DISCUSSION 

The main reactions upon irradiation of (1) in EtOH 
can be described as photoreduction of the phosphorus- 
sulphur (a-scission) and of the sulphur-carbon bond 
(@-scission), as indicated by the obtained products. 
Both the nature of these products and the results of the 

E t O  0 

observed no photoreduction of (1) while benzophenone 
was being photoreduced by irradiation at 300 nm in 
EtOH, in its presence. If a phosphoranyl radical were 
a viable intermediate, it might be formed under these 
conditions by means of chemical sensitization : 

EtO(PhIP(0)SPr" f Phzd-OH +EtO(Ph)b(OH)SPrn + PhZCO 

( 1  1 

Thirdly, the photoarylation of (1) in benzene and 
9-xylene is difficult to envisage via a phosphoranyl radical 
as an intermediate. 

Finally, (1) is also rapidly photolysed by irradiation at  
254 nm in perfluorohexane, demonstrating that hydrogen 
abstraction is not a t  all a prerequisite for the photo- 

I P,- / O H  Ph 

lhV 

' OEt 

c(- scission t 
I ./ OH 1 

No 
H-P-Ph 

p-  scission b S=P,Ph /OH 

0 Et \ 

SCHEME 1 

spin-trapping experiments give strong indications that 
tlic reactions proceed by way of a free-radical mechanism. 

The simultaneous a- and @-scission reactions of (1)  
bear a strong resemblance to the chemistry of phos- 
phoranyl radicals 2G formed e.g. by addition of tliiyl 
radicals to PIII-compounds.* In principle, the inter- 
mediate . formation of the phosphoranyl radical 29 

EtO(Ph)P(OH)SnPr", by means of hydrogen abstraction 
from the solvent by the excited state of ( l ) ,  could explain 
the photoreduction reactions according to Scheme 1 .  

However, there are a number of arguments against 
the jntermediacy of the phosphoranyl radical (EtO- 
(Ph)P(OH)SnPrIk. First, the rate of photoreduction of 
(1)  is independent of the hydrogen-donor capacity 
(MeOH, EtOH, Pr'OH). Evidently, hydrogen abstrac- 
tion from the solvent is not a rate-determing step of the 
reaction sequence leading to the observed products, in 
contrast with the photoreduction of various ketones 30-32 

and heteroaromatic compounds.33 This result is a t  
variance with the intermediacy of the pliosphoranyl 
radical, since the subsequent a- and @-scission reactions 
would be expected to be rapid reaction steps, following 
rate-determining hydrogen abstraction. Secoiidly, we 

* The ready homolysis of the phosphorus-sulphur bond of (1) 
indicates that  the addition of thiyl radicals to PII'-coinpounds 
might be a reversible process, as suggested earlier by Hentrude z7 
arid by Brown.28 

t The aforementioned e.s.r.-evidence for the formation of the 
a-hytlroxyethyl radical, as well as the formation of acetaldehyde 
as a major reaction product, indicates clearly a primary homolysis 
of a secondary C-H bond of EtOH, followed by homolysis of the 
0 - H  bond. 

decomposition of (1). We thus consider the above- 
mentioned arguments as unequivocal evidence against 
the intermediacy of a phosphoranyl radical in our 
reaction sequence (Scheme 1) .  

Alternatively, we suggest that homolysis of the 
phosphorus-sulphur and of the sulphur-carbon bond 
proceeds directly in the excited state of (1) .  These re- 
actions lead primarily to the radical pairs ( 6 )  and (7), 
which give the main reaction products by subsequent 
abstraction of hydrogen from the solvent t as shown in 
Scheme 2. 

The formation of the phosphonyl radical in the radical 
pair (6 )  is also supported by the results of our spin- 
trapping experiments. The appearance, upon irradiation 
of (1) with IV-benzylidene-t-butylamine N-oxide (2) in 
EtOH, of the spin adducts with the assigned structures 
(3) and (5) is most readily explained by reaction of the 
two radicals in the radical pair (6) with the spin trap 
(Scheme 3).: 

The intermediacy of the radical pair (6) can also be 
accommodated with the observed (minor) photosolvo- 
lysis product (EtO),Ph(P)O. We assume that an 
electron transfer can take place in the (singlet) free- 
radical pair (6), eventually preceded by interconver- 

$ Recently, Brunton et obtained spin-adducts similar to 
( 3 ) ,  which were probably formed by thermal addition to  the spin- 
trap and subsequent photochemical formation of the stable 
radical, rather than by addition of a phosphorus-centred radical 
to  (2). However, such an addition reaction of ( l ) ,  followed by 
photochemical generation of (3) cannot be envisaged in our case, 
in view of the low thermal reactivity of ( 1 ) .  
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EtO 0 
\/ 
/ \  

Ph SPr" 

1.. 

l E t 0  0 I EtO 0 

'f -k PrnSH I / \  
EtoH 

(6a )  

electron transfer 

E t O  

t 
EtO 

( E t O H )  + PPSH t CH3CHO [ Ph ' '<Pr n ] Ph 
( 6  1 

EtO 0 

4- PrH + CH3CHO 
H-abstr 
(EtOHl / \  

Ph SH 
p - scission 

( 7  1 
SCHEME 2 

sion of a triplet free-radical pair. This leads to the 
ion pair (6a), which would rapidly react with the solvent 
EtOH. Similar reaction mechanisms have also been 
assumed for the photosolvolysis of e.g. benzyla4 and 
alkyl 35 halides. 

Finally, the photoarylation of (1) as the major re- 
action pathway in benzene and in p-xylene may alsp be 
explained by way of the phosphonyl radical EtO(Ph)P(O) 
in (6). Fields and Rolih *O generated this type of free- 
radical by means of hydrogen abstraction from the 
phosphorus-hydrogen bond of 00-diethyl phosphonate, 
(EtO),P(O)H, with t-butoxyl radicals. In this way they 
obtained a ready phosphonation of methyl benzoate. 
Probably, the photoarylation of (1) proceeds by addition 
of the phosphonyl radical from (6) to benzene, followed 
by hydrogen abstraction from the intermediate cyclo- 
hexadienyl radical (8 ) ,  e.g. by the n-propylthiyl radical 
(Scheme 4). 

To our knowledge relevant information in the literature 

EtO 0 

on the nature of the excited state(s) of (1) is virtually 
absent. The characteristic u.v.-absorption of (1) at 
236 nm, absent when either the phenyl or the thio- 
propyl group of (1) is replaced by alkoxy (see Figure l),  
suggests that the initially formed singlet state of (1) 
results from an n-x* promotion of an electron from the 
lone pair on sulphur, possibly to the antibonding X- 
system of the phenyl g r o ~ p . ~ ~ ] ~ ~  Alternatively, a 
trigonal bipyramid-like structure might be formed, in 
which an electron is promoted to an unoccupied d-orbital 
of the phosphorus atom.% If racemization of such a 
structure were possible, this could be relevant for the 
hitherto unexplained rapid photoepimerization 39 in 
n-heptane solution (254 nm) of 0-menthyl S-methyl 
phenylphosphonothioate, which is structurally closely 
related to (1). 

With regard to the multiplicity of excited states of 
(I), we suggest that the heavy-atom effect, due to the 
presence of both phosphorus and sulphur, will cause the - 

0' 
(21, PrnS-CH-N' J Ph ' 'But 

E t O  \/ 
/ 

Ph 'SPr" 

( 6 )  
SCHEME 3 

( 5 )  

Ph Ph 
H' LZY 

( 8 )  
SCHEME 4 



primarily formed singlet state to convert very rapidly 
into a triplet state. Such an intersystem crossing to a 
triplet as a reacting species would be in accordance with 
the results of our sensitization experiments, which might 
be explained as possibly involving a high-energy triplet 
(ET ca. 80 kcal mol-l) in the photoreduction reactions of 

Finally, it should be noted that the rather high 
quantum yield for the a- and 8-scission reactions of (1) 
(4 = 0.14 and 0.05 respectively, Table 3) represent 
minimal values, since the data cannot be corrected for 
cage return. Within the primarily formed intimate free- 
radical pairs, cage return probably takes place, albeit 
to an unknown degree, thus enhancing the formal 
analogy between the chemistry of the reacting excited 
species of (1) and of phosphoranyl radicals.26 

(1) - 
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[9/489 Hprrizwd, 26th Mnrch, 19791 

REFERENCES 

For a recent summary, see: M. Eto, ‘ Organopliosphorus 
Pesticides : Organic and Biological Studies,’ CRC-Press, Cleve- 
land, 1974, pp. 97-100. 

J.  R.  Grunwall and R. H. Erickson, J .  Agric. Food Chcm., 
1973, 21, 929. 

W. H. Harned and J .  E. Casida, J .  Agric. Food Chem., 1976, 
24, 689. 

W. P. Dejonckheere and R. H. Kips, J. Agric. Food Chem., 
1974, 22, 959. 

T. Murai and C. Tomizawa, J .  Environ. Sci. Health, 1976, 
B11, 185. 

H. P. Benschop and M. Halniann, J . C . S .  Perkin IZ, 1974, 
1175. 

W. D. Etnmons, J .  Amer. Chem. SOC., 1957, 79, 5739. 
* H. R. Linder, H.  P. Keller, and R. W. Frei, J .  Chromatogr. 

Sci.,  1976, 14, 234. 
I. M. Hais and I<. Macek, ‘ Paper Chromatography,’ Pub- 

lishing House of the Czechoslovak Academy of Sciences, Prague, 
1963, p. 819. 

lo  I?. Grrlach and R. neiiticke, Rinchrm. Z., 1983, 337, 477. 

11 A. I. Vogel, ‘A Textbook of Quantitative Inorganic Analysis,’ 

l2 R. N. Smith, P. A. Leighton, and W. G. Leighton, J .  Amer.  

13 E. E. Nifant’ev, A. I. Zavalishina, S. F. Sorokina, and A. A. 

l4 P. Walker, J .  Chem. SOC., 1963, 5545. 
l5 C. S. Parmenter and W. A. Noyes, J .  Amer. Chem. SOC., 1963, 

85, 416. 
16 Ya. A. Levin, A. V. Il’yasov, E. I .  Goldfarb, and E. I. 

Vorkunova, Org. Magnetic Resonance, 1973, 5 ,  487; Ya. A. Levin, 
A. V. Il’yasov, E. I .  Goldfarb, A. Sh. Mukhtarov, Sb. Nekot. 
Probl. Org. Khim. ,  Muter. Nauch. Sess., Inst. Org. Fiz .  Khim. ,  
Akad. Nauk. S.S.S.R., 1972, 201 (Chem. Abs. ,  1973, 78, 42462t). 

G. F. Vesley, Mol. Photochem., 1971, 3, 193. 
G. W. Byers, H. Gruen, H. G. Giles, H. N. Schott, and 

P. S. Engel and B. M. Monroe, Adv.  Photochem., 1971,8, 245. 
20 E. K. Fields and R. J .  Rolih, Chem. and Znd., 1960, 999; 

E. F. Jason and E. K. Fields, J .  Org. Chem., 1962, 27, 1402 
21 S. Hoz and J. F. Bunnett, J .  Amer. Chem. SOC., 1977, 99, 

4690. 
22 G. Brunton, B. C. Gilbert, and R. J .  Mawby, J . C . S .  Perkin 

I I ,  1976, 650. 
23 H. P.  Benschop and D. H. J.  M. Platenburg, Chem. Comrn., 

1970, 1098. 
24 A. Ledwith, P. J .  Russell, and I .  H. Sutcliffe, Proc. Roy. Soc., 

1973, A332, 151. 
25 K. A. McLauchlan and R. C .  Sealy, J . C . S .  Chem. Comm., 

1976, 115. 
z 6  W. G. Bentrude, in ‘ Free Radicals,’ ed. J .  K. Kochi, Wiley, 

New York, 1973, vol. 11, ch. 22. 
27 W. G. Bentrude and P. E. Rogers, J .  Amer. Chem. Soc., 1976, 

98, 1674. 
28 D. H. Brown, R. J .  Cross, and D. Millington, J . C . S .  Dalton, 

1976, 334. 
2D D. Samuel and B. L. Silver, J .  Org. Chem., 1963, 28, 2089; 

Ya. Levin, E. K. Trutneva, and B. E. Ivanov, J .  Gen. Chem. 
U . S . S . R . ,  1974, 44, 1418. 

30 J.  C. Scaiano, J .  Photochem., 1973174, 2,  81. 
31 K. Maruyama, K. Ono, and J .  Osugi, Bull. Chem. SOC. 

Japan,  1969, 42, 3357. 
32 B. M. Monroe and S. A. Weiner, J .  Amer. Chem. SOC., 1969, 

91, 450. 
33 T. Iwaoka, S. Niizuma, and M. Koizumi, J .  Amer. Chem. 

SOC., 1970, 43, 2786. 
3 4  D. C. Appleton, B. Brocklehurst, J.  McKenna, J .  M. Mc- 

Kenna, M. J .  Smith, P. S. Taylor, S. Thackeray, and A. R. Walley, 
J.C.S .  Chem. Comm., 1977, 108. 

35 P. J. Kropp, G. S. Pojndexter, N. J .  Pienta, and D. C. 
Hamilton, J .  Amer. Chem. Soc., 1976, 98, 8135. 

36 G. Boekestein, E. H. J .  M. Jansen, and H. M. Buck, J . C . S .  
Chem. Comm., 1974, 118. 

37 H. Goetz, F. Nerdel, and K. H. Wiechel, Annalcn, 1963, 665, 
1 .  

38 A. G. Davies, M. J.  Parrott, and B. P. Roberts, J . C . S .  
Chem. Comm., 1974, 973. 

39 W. B. Farnham, K .  Ti. Murray, and I<. Mislow, Chrni 
Cnmm., 1971, 605. 

Longmans, London, 1961, 3rd edn., p. 274. 

Chem. Soc., 1939, 61, 2299. 

Borisenko, J .  Gen. Chem. U . S . S . R . ,  1976, 46, 469. 

J. A. Kampmeier, J .  Amer. Chem. Soc., 1972, 94, 1016. 




