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Photochemistry of the Potent Knockdown Pyrethroid Kadethrin 

Kanju Ohsawa and John E. Casida* 

Kadethrin, 5-benzyl-3-furylmethyl (1R,cisE)-2,2-dimethyl-3-(2’-oxo-3’-thiacyclopentylidenemethyl)- 
1-cyclopropanecarboxylate, is rapidly photoisomerized to a lRS,cis,trans(E,Z) mixture, probably via 
triplet diradicals generated by direct or sensitized photolysis for each of the cyclopropanecarboxylate 
and vinylcarboxylate isomerizations. A thiolactone lactone is formed by attack of the carbonyl oxygen 
a t  C-3 of the cyclopropane ring. Other products originate from hydrolysis of the thiolactone and 
cyclopropanecarboxylate ester groupings, from oxidation of the furan ring and rearrangement of the 
intermediate peroxide to a benzyloxylactone derivative, and from oxidation of the alcohol moiety to 
benzylfuroic acid. Minor photoproducts are (1’R,2’S)- and (l’S,2‘R)-epoxykadethrin, phenylacetic acid, 
benzyl alcohol, and benzoic acid. Kadethrin is more toxic to houseflies and mice than isomerized esters 
and photodecomposed products derived from it. d-2-Octyl (lR,trans)-chrysanthemate undergoes 
sensitized photoisomerization much slower than d-2-octyl pyrethrate, which in turn is slower than the 
d-2-octyl esters of the kadethrin acid moiety and the corresponding lactone. 

Kadethrin (Figure 1) (RU 15525), a synthetic pyrethroid 
exceptionally potent for knockdown (Lhoste and Rauch, 
1976; Martel and Buendia, 1974), is a single isomer (of 
eight possible) and has the 1R,3S(E) or lR,cis(E) con- 
figuration (Roussel-Uclaf-Procida, 1976). 

Environmental instability is desirable in a knockdown 
insecticide because only brief action is needed and,further 
exposure to toxicants is unnecessary. Studies of the 
photochemical reactions of related compounds (Holmstead 
et al., 1977; Ruzo et al., 1977; Ueda et al., 1974) indicate 
that kadethrin may undergo isomerization a t  the cyclo- 

Pesticide Chemistry and Toxicology Laboratory, De- 
partment of Entomological Sciences, University of Cali- 
fornia, Berkeley, California 94720. 

propane ring, ester cleavage, and oxidation of the furan 
group. Kadethrin differs from pyrethroids studied earlier, 
i.e., the thiolactone ring provides a conjugated double bond 
system, E-2 isomerization is possible, and an oxidizable 
sulfur is present. Thus, photochemical processes and 
reactivity conferred by the thiolactone are potentially 
superimposed on other reactions discussed above. Ac- 
cordingly, the photodecomposition of kadethrin was 
studied under both laboratory conditions and those rel- 
evant to environmental situations. 
MATERIALS AND METHODS 

Spectroscopy. Infrared (IR) spectra were determined 
on a Perkin-Elmer Model 457 grating spectrophotometer 
using KBr disk, liquid film, or chloroform solution. 
Nuclear magnetic resonance (NMR) spectra were obtained 
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Table I. Thin-Layer Chromatographic Properties of 
Kadethrin and Its Isomers and Derivatives 
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kadethrin [If?, cis ( E ) ]  

Figure 1. Structure of kadethrin or 5-benzyl-3-furylmethyl 
(lR,cisE)-2,2-dimethyl-3- (2'-oxo-3'-thiacyclopentylidene- 
methyl)-1-cyclopropanecarboxylate. Asterisks designate positions 
of 14C labels in the acid and alcohol (alc) moieties with specific 
activities of 54.4 and 43.9 mCi/mmol, respectively. 

with the Perkin-Elmer R32B 90-MHz spectrometer using 
samples dissolved in deuteriochloroform containing 0.5 5% 
tetramethylsilane as the internal standard. Chemical shifts 
(6) are reported in parts per million (ppm) downfield from 
tetramethylsilane and coupling constants (J) are given in 
hertz (Hz). Chemical-ionization mass spectra (CI-MS) 
were recorded on the Finnigan Model 1015D mass spec- 
trometer with the System Industries Model 150 control 
system, using a direct introduction probe and isobutane 
as the reactant gas a t  a source pressure of 0.6-1.0 torr. 

Thin-Layer and Gas-Liquid Chromatographic 
Separations and Analyses. Precoated 20 X 20 cm 
chromatoplates were used as follows: silica gel 60 F-254 
(E. Merck, Darmstadt, Germany) with 0.25- and 0.5-mm 
gel thickness for analysis and preparative isolations, re- 
spectively; silica gel GF (Analtech, Inc., Newark, DE) with 
1.0- and 2.0-mm gel thickness for preparative isolations. 
Compounds separated by solvent systems indicated in 
Table I or described later were detected by their quenching 
of gel fluorescence under short-wavelength ultraviolet light 
and recovered by extraction of the gel with acetone or 
methanol. Epoxides were detected with the 4-(p-nitro- 
benzy1)pyridine reagent (Ueda et  al., 1974). 

Gas-liquid chromatography (GLC) for analysis of 2-octyl 
esters utilized 6% QF-1 or 8% DEGS on Chromosorb W 
(A/W, 80-100 mesh) in stainless steel columns (2 m X 3 
mm i.d.) (systems A-C and F referred to later) with a 
Varian Aerograph Series 1400 gas chromatograph or in 
glass columns ( 2  m x 3 mm id.)  (systems D and E referred 
to later) with a Hewlett Packard Model 830 gas chro- 
matograph, each equipped with a flame ionization detector. 
The kadethrin isomers were analyzed with the Aerograph 
chromatograph using 4% OV-101 in a glass column at  260 
"C isothermal and N2 as the carrier gas a t  30 mL/min. 
The same conditions on OV-101 but with temperature 
programming from 150-300 "C at 8 "C/min were used to 
analyze benzyl alcohol, phenylacetic acid, and benzoic acid, 
which give t R  values of 1.4, 6.5, and 7.1 min, respectively. 

Designation of Compounds. Kadethrin derivatives are 
referred to as shown in Figure 2 .  The lR,cis(E) acid 
moiety of kadethrin is designated thiolactone-CA and 
isomers of this acid and of kadethrin as thiolactone-isoCA 
and isokad, respectively. Hydrolysis of the thiolactone 
group gives thiolcaxboxy derivatives and epoxidation of the 
propylenic double bond, epoxykad derivatives. The alcohol 
moiety of kadethrin and some of its oxidized derivatives 
are abbreviated as follows: 

8 

B FA Q -HO-BFCA 

0- keto-BFCA 

R f  value in indicated 
solvent systema 

compound A B C 
~~ ~ 

Esters 
kadethrin 0.46b 0.62 
(lRS,cisZ)-isokad 0.70 0.66 
(lRS,transE)-isokad 0.59 0.63 
(lRS,transZ)-isokad 0.48 0.62 
(1 'R ,2 'S) -  or (lfS,2'R)-epoxykad 0.11 0.41 
(1'R,2'S)- or ( l 'S,2 'R)-epoxykad 0.14 0.52 
(1 R ,&E)-thiolcarboxy-kad 0.57c O.5Oc 
(lR,transE)-thiolcarboxy-isokad 0. 6OC 0.51 
(lRS,cisE)-benzyloxylactone 0.33 0.64 
(lRS,transE)-benzyloxylactone 0.43 0.66 
unknown photoproduct 1 0.31 0.56 
unknown photoproduct 2 0.28 0.53 

thiolactone-CA 0.33 
(lRS,cisZ )-thiolactone-isoCA 0.65 
(lRS,transE)-thiolactone-isoCA 0.42 
(lRS,transZ)-thiolactone-isoCA 0.35 
thiolcarboxy-CA 0.23 
thiolactone lactone 0.32 

Alcohol Moiety and Related Compounds 

Acid Moiety and Related Compounds 

0.60 
0.66 
0.66 
0.61 
0.22 
0.28 
0.29 
0.31 
0.49 
0.55 

0.25 
0.29 
0.28 
0.26 
0.17 
0.35 

BF A 
BFCA 

0.24 0.41 
0.18 0.49 0.25 

OL -keto-BFCA 0.04 0.31 0.17 
c~-HO-BFCA 0.04 0.25 0.17 
benzoic acid 0.35 0.52 0.37 
benzyl alcohol 0.35 0.45 0.44 
phenylacetic acid 0.26 0.48 0.38 

a Tlc solvent systems are as follows: (A)  carbon tetra- 
chloride-ether (3:1) ,  two developments; (B) benzene satu- 
rated with formic acid-ether (1:3) ;  (C) benzene-ethyl ace- 
tate-methanol (15:5:1). 
values are 0.43, 0.56, 0.51, and 0.45 for kadethrin, (1RS,- 
cis2)-isokad, ( l K S ,  transE-isokad, and ( l R S ,  trans2)-isokad, 
respectively. Italicized numbers designate combinations 
of compounds and solvent systems used for tentative pro- 
duct identification by cochromatography. 
ester. 

In hexane-ether (l:l), the R f  

As methyl 

Chemicals. Roussel-Uclaf-Procida (Paris, France) 
provided the following standard compounds: kadethrin 
and its lR,trans(E) isomer; [I4C] kadethrin preparations 
(Figure 1); thiolactone-CA and its IR,trans(E) isomer; the 
lactone analogue of thiolactone-CA (Le., lactone-CA). The 
lR,trans isomers of chrysanthemic and pyrethric acids were 
isolated from pyrethrum extract (Elliott and Janes, 1969). 
BFCA (Figure 2) and three related compounds (BFA, 
a-HO-BFCA, and a-keto-BFCA) were available from a 
previous study (Ueda et al., 1975). 

Several chemicals were synthesized as 
described below and characterized by NMR and CI-MS 
(Table 11). Diazomethane in ether-ethanol mixture was 
used for methylation of carboxylic acids. 

Hydrolysis of Kadethrin. Kadethrin (396 mg, 1.0 mmol) 
was stirred in a solution of KOH (46 mg, 0.82 mmol) in 
a mixture of ethanol (8 mL) and water (0.8 mL) for 20 min 
at  60 "C, then water (10 mL) was added and unreacted 
kadethrin (32%) was recovered by extraction into ether. 
Acidification (5% HC1) of the aqueous solution and ex- 
traction with ether gave thiolactone-CA (12% ), (lR,- 
&E)-thiolcarboxy-kad (8%) and thiolcarboxy-CA (20% 1, 
separated by preparative TLC with solvent system C 
(Table I) [IR peaks at  2550, 1740, and 1630 cm-' for 
(lR,cisE)-thiolcarboxy-kad (liquid film), 1705 and 1680 
cm-l for thiolactone-CA (KBr), and 2550 and 1700 cm-l 
for thiolcarboxy-CA (KBr)]. Hydrolysis of (lR,transE)- 

Syntheses. 
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Figure 2. Partial pathways for kadethrin photodecomposition including designations for derivatives. Hypothetical intermediates 
are shown in brackets. 

isokad in the same manner gave (lR,transE)-thiol- 
carboxy-isokad with appropriate spectra. 

Epoxidat ion of Kadethrin.  Kadethrin (396 mg, 1.0 
mmol) was stirred for 2 h a t  25 OC with an equimolar 
mixture of m-chloroperbenzoic acid (126 mg, 0.73 mmol) 
and K2C03 (103 mg, 0.75 mmol) in methylene chloride (2 
mL); the mixture was then filtered, the solvent was 
evaporated, and ether (5 mL) was added to the residue. 
After washing the ether with 2% aqueous K2C03 solution, 
the epoxykad isomers were isolated by preparative TLC 
with chloroform-methanol (8:l) to give two compounds (Ef 
0.45, 9.7% yield and R, 0.60, 1.5% yield). These products 
lack the cyclopentylidene double bond (IR) and have 
oxygen incorporated at this position (NMR and MS). 

d-  and 1-2-Octyl Thiolactone-CA and d-2-Octyl Chry- 
santhemate ,  Pyrethrate  and Lactone-CA. d-  or 1-2-Oc- 
tanol (350 mg) and equimolar dry pyridine in dry benzene 
(5 mL) were added to the acid chloride, prepared by re- 
fluxing thiolactone-CA (600 mg, 2.7 mmol) and 1.5 molar 
equiv of thionyl chloride (400 mg) in methylene chloride 
(5 mL) with stirring for 2 h and then concentration in 

vacuo at  25 OC. After 15 h at  25 "C and filtration, the 
filtrate was washed with aqueous 2 N HCl solution, water, 
aqueous NaHC03 solution and water. After drying 
(Na2S04) and evaporation in vacuo at  25 "C, the residue 
was purified by column chromatography on silica gel 
developed with hexane and ether to obtain the desired 
ester as a liquid: IR (liquid film) 1740, 1680, 1640 cm-'; 
NMR (identical for d- and 1-2-octyl esters) 6 0.88 (t, 3 H), 
1.16 (s, 3 H), 1.24 (s, 3 H), 1.26 (s, 10 H),  1.34 (s, 3 H), 
1.64-2.01 (m, 2 H), 2.88-3.14 (m, 2 H), 3.18-3.41 (m, 2 H), 
4.84 (m, 1 H), 6.82 ppm (d, J = 8.5, 1 H). 

d-2-Octyl esters of chrysanthemic acid, pyrethric acid, 
and lactone-CA were prepared as above but on a 0.9-mmol 
scale with product isolation by preparative TLC. Each 
product of >98% purity (GLC) gave appropriate NMR 
and mass spectra. 

Photodecomposition Procedures. Rose-Bengal  
Sensitized Photodecomposition of Kadethrin to Give the  
Methoxy  Hydroperoxide and the  Benzyl idene Lactone. 
A solution of kadethrin (1.0 g, 2.5 mmol) and rose bengal 
(50 mg) in methanol (200 mL) was irradiated with a 40-W 
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showcase lamp in a water-cooled immersion apparatus 
through which oxygen was bubbled for 3 h (cf. Ueda et al., 
1974). After removal of solvent (rotary evaporator), ether 
was added and this solution was dried (Na2S04) and 
evaporated to give a yellow oil [IR peaks (liquid film) at  
3320 (OOH), 1730 (O=CO), 1680 (O=CS), and 1630 
(C=C) cm-’1. NMR detected only the methoxy hydro- 
peroxide (88%) in this material but TLC in ether-hexane 
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mensions (A and B) or in one dimension (C) (Table I). 
Toxicity of Isomers and Photodecomposed Ka- 

dethrin. Adult female houseflies (Musca dornestica L., 
SCR strain, 15-20 mg each) were treated topically with 1 
pL of acetone containing the test compound. Male albino 
mice (20 g) were treated intraperitoneally (ip) with the 
pyrethroids in 20 pL of methoxytriglycol. LDM values were 
determined at  24 h. 
RESULTS 

Kadethrin Isomers from Irradiation (A >290 nm) 
in Benzene Solution with Isobutyrophenone as 
Sensitizer. Kadethrin irradiated for 3 h gives as major 
products (>95%) the lRS,cis(E)-, lRS,cis(Z)-, 1RS,- 
trans(E)-, and lRS,trans(Z) isomers separable by TLC 
(Table I) and GLC (tR values from analysis of individual 
isolated compounds of 12.2, 9.3, 12.3, and 10.5 min, re- 
spectively). The four geometrical isomers were isolated 
on a silicic acid column as indicated below. Their 
structures were assigned by NMR and CI-MS (Table 11). 
NMR signals for the 1 and 3 protons are clearly resolved 
in the trans but not the cis isomer (Bramwell et al., 1969) 
and the olefinic proton (1’) resonates a t  lower field in the 
cis than in the trans and in the E than in the Z isomer 
(Table 11). 

Kadethrin Photoproducts from Sunlight Irradia- 
tion in the Solid Phase. Twenty-forty percent chlo- 
roform in hexane eluted about 50% by weight (2.5 g) of 
the photodecomposition mixture from the silicic acid 
column. Further purification of this fraction by TLC with 
solvent systems A and B and examination by NMR and 
CI-MS revealed four isomer components eluted from the 
column in the order: lRS,cis(Z), lRS,trans(E), lRS,- 
trans(Z), and lRS,cis(E). Two minor photoproducts, 
eluted in the 60% chloroform fraction, were further pu- 
rified by TLC with solvent system A (Rf  0.33, 3.6 mg and 
R 0.43,32 mg) and identified by NMR and CI-MS (Table 
14 as the lRS,cis(E)- and lRS,trans(E) isomers, respec- 
tively, of the benzyloxylactone. IR spectra (chloroform) 
in each case revealed 1780 (y-lactone), 1740 (ester), 1680 
(thiolactone), and 1650 (C=C) cm-’ but no hydroxyl group. 
Chloroform eluted the thiolactone lactone (2.9 mg) which 
was further purified by TLC with solvent system C (Rf  
0.35) and had appropriate NMR and CI-MS spectra (Table 
11) and IR (chloroform) peaks [1780 (y-lactone), 1680 
(thiolactone), and 1650 (C=C) cm-’1. Other components 
eluting with chloroform and separated by TLC with 
solvent system B were a mixture of benzoic and phenyl- 
acetic acids (48 mg, R, -0.50) as determined by NMR. 
Further purification revealed that the upper TLC band 
(Rf  0.52) was benzoic acid and the lower band (Rf  0.48) was 
phenylacetic acid, each identified by GLC comparison with 
an authentic sample and NMR. Acidic compounds were 
separated by preparative TLC (solvent system B) to yield 
(lRS,transE)-thiolactone-isoCA ( R f  0.42) and thiol- 
actone-CA (Rf  0.33) identified by IR and NMR compar- 
isons with the authentic standards; An additional com- 
ponent (11 mg) isolated by TLC (solvent system B) was 
identified as benzyl alcohol by GLC comparison with a 
standard. 

The 1’R,2’S- and l’S,2’R-epoxykad isomers are easily 
detected with the 4-@-nitrobenzyl)pyridine reagent among 
the photoproducts of kadethrin exposed on silica gel to 
sunlamp irradiation (method of Ueda et al., 1974); the 
products cochromatograph with the authentic standards 
in the chloroform-methanol (8:l) TLC solvent system. 
The epoxykad isomers are differentiated not only by their 
TLC properties but also by their NMR spectral features. 
The epoxide of higher R, has a larger coupling constant 

met hoxy - hyd roperoxi de 

.O 

benzy I i dene- lactone 

(3:l) revealed not only this compound (R, 0.17) but also 
traces of kadethrin and a few other compounds. The 
methoxy hydroperoxide liberated iodine from potassium 
iodide solution. In methanol a t  25 “C for 3 days, it gave 
the benzylidene lactone (quantitative yield); IR (KBr) 1730 
(O=CO), 1675 (O=CS), and 1630 (C=C) cm-l. 

Ultraviolet Irradiation in Solut ion.  A solution of ka- 
dethrin (2.5 mM) and isobutyrophenone (20 mM) in 
benzene was irradiated (Rayonet reactor, the Southern 
N.E. Ultraviolet Co., Middletown, CT; 350-nm lamps) in 
six small borosilicate glass tubes (X >290 nm) for 3 h. After 
evaporating the solvent, the product mixture was analyzed 
by GLC, TLC, and CI-MS. The relative proportion of 
isomers was determined by comparing the chemical shifts 
of the vinyl proton. 

d-  or I-2-Octyl thiolactone-CA (0.75 mM) was irradiated 
as above in benzene containing isobutyrophenone (17 mM). 
The reaction mixture was analyzed by GLC using peak 
area ratios where feasible or by TLC and NMR. 

Solutions of d-2-octyl chrysanthemate, pyrethrate, 
lactone-CA, and thiolactone-CA were irradiated ( X  >290 
nm) a t  60 pM in acetone or a t  30 pM combined with 
isobutyrophenone (240 pM) in hexane with product 
analysis by GLC. 

Sunlight  Irradiation i n  the  Solid Phase. Kadethrin (5 
g) on glass (1.3 mg/cm2) was exposed to bright sunlight 
for 10 h. The photolyzed mixture (go%), recovered by 
washing with chloroform and methanol, was fractionated 
by column chromatography and preparative TLC. The 
column [80 g of silicic acid (100 mesh, Mallinckrodt Co., 
St. Louis, MO) packed in hexane] was developed with 300 
mL each of hexane, various chloroform in hexane mixtures 
(v/v, percent, 5, 10, 20, 40, 60, and 80), followed by 
chloroform (300 mL) and methanol (500 mL). Fractions 
similar by TLC were combined, further purified by 
preparative TLC, and analyzed by NMR, CI-MS, and IR. 

The [14C]kadethrin preparations as thin films (35 pg/ 
cm2) on glass (petri dishes) were exposed to sunlight 
through quartz. The photodecomposition products re- 
covered by washing the glass with chloroform-methanol 
(3:l) were analyzed by two-dimensional TLC (solvent 
systems A and B) and liquid scintillation counting and 
tentatively identified by cochromatography in two di- 
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Table 111. [ “C] Kadethrin and Its Photoproducts from Sunlight Irradiation as a Thin Film on  Glass 
radiocarbon recovery at  indicated min, % 

comDound 5 10 20 40 60 240 480 

kadethrin and isokad 
1 RS,  cis( E )  
1 R S ,  cis( 2 )  
l R S ,  trans(E) 
1 RS, trans( 2 )  

1 RS,  cis ( E )  
l R S ,  trans(E) 

benzyloxylactone 
l R S , c i s ( E )  
l R S ,  trans(E) 

thiolcarboxy-kad and -isokad 

unknown product 1 
unknown product 2 

thiolactone-isoCA 
lRS ,c i s (E)  

1 RS, trans(E) 
l R S ,  trans(2)  

thiolcarboxy-CA 
thiolactone lactone 
unknowns’ 
loss 

l R S , c i s ( Z )  

BFCA 
unknownsa 
loss 

Esters (Average of W-acid and “C-alc) 

76.0 
0.8 
8.5 
0.8 

<0.1 
<0.1 

<0.1 
<0.1 
<0.1 

0.4 

0.2 
0.1 
0.1 
0.1 

<0.1 
<0.1 

0.4 
12.6 

67.3 49.0 37.7 
1.1 1.6 1.0 

12.1 17.4 11.9 
1.7 1.8 0.6 

<0.1 0.5 0.8 
<0.1 0.1 0.7 

<0.1 <0.1 0.3 
<0.1 <0.1 <0.1 
<0.1 0.1 0.3 

0.5 0.7 0.7 
Acid Moiety ( W-acid Only) 

0.8 
0.4 
0.3 

<0.1 
0.2 

<0.1 
0.7 

14.9 

0.2 1.8 
0.1 0.7 
0.8 2.9 
0.2 0.6 
1.1 1.2 

<0.1 <0.1 
2.0 15.9 

24.4 22.9 

28.8 
1.0 

12.5 
1.5 

0.3 
0.2 

<0.1 
<0.1 
<0.1 

0.6 

1.1 
0.3 
1.9 
0.7 
1.5 

<0.1 
20.6 
29.0 

8.2 5.2 
1.0 0.7 

10.1 7.6 
1.3 1.0 

0.5 0.3 
0.3 0.2 

0.4 0.5 
0.6 0.5 
0.4 0.4 
0.3 0.3 

1.0 1.0 
0.3 0.3 
1.6 2.3 
1.1 1.1 
3.5 3.5 

<0.1 0.3 
31.8 33.6 
37.6 41.2 

Alcohol Moiety ( 14C-alc Only) 
<0.1 <0.1 <0.1 <0.1 0.2 1.1 1.9 
1.1 1.0 1.4 3.5 4.4 31.7 38.3 

12.4 16.3 27.4 42.5 50.5 44.1 43.1 

a Almost entirely a t  the origin in TLC solvent systems A and B. 

between the 1‘ and 3 protons than the epoxide of lower Rp 
The available information is not sufficient to assign the 
1’R,2’S and 1’S,2’R configurations. 

[14C]Kadethrin Photoproducts from Sunlight Ir- 
radiation as Thin Films on Glass. The principal 
photoproducts on irradiation of kadethrin for 20 min or 
less are the isomers discussed above with lRS,trans(E) 
predominating (Table 111). Thus, cis-trans isomerization 
occurs rapidly and in preference to E-2 isomerization. 
Small amounts of other photoproducts retained the ester 
group (detected with both 14C-acid and 14C-alc prepara- 
tions) and consisted of the thiolcarboxy derivatives from 
kadethrin hydrolysis and the benzyloxylactone derivatives 
also found with unlabeled materials as described above. 
In addition there were two minor unidentified ester 
photoproducts. Acid moiety fragments include each isomer 
of kadethrin hydrolyzed at  the cyclopropanecarboxylate 
group (i.e., thiolactone-isoCA), large amounts of thiol- 
carboxy-CA from thiolactone hydrolysis and trace amounts 
of thiolactone lactone. Only one alcohol moiety product 
was identified, BFCA. The benzylidene lactone was not 
detected as a photoproduct (R 0.27 and 0.62 in solvent 
systems A and B, respectively{. Other compounds not 
found as photoproducts were BFA, a-HO-BFCA and 
a-keto-BFCA. The loss of labeled products on irradiation 
is probably due to volatilization as esters or cleavage 
products and the unknowns were mostly very polar ma- 
terials remaining a t  the origin in solvent systems A and 
B. 

GLC Analysis of Individual Isomeric Components 
of d-2-Octyl Thiolactone-isoCA and Related Esters. 
The four individual isomeric components of d-2-octyl 
lRS,cis,trans-chrysanthemate are easily separated by GLC 
on QF-1, giving an order for t R  values of R < s and cis < 
trans (Table IV; Murano, 1972; the same relationship is 
obtained for the related dichlorovinyl compounds, ac- 
cording to Horiba et al., 1977). The ability to analyze 

individual isomers of chrysanthemic acid and related 
compounds as d-2-octyl esters provides a convenient 
method to monitor photoisomerization reactions, providing 
that each isomer structure can be assigned. This is more 
difficult with the pyrethrates and the lactone-CA and 
thiolactone-CA esters than with the chrysanthemates 
because eight rather than four isomers are involved. These 
eight isomers are tentatively assigned based on their GLC, 
TLC, and NMR characteristics and their ratios on ap- 
proaching a photostationary state. The d-2-octyl ( lR,-  
&E)-thiolactone-CA and (lR,transE)-thiolactone-isoCA 
esters are assigned by standards from synthesis. Four of 
the isomers are easily related to another set of four isomers 
on sensitized photoisomerization (isobutyrophenone in 
benzene) since the 1R position is completely racemized, 
i.e., identical amounts of 1R and 1s isomers (Table V); this 
relationship was confirmed for the d-2-octyl thiol- 
actone-isoCA components by TLC separation of four 1RS 
racemates (NMR) each of which was then separated by 
GLC into the 1R and 1s isomers. The 1R isomer of d- 
2-octyl esters gives a smaller tR value than the 1s isomer, 
and vice versa for the 1-2-octyl esters (Table IV). I t  re- 
mains then only to differentiate the four cis(2) and 
trans(2) isomers. The cis isomer generally gives a smaller 
tR value than the corresponding trans isomer as noted 
above and this relationship should hold for the thiol- 
actone-isoCA esters. It is valid for the lRS(2)-isokad 
isomers (tR values of 9.3 and 10.5 min for the cis and trans 
isomers, respectively) but is less applicable to the 1RS- 
(E)-isokad isomers (12.2 min for cis and 12.3 min for trans). 
Assignments of the isomeric pyrethrates and d-2-octyl 
lactone-isoCA esters are then based on the analogous 
d-2-octyl thiolactone-isoCA esters, using the same isomer 
order for t R  values. This is confirmed in part by the 
product ratios on approaching the photostationary state 
(Table V). 

Photoisomerization of d-2-Octyl Thiolactone-CA 
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Table IV. Gas--Liquid Chromatographic Properties of Various Isomers of Four d-2-Octyl Esters and One 2 -2-Octyl Ester 

compounda systemb 

J. Agric. Food Chem., Vol. 27, No. 5, 1979 Ohsawa, Casida 

t~ value, min, for indicated isomer 
GLC 

cis 
monocarbonyl 1R 1s 

d-2-0ctyl 
chrysan t hemate A 5.7 6.2 

cis(2) 
dicarbonyl 1R 1s 

d-  2-octyl 
pyrethrate B 8.4 9.0 
d-2-0ctyl 
lactone-isoCA C 11.8 12.5 
d-2-octyl 
thiolactone-isoCA C 10.4 11.0 

D 12.5 14.4 
E 12.5 14.5 

I -  2-octyl 
thiolactone-isoCA F 8.3 7.6 

a Acid moieties of the starting esters are as follows: 

trans 
1R 1s 

6.6 7.0 
trans(Z) trans ( E  ) 

1R 1s I R  1s 
10.4 10.8 11.3 11.8 

14.8 15.5 16.7 18.0 

13.0 13.3 14.1 14.8 
22.6 24.0 26.2 28.2 
26.6 28.3 28.4 31.5 

11.1 10.7 12.0 11.8 

chrysanthemate b lactone-CA 

cis(E) 
1R 1s 

11.8 12.3 

18.0 18.5 

14.8 15.4 
28.2 30.1 
34.6 37.9 

12.4 12.0 

thiolactone-CA 

pyrethrate 

b GLC systems were as follows: A-D and F = 6% QF-1 and E = 8% DEGS; A = 135 " C isothermal, B = 130-180 " C  ( 6  "c/ 
min), C = 150-200 " C  (6 "C/min), D = 200 " C  isothermal, E = 210 "C isothermal, and F = 180-230 " C  ( 4  "Cimin);  A-C 
and F = 20 mL of N,/min, D = 53  mL of He/min and E = 59 mL of He/min. 

Table V. 
Four d-2-Octyl Esters and Isomer Ratios of Products on 
Approaching Equilibrium 

Comparative Sensitized Photoisomerization of 

acid moiety of 
d-2-octyl ester 

chry- thio- 
san- lac- lac- 
the- pyre- tone- tone- 

measurements mate thrate CA CA 
conversion ( W M ) ~  

acetone 2.4 4.2 6 14 
isobutyrophenone 9.6 15  18 1 9  

isomcr ratio (5%) on approaching equilibriumb 

lR,cis(E) 19.5 11.5 8.1 
l S , c i s (E)  11.9 9.4 8.2 
1 R,cis(Z)  10.3 16.1 13.7 
lS,CiS(Z) 9.4 15.5 13.4 
1R ,truns(E) 14 .6  15.7 18.4 
lS,trans(E) 14.6 15.6 18.5 
lR,trans(Z) 10.0 8.2 9.1 
l S , t r a n s ( Z )  9.7 1.8 9.7 

a Forty-minute irradiation a t  (60 pM) ester and (240 
p M )  isobutyrophenone in hexane. Ninety-minute 
irradiation for pyrethrate and lactone-CA ester and 150- 
min irradiation for the thiolactone-CA ester in the iso- 
butyrophenone system as above. 

and Related Esters. The reactivity order for the d-2-octyl 
esters on sensitized photodegradation in acetone or 
combined with isobutyrophenone in hexane is chrysan- 
themate < pyrethrate < lactone-CA ester < thiolactone-CA 
ester (Table V). At equilibrium (Le., 1R = IS), the thi- 
olactone-isoCA ester isomer ratio is 2.26:1.66:1.15:1 for 
trans(E):cis(Z):trans(Z):cis(E). Results obtained a t  
preequilibrium conditions (Table V) indicate that this ratio 
will probably be somewhat different with the pyrethrate 
and lactone-CA esters. 

Toxicity of Kadethrin Isomers and Photoproducts. 
Kadethrin is more toxic to houseflies and mice than any 

Table VI. 'Toxicity of Kadethrin, Its Isomers, and 
Photoproducts t o  Houseflies and Mice 

housefly 
compound topicala mouse ip 

Kadethrin and Isomers 
isomer 

kadethrin 2.3 6.8b 
( l R S ,  cisE)-isokad 5.0 13 
( l R S ,  cis2)-isokad 21 >500  
( l R S ,  trunsE)-isokad > 500 > 500 
( l R S ,  trans2)-isokad > 50 

Kadethrin and Photoproducts 
min irradiation 

20 2.4 - 1 4  
40 3.2 - 18 
60 4.3 - 25 

120 9.3 >125 
240 22.1 >125  

Values for (1'R,2'S)- and (l 'S,2 'R)-epoxykad are > 5 4  
mg/kg. 
respectively, in mice treated ip with piperonyl butoxide 
at 150 mg/kg or S,S,S-tributyl phosphorotrithioate at  50 
mg/kg at 1 and 6 h,  respectively, before kadethrin. 

of its isomers assayed (Table VI). Both insecticidal ac- 
tivity and mouse toxicity are rapidly reduced by exposure 
to sunlight (Table VI). 
DISCUSSION 

The predominant photochemical reactions of kadethrin 
in the absence of oxygen are isomerizations in the acid 
moiety to yield eight isomeric compounds as established 
with the corresponding d-2-octyl ester and in part with 
kadethrin itself (Figures 2 and 3). As with other py- 
rethroids, these isomerizations occur via the triplet state 
generated by either direct or sensitized photolysis. Cis- 
trans isomerization at  the cyclopropane ring involves 
excitation of the carbonyl followed by cleavage of the C1 

The LD,, value is reduced to  1.8 and 2.5 mg/kg, 
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butyrophenone (Et  = 73 kcal/mol). 
The acid moiety of kadethrin yields products formed by 

isomerization, rearrangement, oxidation, and hydrolysis 
or combinations of these reactions (Figure 2). The thi- 
olactone lactone may form via diradical C or the com- 
parable diradical from (lRS,cis,transE)-thiolactone-isoCA 
by attack of the carbonyl oxygen at  C-3 of the cyclopropane 
ring; analogous reactions are known with chrysanthemates 
(Bullivant and Pattenden, 1971; Sasaki et al., 1970). The 
thiolactone and cyclopropanecarboxylate ester groups are 
hydrolyzed to some extent. Epoxidation a t  the acid side 
chain yields 1’R,2’S- and l’S,2’R-epoxykad. Several 
degradation products originate from photodioxygenation 
of the furan ring to a cyclic ozonide-type peroxide which 
then decomposes to the benzyloxylactone by migration of 
the benzyl radical (Ueda et al., 1974). The benzyloxy- 
lactone, detected only in the E form, decomposes to benzyl 
alcohol which is then oxidized to benzoic acid. There is 
a possible difference in the photochemical behavior of the 
benzylfurylmethyl group in kadethrin and resmethrin. 
Kadethrin yields no detectable hydroxycyclopentenolone 
on sunlight irradiation or on rose bengal sensitized pho- 
todegradation (in oxygenated methanol followed by N&H4 
treatment; Ueda et al., 1974) whereas with resmethrin the 
hydroxycyclopentenolone is a major product under both 
conditions. The reason for this difference was not es- 

L U  J 

0 

Figure 3. Photoisomerizations at  the cyclopropanecarboxylate 
and vinylcarboxylate substituents of kadethrin or the analogous 
2-octyl ester to yield a mixture of eight isomeric esters. All 
reactions indicated are photochemical processes occurring on direct 
irradiation or triplet sensitization. Three distinct diradical in- 
termediates are shown but others are also possible (see Discussion). 

to C3 bond and then recombination of diradical A to a 
four-isomer mixture with the trans isomers predominating 
a t  the photostationary state (Bullivant and Pattenden, 
1971; Sasaki e t  al., 1968; Ueda and Matsui, 1971). E-Z 
isomerization at the side chain is also presumed to involve 
electronic excitation of the a,P-unsaturated thiolactone 
carbonyl group to form a diradical intermediate (B) for 
each cis and trans compound (Coyle, 1978). This allows 
rotation of the side chain and an E-Z isomer mixture is 
produced on reforming the original conjugated double 
bond system. While Figure 3 indicates each chromophore 
reacting separately, it is also possible that both chromo- 
phores are involved via diradical structures of the following 
types: 

Although the triplet diradical is probably largely localized 
as in structures A, B, and C (Figure 21, the resonance states 
indicated above are also likely to contribute to electron 
delocalization thus minimizing the preference for cis-trans 
vs. E-2 isomerization reactions. The significant E / Z  ratio 
differences for the cis and trans compounds probably result 
from steric preferences in the triplet - ground state decay 
of the corresponding diradical. 

The dicarbonyl compounds (pyrethrate and lactone and 
thiolactone derivatives) isomerize more rapidly than 
chrysanthemic acid esters on sensitization with either 
acetone or isobutyrophenone. This may be due to the dual 
processes involved, i.e., cyclopropanecarboxylate and vi- 
nylcarboxylate isomerizations. It may also result from 
more efficient energy transfer to a lower energy triplet 
intermediate stabilized by additional resonance structures 
as above. Similar isomer ratios are obtained on sensiti- 
zation with either acetone (Et = 80 kcal/mol) or iso- 

)=& \\\’ \ 

TI 
hydroxycyclopentenolone from 

[ I  R , cis]  - resrne t h r in  

tablished. Phenylacetic acid is also formed and it may 
arise from a hydroxylactone intermediate similar to that 
obtained from resmethrin (Ueda et al., 1974). BFCA is 
probably formed by oxidation of BFA liberated on pho- 
tochemical ester cleavage. 

Kadethrin photodecomposes by six major pathways: 
isomerization of the cyclopropane; isomerization of the side 
chain of the cyclopropane ring; oxidation of the furan ring 
to give a cyclic ozonide-type peroxide; epoxidation of the 
acid side chain; cleavage of the cyclopropanecarboxylate 
group; cleavage of the thiolactone ring. These processes 
account for the short residual of kadethrin as an insec- 
ticide. 
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Studies with 2,4’,5-Tric hlorobip henyl- 1 4 C  and 2,2’,4,4’,6-Pentachlorobiphenyl-14 C in 
Carrots, Sugar Beets, and Soil 

Prannath Moza,* Irene Scheunert, Werner Klein, and Friedhelm Korte 

2,4’,5-Tri~hlorobiphenyl-’~C (1.28 kg/ha) and 2,2’,4,4’,6-pentachlorobiphenyl-14C (1.12 kg/ha) were applied 
each to soil in a lysimeter-type box under outdoor conditions, and carrots were grown. In the following 
year, sugar beets were grown without retreatment. For the trichlorobiphenyl, only 32.5% of the applied 
radioactivity was recovered in soil and plants after the first season; 67.5% was lost due to volatilization, 
uptake by carrot plants was 3.1% of the applied radioactivity. The radioactivity remaining in the soil 
was partly dispersed to a depth of 40 cm and consisted of 78.7% trichlorobiphenyl, 1.6% soluble 
conversion products, and 19.7% unextractable residues; in the second year, total recovery as well as 
the portion of unchanged parent compound decreased. Uptake by sugar beets was only 0.2%. The soluble 
conversion products in plants and soil were identified as oxygenated metabolites. For the penta- 
chlorobiphenyl, total recovery was 58.5%, and loss due to volatilization 41.5%, uptake by crops 1.4% 
(after first season), and conversion below 1%; no metabolites were identified. 

Polychlorinated biphenyls (PCB’s) are still widely 
distributed pollutants. The fate of these compounds in 
different ecosystems has attracted much interest. The 
metabolic conversion of PCB’s by various organisms to 
phenols or their methyl ethers is well known (Block and 
Cornish, 1959; Hutzinger et al., 1972, 1974; Moza et al., 
1973, 1974, 1976a; Herbst et al., 1976; Safe et al., 1974, 
1975; Goto et al., 1974a,b; Greb et al., 1975a,b; Lay et al., 
1975; Sundstrom et al., 1975). Some of the phenols are 
reported to be more toxic than the parent compounds 
(Yamamoto and Yoshimura, 1973; Yoshimura and 
Yamamoto, 1973). The accumulation and formation of 
phenols of a lower chlorinated biphenyl in food crops 
(Moza et al., 1976b) led us to investigate the total balance 
of accumulation and the conversion of higher chlorinated 
isomers in agricultural soil and crops. 

The present paper records the balance and conversion 
of 2,4’,5-trichlorobiphenyl and 2,2’,4,4’,6-pentachlorobi- 
phenyl in carrots (accumulators for lipophilic xenobiotics) 
in the first year and in the second year sugar beets (a root 
crop with low oil and high water content). 
EXPERIMENTAL SECTION 

Apparatus.  Packard liquid scintillation counters 
(Tri-Carb Model 3380 and 3375) with external stand- 
ardization were used for assaying radioactivity in various 
extracts. The I4C in insoluble soil and plant residues was 
determined by liquid scintillation counting after the 
sample was oxidized to 14C02 in an Oximat (Intertech- 
nique). Radioactive substances were located on TLC plates 
by scanning, using a scanner supplied by Berthold-Frieseke 

Institut fur Okologische Chemie der Gesellschaft fur 
Strahlen- und Umweltforschung mbH Munchen, D-8042 
Neuherberg, Federal Republic of Germany. 

0021-8561/79/1427-1120$01 .OO/O 

GmbH, Karlsruhe. An LKB Model 9000 GLC-MS, from 
LKB Produkter, Bromma, Sweden, was used for mass 
spectrometry. A 2.0 m X 0.4 cm i.d. glass column packed 
with 1 % OV-1 on Chromosorb W-AW-DMCS 80-100 mesh 
was used for gas chromatographic separation. The column 
was programmed from 180 to 240 “C at a rate of 4 OC/min 
and helium was used as a carrier gas. The mass spectra 
were recorded at  70 eV. 

Reagents. 2,4’,5-Tri~hlorophenyl-’~C (99% pure) and 
2,2’,4,4’,6-penta~hlorobiphenyl-’~C (99.6% pure) syn- 
thesized in this laboratory (Sandrock et al., 1978) were 
uniformly labeled. A scintillation solution based on di- 
oxane was used for assaying various extracts and TLC 
zones. A toluene based scintillator containing phen- 
ethylamine was used for collection and counting I4CO2. 
Thin-layer chromatographic plates were coated with silica 
gel G (Merck); ready made silica gel plates (Merck, 0.25 
mm thick) were also used. For column chromatography 
silica gel Woelm 0.063-0.2 mm was used. For derivati- 
zation of metabolites, diazomethane was prepared from 
p-tolylsulfonylmethylnitrosamide and KOH in diethyl 
ether. 

Procedure. Plant Growing. Plants were grown in 
water-resistant plywood boxes (60 x 60 x 60 cm), one for 
the experiment with 2,4’,5-tri~hlorobiphenyl-’~C and one 
for the experiment with 2,2’,4,4’,6-penta~hlorobiphenyl-~~C. 
The boxes had perforated bases (to drain the excess water) 
and were placed in metal trays. They were wrapped with 
alumina foil to exclude heating by sunlight. About 2.5 cm 
of washed gravel covered with a layer of well-rotted turf 
were placed at  the bottom of each box. Each box con- 
tained 160 kg of soil, 1 cm from the top, and was kept in 
a large pit with the upper surface at the soil level of the 
surrounding ground. Air temperature, humidity, and 
rainfall were recorded during vegetation periods. Table 

0 1979 American Chemical Society 


