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Metofiuthrin[2,3,5,6-tetrafiuoro-4-(methoxymethyl)benzyl(IR,3R)-2,2-dimethyl-3-((IEZ)-prop-1-enyl)cyclo-

propanecarboxylate] was  rapidly  degraded in two  aerobie  US  soils  with  first-order halfilives of  2,3-3.5 days

primarily via  ester  cleavage  to give the corresponding  acid  and  alcohol  witheut  any  epimerization  and  geometri-
cal isomerization. The rapid  oxidation  proceeded either  at the prop-l-enyL group of  the acid  to moiety  form the
diacid derivative or  the benzyl carbon  to finally gjve the terephthalic acid  derivative. These metabolites  were

finally mineralized  to carbon  dioxicle with  partial formation of bound residues.  The soil adsorption  coeMcients

(K,,) of  the Z  isomer, the main  component  ofmetofluthrin,  in three German  soils  were  determined to be 3553-

6124 (ml/go.c.) by the batch equilibrium  rnethod.  The screening  groundwater simulation  rnodel  SCI-GROW

using  the metabolic  halflives and  K., values  clearly  indicates that metofiuthrin  is most  unlikely  to contaminate

groundwater even  in the unrealistic  worst  case,  @Pesticide Science Society ofJapan

Kbyworcts: metofiuthrin,  soil  metabolism,  soil  adsorption,

                   Introduction

The new  pyrethroid insecticide metofluthrin  [SumiOneop;
2,3,5,6-tetrafluoro-4-(methoxymethyl)benzyl(IR,3R)-2,2-
dimethyl-3-((IEZ)-prop-1-enyl)cyclopropanecarboxylate]is
now  under  worldwide  development for environmental  health
use,i2)

  Metofluthrin has extremely  high knockdown activity, espe-
cially  against  mosquitoes,  and  its relatively  high volatility

(1.96× 1O''3 Pa at 25eC) as  well  as  low mammaHan  toxicity2)

made  it possible to develop new  products such  as  a  fan vapor-

izer, and  paper and  resin  emanators,  in addition  to the existing

coil  and  liquid vaporizer.  Household and  public hygiene usage

restricts its contamination  of  the environment  at minimum  but
indirect dcposit on  soil when  metofluthrin  is used  outdoors

may  be envisaged  due to its high volatility  as compared  with

ether pyrethroids.3} The environmental  profiles of  various

pyrethroids fbr agricultural  use have been extensively  studied

and  their moderate  biodegradability in aerobic  soil with  low
mobility  due to their high adsorptivity are well  known.3'4) In
contrast to these pyrethroids, metofluthrin  has a unique  chem-

ical structure both in acid and  alcohol  moieties  and  therefore,
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its metabolism  in soil together with  soil adsorptivity should

be examined  from the viewpoint  of  environmental  safety,

Although its contamination  of  soil is very  limiteq a  risk
assessment  of  the unexpected  contarnination  in outdoor  usage

should  be conducted,  Pyrethroids usually  undergo  microbial

hydrolysis of  ester  linkage together with  hydroxylation ofaro-

matic  rings") but the degradation pathwaM especialiy  on  the

chrysanthemic  acid  moiety, is only  predicted according  to

known microbial  reactions,5)  The most  probable oxidation  of

the  isobutenyl moiety  was  confirmed  in plant metabolism  fbr

phenothrin6) but not  its soil  metabolism.  Paingankar et  aL7)

have recently  reported  dehydrogenation of  the  acid  moiety  of

allethrin  by Acidbmonas  sp. but the oxidative  pathway was

not  reported. The microbial  degradation of  a po]yfiuorinated

aromatic  moiety  has been less examined  except  fbr tefluthrin

with  an  analogous  alcohol moiety.g)

  The  objective  of this study  was  to determine the  metabolic

and  adsorptive  profiles of  metofiuthrin  using  typical agricul-

tural soils. Metofiuthrin has two optical centers  and  geometri-
ca] isomerism in the acid  moiety, which  results in possible
eight  isomers. Among  them, two biolQgically more  active iso-
mers  having IR-tvans isomerism at the cyclopropyl  ring  and

EIZ isomerism in the propenyl side chain  (abbreviated 
"RTZ"

and  
`[R71Eii)

 are the actjve  ingredients, and  their E/Z composi-

tion is approximately  1 i 8,2) therefore, two isomcrs individu-
ally  

i4C-labeled
 in acid  and  alcohol moieties  were  subjected



Pesticide Science Society of Japan

NII-Electronic Library Service

PesticideScience  Society  of  Japan

394 R. Kodaka etaL

to acrobic soil rnetabolism  and  their soil adsorptivity was  ex-

amined  fbr the majer  isomer R7Z.

Materials and  Methods

I. Chemicats
RTZ  and  R7ZEJ isomers of  metofluthrin,  separately  labeled
withT4C  at  the a-position  of  the 2,3,5,6-tetrafluoro-4-

methoxymethylbenzyl  group [Alc-i4C] and  carbonyl  carbon

[Acid-i4C], were  synthesized  in our  laboratory (Fig. 5). The

specific  activities  and  radiechemical  purities of  both isomers
were  6.19MBqlTng  and  99.3-99.4%, and  6.11MBqlmg  and

98.9-99.9%, respectively.  The non-radiolabeled  isomers of

metofiuthrin,  the  corresponding  alcohol  moiety  (I) and

chrysanthemic  acid  derivatives, IV  and  Y, whose  chemical

structures are shown  in Fig, 5, were  synthesized  in our  labora-
tory.i} Compound VI was  synthesized  from (IR)-trans-
norchrysanthemic  acid. The  corresponding  tert-butyl ester

prepared in the usuat  manner  was  exidized  in aqueous  butanol
by KMnO,fNalO,  in the presence of K2C03. The resulting

mono-ester  was  hydrolyzed by TsOH  in toluene under  heat-
ing. VI: MS  mla:  157 (M-H); iH-NMR  6, (CD,OD): 1.30

(6H, s, CH3), 2,09 (2H, s, cyclopropyl-H),  The corresponding
acid ofI  was  synthesized  from 2,3,5,6-pentafluorobenzalde-
hyde. Another chrysanthemic  acid  derivative VII was  synthe-

sized from methyl  (IR)-ttzxns-chrysanthemate via  oxidation

similarly  as  VI; VII: MS  mlz:  173 (M+H); iH-NMR
 6.

(CDCI,): 1,32 (6H, dd, J-  1.5 Hz, CH,), 2.25 (2H, t, 1.5 Hz,
cyclopropyl-H),  3.61 (3H, a J=1.5Hz,  CH,O).  The ben-
zaldehyde  was  treated with  lithium bromide under  heating,
which  led to the formation of  4-bromo-2,3,5,6-tetrafiuoroben-

zaldehyde,  which  was  then  reduced  in methanol  with  sodium

borohydride, The resulting  alcohol  was  methy!ated  by di-

methyl  sulfate  in dioxane and  carboxylated  at  the 4-position
by treatment  with  n-butyl  lithium under  bubbling with  carbon

dioxide. II: MS  mla:  237 (M-H), 193 (M-CO,H); 
iH-NMR

6, (CDCL,): 3,41 (3H, s, CU,-O-CH,), 4.61 (2H, s, CH,-O-
CH2). 2,3,5,6-Ietrafiuoroterephthalic acid III was  purchased
from Tokyo Kasei Kogyo  Co,, Ltd. (Ibkyo, Japan) and  used

without  further purification, The chemicaJ  purity of each  stan-

dard was  determined to be >96%  by high-performance liquid
chromatography  (HPLC),

2. Radioassay
The radioactivity in organic  and  aqueous  firactions by the ex-
traction of  soils, bound residues  and  trapping media  was  indi-
vidually  determined by liquid scintillation counting  (LSC)
with  a  Packard Model 2000CA liquid scintillation  spectrome-

ter equipped  with  an automatic  external standard  in Iow

potassium glass vials, using  1Oml  ofPackard  Emulsifier Scin-

tillator PlusTM. The unextractable  soit-bound  residues  were

powdered  after drying in a vacuum  desiccator and  a  portion
was  subjected  to combustion  analysis  using  a  Packard Model

307 sample  oxidizer  under  
'4C

 recovery  of  >95%.  Details of

the radioassay  have been previously reported.9}

Jburnal qfflesticide Science

3, Chromatogmphy
Aliquots from each  soil  extract  were  analyzed  by reversed-

phase HPLC  fbr either  quantitation of  metofiuthrin  and  its
degradates or  their chernical  identification. A  Hitachi L-7100

pump  equipped  with  a Sumipax ODS  A-2I2 column  (5 um,
6-mm  i.d.× 15 cm,  Sumika  Chemical Analysis Service, Ltd.,

Osaka) was  operated  at  a  fiow rate  of  1 ml  min-i  using  mobile

phase stepwise  changing  as  foIlows: Omin, %A  (methanol)-
%B  (O.1% trifluoroacetic acid),  5:95; O-35min,  linear, 90:

10 at 35 min,  3540min,  isocratic, 90:10  at 40min,  40-41

min,  linear, 5:95  at  41min, 41-50min,  isocratic, 5:95  at

50min. The isomeric contents  of  metofiuthrin  isomers were

analyzed  using  chiral colurnns, A  Hitachi L-6200 pump
equipped  with  SUMIPAX  DI-N02  (5 um, 4-mm  i.d.× 25 cm,

Sumika Chemical Analysis Service, Ltd., Osaka) and  CHI-
RALCEL  OD-H  (5 um, 4.6-mm i.d,×25 cm,  Daicel Chemical
Industries, Ltd., Tokyo) columns  linked in series was  isocrati-
cally  operated  using  hexanelethano]=100010.S (vlv) as the

mobile  phase at a fiow rate of 1 ml  min-i.  The radioactivity of
column  ernuent  was  monitored  with  a Flow Scintillation Ana-
!yzer 150TR (Packard) equipped  with  a 500-ul liquid cell
using  Ultima-Flo APG' (Packard) as the scintillator, Major '"C

peaks were  identified by HPLC  co-chromatography  with  the

corresponding  non-radiolabeled  authentic  standards  being de-
tected at  270nm  with  a Hitachi model  L-7400 UV  detecton
TWo-dimensional thin-layer chromatography  (TLC) was  con-

ducted using  pre-coated silica  gel 60F2s4 thin-layer chromato-

plates (20×20cm,  O,25-mm  layer thickness, E. Merck)  with

the solvent  systems  ofA;  chloroforrnlmethanol=911  (vlv) and

B; toluenefethy] fbrmatelformic acid  (51711, vlv/v),  Autoradi-

ograms  were  prepared by exposing  a  TLC  plate to a  BAS-III,

Faji imaging plate (FLlji Photo Film Co., Ltd.) for several

days, and  the radioactivity  in each  spot  and  diffuse region  was

quantified using  a Itsiphoon 9200 Variable Mode Imager

(Amersham Biosciences). Non-radiolabeled reference  stan-

dards were  detected by ultraviolet light at 254 nm.  The typical

retention times (R,) and  Rf values  of  metofiuthrin  and  its
related  compounds  are  listed in Tables 1 and  2.

4. EPectroscopy
LC/MS  spectra ofmetabolites  were  measured  fbr their chemi-
cal identification using  a Hitachi M-1000 mass  spectrometer

equipped  with  an  APCI interface at 2800C (acetonitrilelO,1%
fbrmic acict 5195 (vlv); 1 mlmin-i)  and  a  Therrnofinnigan
TSQ  Quantum mass  spectrometer  equipped  with  an  ESI inter-
face at 290eC and  Cadenza CD-C18 column  (150×4,6mm,
Imtakt) (acetonitrilelO.1% acetic  acicll 60140 (vlv); O,2ml
min-i).  Fourier-transfer nuclear magnetic  resonance  (FT:
NMR)  spectra  were  rneasured  in dilute solutions of chloro-

form-d, andror  methanol-d,  using  tetramethylsilane (TMS) as
an  internal standard  (6=O.OOppm) with  a  VtLrian Unity 300

NMR  spectrometer  at 300 MHz.
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Tab]e  1. Chernical structures and chromatographjc  properties

        of  metofiuthrin  and  jts related  compoumds

[fable 2. HPLC  retentiontimes  ofmetofluthrin  isomers

Metofiuthrinisomef')Retentien  time (min)
Rf values  

h)

Compound Rt (min)a)
A B

Metofiuthrin

    l

    II

   III

   IV

   v

    VI

39.423.520.4

 5,93LO31.517,O

O.78O.55o.ogO.05O.49O.49O.71O.47O.37022O.59O.59

R7:ER7ZRcaRCZSTZisrzSCEscz30,629,324,536,127,124.522.125.6

")

 TYpical HPLC  retention  time. 
b)TLC

 Rf values  with  indicated

solvent  systems,  A, chloreforrnJmethanol  (9fl, vlv);  B, toluenel

ethylformatelformicacid(5t711,vlvfv).

5. Aerobicsoilmetabolism
US  sandy  loam soils  were  collected  from the experimental

farms of  Milent USA  Corporation in California and  Missis-
sippi,  and  the air-dried  soils  were  passed through a  2-mm
sieve prior to use  to remove  stones and  plant debris. The

physical and  chemical  properties of  the soils  are  listed in

Table 3. Each  soil, equivalent  to 20g  on  a  dry-weight basis,

was  placed in a 30-ml cylindrical  glass bcaker (3.5-cm diame-

ter), moistened  with  distilled water  to achieve  75%  field mois-

ture capacity  (pF 2,5) at  113 bar and  incubated at 25 ± 10C in

darkness for 17-32 days to stimulate  rnicrobial  activity.

  Since the application rate ofmetofluthrin  in the field could
not  be simply  defined because of its environmental  health use,
it was  determined to be 431 g a.i.lha by assuming  the worst-

case  scenario  that 4-g aerosol  of  the water-based  fbrmulation

containing  O,1% (wfw) of  metofluthrin  in a typical commer-

a)R7L
 RC, STand SC  mean  lR-tFrzns, IR-cis, IS-trans and  lS-cis

isomerism on  the cyclopropenyl  ring,  respective]y,  E and  Z

mean  geometrical isomerism at the propenyl side  chain.

cial can  was  sprayed  once  onto  a square-fbot  field. By  assum-

ing uniform  mixing  with  soil  at  O-6 inches in depth and  a

bulk density of  1,50, the application  rate  was  calculated  as

O.19 tigfg of  dry soi].  Although the isomeric content  ofRTZ

and  R7Ii in the active  ingredient is approximately  8:l, the
rnetabolism  study  was  conducted  at the same  application  rate

of  1 ugfg ofdry  soil. It was  about  5-fbld the expected  rate  of

metofiuthrin  in order  to obtain  sucacient  amounts  ofmetabo-

]ites to be determined. After pre-incubation, a 50-ul aliquot  of

acetonitrile  solution  of  each  ['4C] isomer (400mglliter) was

dropwise added  to each  soil using  a microsyringe  and  rnixed

well  by spatula. Th ¢ trcatcd soil samples  were  p]aced in a 3-
liter glass jar and  incubated at 25± 1OC in darkness. The incu-
bation period was  14 days fbr [Acid-i4C']Iabels due to their
rapid degradation in both soils, while  longer incubation was

conducted  fbr [Alc-i`C]labels in Califbrnia (2 months)  and

Mississippi (4 months)  soils due to slower  degradation of the

Table 3.Characteristicsofsoils

California Mississippi Gennan 2.1 German2,2 German 2.3

Soi] texture (%)
  Sand

  Silt

  ClaySoiiclassification(USDA)

Organic matter  content  (%)
Cation exchange  capacity

  (meqf1OO g dry seil)

pH  (H,O)Bulk
 density (gfcmj)

113 bar mojsture  (%)

  77

   ]4

   9Sandyloam

    1.0

   7.7

 7,3

 1,3ILO

   49

   48

    3Sandy

 ioarn

    O.5

    6.7

7.I1.39.0

90

 82Sand

 O.55

5.5

   7S

   17

    8Loamy

 sand

    2,3

   11

5,8

   58

   33

   9Sandyloam

    1.3

   10

6.5

-: not  available
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alcohol  moiety,  Hurnidificd CO,-free air was  passed over  soil ,
samples  into two gas-washed bottles each  containing  350ml

of  ethylene  glycol and  O.5 M  NaOH  solutiQn in sequence  to

trap volatile  
i4C.

 The soil  moisture  content  was  adjusted  to its
original  Ievel by the addition  ofdistilled  water  once  a  month.

  At appropriate  intervals, seil  samples  were  taken  in dupli-
cate  and  subsequently  extracted  three times with  50ml  of

methanol  and  then  50 ml  of  conc,  HCI-methanol  (1/1OO, v/v)

by mechanica]  shaking  for 1Omin, fo11owed by centrifugation

at 5000 rpm  fbr 1Omin. A  1-ml aliquot  ofeach  extract  was  ra-

dioassayed in duplicate by LSC  and  the extract  was  individu-

ally  concentrated  to dryness in vacuo  fbr HPLC  and  TLC

analyses. In order  to confirm  the chemical  identity of

metofluthrin  isomers, the  concentrated  solution was  first

developed on  TLC  with  chloroformlmethanol  (911, vlv). The
corresponding  band to metofiuthrin  was  scraped  off the TLC

plate and  the collected gel was  eluted with  hexane/ethyl
acetate (20!1, vfv).  After further purification by HPLC  with

the ODS  column,  the isolated isomers were  subjected  to chiral

HPLC  analysis. The unextractable  soil-bound  residues were

dried in vacuo  and  a portion (approximately 300mg) was

combusted  using  a sample  oxidizer  prior to LSC,

6. Sbilactsorption
The HPLC  retention  time  ofa  chemical  is known to be conve-

niently  used  to estimate  its soil  adsorptien  coeracient,  as  de-
scribed  in OECD  guideline 121 .") Since R7Z  and  R71E isomers
were  most  likely to have alrnost  the same  hydrophobicity as

demonstrated by their same  retention  times  in HPLC  with  the

ODS  column,  the soil  adsorption  coeMcients  (K,,) of

metofiuthrin  were  conveniently  examined  using  the RllZ iso-

mer  by the batch equilibrium  method  recommended  by
OECD.ti) Three German standard  soils were  used  and  their

characteristics are listed in fable 3. The soils were  supplied

by Landwirtschaftliche Untersuchungs und  Forschungsantalt
Speyer (Germany). Autoclaving at 121OC for 20min was  un-

dertaken to estimate  adsorption  profiles of  the R7Z  isomer
which  was  fbund to be very  susceptible  to biotic degradation
during equilibration, The soil-to-sotution ratio was  acljusted to

1:20 (w!v). Each sterile soil sample  (1.0g) was  added  to

glass centrifuge tubes  with  a Tbflon-lined screw  cap  contain-

ing sterile  O.O1 M  CaCl, (20ml), and  the tubes were  rnechani-

cally  shaken  at  20± 1eC in darkness for 16hr  After pre-equj-
libration, the appropriate  volume  of  stock  solution  of

['4C]RTZ (O.539 ptglstl) was  aseptically added  in duplicate to

give nominal  concentrations  ef  O.O05, O,Ol, O.OS, O.1, and
O,5mglL. After shaking  for 4 hr at 20 ± 1OC in darkness, the

glass tubes were  centrifuged  at 2500rpm for 10min. A 1-ml
aliquot  of  the supernatant  separated  by decantation was  ra-

dioassayed in duplicate, The remaining  soil was  extracted and

analyzed  similarly as a metabolism  study,

  The Freundlich adsorption  coeMcient  (K,) was  estimat-

ed by the fbllowing equation, togC,(eq)==log KF+11nX

logC,q(eq), where  C,(eq) is the concentration  of  the R7Z

.lournai  of'Risticide Science

isomer adsorbed  on  soil at equilibrium  (pg/g), C,,(eq) is that
in the aqueous  phase (stglml) and  n  is the constant,  KF  and

1/n values  were  estimated  by least-squares regression

of a  logC,,(eq) vs. IogC,(eq) plot. The K., value  was

calculated  by normalizing  the KF  value  to the content  of  soil

organic  carbon  (% o.c.)  by the equation,  K.,=KF ×1OOf96 o.c.

7, Catcutation
The first-order rate  constant  and  halfilife (DTso) ofeach  R7Z

and  RTE  isomer were  calculated  by the usual  least-squares

appreximation  method,  These calculations  were  perfbrmed
with  Microsoft Excel 2000  (Vlersion 9.0.8950 SP-3). The

degradation rate constants  ofthe  rnain metabolites  in the aero-
bic soils were  estimated  using  the Model-Makersc' program

(version 4, SB Technology) based on  the proposed metabolic

pathways. In order  to estimate the physico-chemical profiles
of  metofluthrin, the EPI (Estimation Programs Interfaces)
SuiteTM (version 3,12)i2) was  utilized  as a screening  level
model,  The chemical  structure of  metofiuthrin  without  any

isornerism was  used  as input data in SMILES notation. Fur-

thermore, the possibility of  groundwater contamination  was

concisely  assessed  based on  DTso  and  K,, values  of

metofluthrin  by using  the SCI-GROW  (Screening Concentra-

tion in Ground Water) simulation  model  provided by the
Oence of  Pesticide Programs (OPP) in the Environmental Pro-

tection Agency  (EIIA).i]}

Results

1, Aerobic soil  metabolism  ofmetqfluthrin
The extractable  radioactivity  from soils  treated with  [Acid-
i4C]R7Z

 and  R71i rapidly decreased with  a concomitant  in-
crease of bound residues  that was  larger in Califbrnia soil, as

summarized  in fable 4. Good 
i4C

 recoverM  98.4-104.IY6 of

the applied  
i4C,

 was  obtained  through the study. As with  incu-
bation, significant mineralization  proceeded and  the evo]ved
i"C02

 amounted  to 80.9-81,7% (California soil) and  58.6-
64.6% (Mississippi soil) after 14 days. Almost the same  

i4C

distribution was  observed  fbr both R7Z  and  R7:E isomers but
with  slight differences between the seils. Similar distribution

profiles with  slower  transfbrmation were  obtained  fbr the

IAIc-i4C]-labels, as  summarized  in Table 5 (data from 30 to
120 days are  not  shown).  At the  end  of  incubation, the ex-

tractable 
i`C

 decreased to 10.5-12.7% (California soil  after

60 days) and  39.9-61.8% (Mississippi soil, after  120 days) of
the applied  

i"C
 with  significant mineralization  of g7,4-88.5%

(Califbrnia soil) and  47,8-56.096 (Mississippi soil). The
bound fraction was  much  less (2.9-6.4%) than those  in the

[Acid-i4C]-labels. By applying  first-order kinetics to the dis-
appearance  of R7Z  and  RfZE isomers determined by HPLC

analysis, the halfilives of each  isomer were  estimated  to be
2.3-3.5 days, as listed in fable 6. The dissipation of each  iso-
mer  in two US  soils is shown  in Fig, 1 , Chiral HPLC  analyses

of the isolated RTZ  and  R71E isomers by TLC  and  HPLC  gave
a single  pealc corresponding  to each  isomer at any  point of

NII-Electronic  
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Table4. Soil rnetabolisin  of  [Acid-i4C]R7E andRTZ  under  aerobic  conditions")

Days after  application  (day)

Ca]ifornia seii Mississippisoil

l 3 7or8 14 1 3 7or8 14

RflER7ZRnRTZRZER7ZRTIiRTZRfllR7ZR7]ERfZRZERTZRf:ER7Z

Vblatjles 
i`c

J4C02OthersExtract

 [4c

RTZRTIIIVvVIVIIh)VIIIb)OthersBoumd

 i4c

Total i4c

 S,4

 5.4<O,194.2

 nd82.1

 nd

 62

 2,3

 i.1

 nd

 2,S

 2.8102.4

 5.3

 5.3<O.192.581.3

 nd

 5.7

 nd

 1.8

 1.8

 nd

 1,8

 2,41002

25.725.6

 O.167.2nd42.6nd15.0

 4,9

 2.6nd

 2,2

 7,O99.6

26.]26.0

 O,166.939.4

 nd21.9

 nd

 2,1

 1,4

 nd

 1,7

 5,71002

68,968.6O,216.9nd9.1nd2,O

 1,34,6ndnd13.699.4

66.666.5O.217.711.1nd

 3.0nd2.6

 1.0ndnd14.l98.4

82,O81.7

 O,2

 7.7

 nd

 4.2

 nd

 nd

 nd

 nd

 nd

 nd

 14.3104.1

81,180.9

 O,1

 6.3

 3,4

 nd

 nd

 nd

 nd

 nd

 nd

 nd

 ]4.21010

 2,6

 2.6<O,1100.0

 nd92.8

 nd

 3,6

 1,3

 1,S

 nd

 O,9

 1,4104.1

 2.S

 2.5<O.l97.988.3

 nd

 4.0

 nd

 e,6

 2.0

 nd

 3.0

 1.S101.9

 l2.3

 12.3<O.185.5

 nd63.4

 nd

 6.5

 4,1

 6.1

 1.4

 4,O

 4.1101.8

 lL8

 1L8<O,186.159,2

 ndl2,8

 nd

 2,9

 S,2

 1,8

 4,4

 4,O101.9

36.135.9

 O.156.8nd27.9nd

 6.4

 3,9

 9.6

 4.6

 4.S

 7.S100.4

32,832.6

 O,258.125,9nd

 8,4nd

 6,2

 9,4

 3,3

 S,4

 8,199.1

59258.6O.63e.3nd

 6.4ndO.5

 6,610.02,14.81].4100.9

65.164.6

 O.524.7

 5.7

 nd

 nd

 nd

 6.4

 6.8

 1.6

 4.2

 11.6101.4

e')
 Percentage of  applled  

i4C
 
b)
 These produets are  eonfirmed  te  be artifacts from VI through  extraction  by acidie  methanol.

kble5.  Soil metabolism  of  [Alc-i4C]Rf]E andR7Z  under  aerobic  conditions")

Days  after application  (day)

Californiasoil Mississippi soil

1 3 7or8 l4 1 3 7or8 14

R71ER7ZRTIiRIZR71ERfZRTIERTZR7ER7ZRTIERTZR71ER7ZR71ER7Z

Nblatiles i4c

]4C02OthersExtract

 
i4c

RTZR7EIIIIIIOthersBound

 
T4c

Tbtal ]4C

 O.5

 O,5<O.1le2.4

 nd74.4

 O,5232

 1,2

 3.2

 O,4103,4

 O,4

 O,4<O.1103.473.8

 nd

 Ll24.3

 1.8

 2.4

 O.4le42

 1.8

 1.8<O.1101.0

 nd33.4

 nd59.0

 6.S

 22

 O.8103.6

 1,6

 1,6<O.199.834,3

 nd

 nd56.3

 6.9

 2.3

 O.71022

 8,9

 8,9<O,192.9

 nd

 8.5

 nd65.216,8

 2.4

 1.9I03.7

 6.3

 6.3<O.196.6

 8.5

 nd

 nd72.4

 14,8

 O.9

 1,6104,4

17.617,6<O,180.1

 nd

 2.7

 nd52.723,2

 1.4

 2,199,8

 17,9

 17,9<O,179.7

 1.7

 nd

 nd5g.2l9,O

 O.8

 2,5100,O

 O,3

 O,3<O,l103.3

 nd86.0

 O,5

 13.7

 O.8

 2.2

 O.2103.7

 O.3

 O.3<O.1le2.181.3

 nd

 1.2

 17.8

 nd

 2.0

 O,2t02,7

 1,O

 1,O<O,1102.5

 nd59.5

 nd3S.8

 3.4

 3.8

 O.4103.5

 1,2

 12<O.1101.2512

 nd

 nd43.3

 4.7

 2.0

 O.4102,8

 3,3

 3,2

 O,198.5

 nd25.5

 nd61.610.8

 O.6

 O.8102.6

 3.1

 3.1<O.196.2

 15.9

 nd

 nd69.0IO.8

 O.5

 O,8100,2

 S.9

 5,7

 0294.5

 nd

 5.3

 nd69.120,]

 nd

 1.3IOI.6

 7.0

 7.0<O.194.2

 1.8

 nd

 nd76.0

 15.5

 O.8

 1.1102.4

")
 percentage ef  applied  

]4C
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Table 6. HalrlivesofR7EandR7Zisomersofmetofluthrin

LabelIsomer

Halrlife (day)")

CalifbrniaseilMississippisoil

Acid-i4c

A[c-i4c

RTZRTERrzR7E2,8 (e.972)
2,9(O.964)

2.3 (O.983)
2.6 (O,977)

3.3 (O,991)

3,S(O.988)

2,4(O,997)

3,3 (O,988)

"}

 Values in parcntheses are  coecaeients  ofcorrelation  by regres-

sion  analysis  assuming  first-order kinetjcs using  the results of

O-14 days for calculation.

sampling  from every  incubation, indicating that neither

epimerization  nor geometrical isomerization in the acid moi-

ety proceeded during the soil metabolism  ofmetofiuthrin.

  HPLC  analysis  of  the first methanol  extracts of California
soil  treated with  [Acid-i4C]labels shewed  that the main  com-

ponents were  RllZ and  RIE  isomers with  the corresponding

acid  isomers IV and  V. VI was  only  detected in the acid  ex-

tracts,

  As  with  the decrease of  R71Z and  RTIi, IV  and  V  individu-
ally  increased to 21.9% and  15.0% of  the applied  

i"C
 after  3

days but subsequently  decreased with  trace amounts  of  un-

known  metabolites  (<2,5%), The amount  of  VI  peaked

(2.6-4.9%) at  3-8 days. The  other  product in the acid  extracts

with  HPLC  retention  time  of  24 min  was  detect¢ d either  from

RTZ  or R7:E isomer and  2D-TLC  confirmed  formation of  the

same  preducts from two  isomers. ESI-LC-MS  analysis  of  the
i"C

 peak in negative  ion mode  gaye peaks at mla  173 (M-H),
144 (M-CH30+H) and  119. When  authentic YI was  incu-

bated in methanoVconc,  HCI (1OOI1, v/v) at room  temperature

overnight, it was  mostly  transfbrmed to a product with  a

HPLC  retention  time  of24  min,  which  was  assigned  to VII by

HPLC  and  2D-TLC co-chromatography  with  the authentic

standard  (Fig, 2). In the case of  Mississippi soil treated with

[Acid-i4C]labels, acidic extraction gave another  product
whose  HPLC  rctention time was  28min, showing  the more

 100

  se?-

 60ik

 4o"es

  20
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Fig, 1. Degradation of  [i4C]metofiuthrin in each  soi] system,  i,

RTE  isomer in California soil; A, R7Z  isomer in California soil; E,

RTIE isomer in Mississippi seil; M, R7Z isomer in Mississippi soil.
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HOXill/
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Fig. 2. Preposed structures  efartifacts  in acidic  extraction.

hydrophobic character  of  this product. From  RTZ  and  RZE

isorners, this product was  fbrmed at the levels of  1.6-3,3%

and  1.4-4.6% ofthe  applied  
i"C,

 respectively,  When  authentic

VI  was  similarly  incubated in acidic  methanol  fbr 5 days,

most  VI  was  transfbrmed  to this product. Its APCI-LC-MS

spectrum  in positive ion mode  gave peaks at  mts  187 (M+H),
173 (M-CH,), 155 (M-CH,O) and  127 (M-COOCH,),
indicating the methyl  ester of YII, The 

i4C-peak
 at 28min

was  co-chromatographed  with  this product both in HPLC  and

2D-TLC,  and  therefbre, its chemical  structure  was  assigned  to

VIII (Fig. 2). Since similar methylation  in acidic  methanol

has been previously reported,i7} VII and  VIII were  considered

to be artifacts during acidic methanol  extraction; therefore,

additional study  using  [Acid-i4C]RZE, which  gave more  VII
and  VIII, was  repeated  for the Mississippi soil under  the

same  conditions  for 15 days to examine  the artificial forma-
tion of  VII andlor  YIII through acidic extraction, The soil
sample  was  first extracted  with  acetonitrile  instead of

methanol,  and  HPLC  analysis  showed  that the main  compo-

nent  in this fraction was  RI'E. Half of  the soil residue  was

then further extracted  with  acetonitrilelconc.  HCI (1OOII, vlv)

and  the other  with  methanollconc.  HCI  (10011, v/y), The
extracts  were  separately  analyzed  by HPLC.  Figure 3 clearly

cpm

1000

looe

VI

AcetonitTile'HCIExtraetien

pt-f+:･-"eeit:-t 
Lrft,/'-.oxl,i"t4-'ti･'e-'llLe."+g-'1,igye-'

VI

..Nl.t.bH..."v.Lt..

Methanol'HCIExtTnction

VTI

LVIIi
                               tr--
    

bi
 U f ::./ : P. Hl ,,. Y'

HPLC  chromatogram  ofextracts  from 15-day soil samples

             Halfofthe  soil residue  after  extracting

     was  further extracted  with  acetonitrile/eonc,  HCI

                               ,vtv),

-.,A･",F･Vac"Nstst,h-･-

Fig. 3.with
 different acidic  solvents.

with  acetonitrile

(1 00fl , vfv)  and  the other  with  methanoVconc.  HC] ( 1 0etl
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ciemonstrated no  formation of  VII  and  VIII through acidic

acetonitrile  extraction,  while  their fbrmation was  clearly  re-

produced in acidic  methanol  extraction,  As  a result,  VI  gradu-
a]ly  increased via  oxidation  of  IV and  V, and  peaked aftcr

3-14  days with  rnore  formation in Mississippi soil

(18.7-18.9%) than Califbrnia soil  (3.6-7.5%). There were  no

significant  differences in formation and  decline patterns of

IV, V  and  VI between R7Z  and  R7:E isomers,

 Frorn both [Alc-]4C]isomers, the extraction gave three samc
metabolites  in addition to the corresponding  isomer, HPLC
and  2D-TLC co-chromatographies  with  authentic standards

identified them  as I (O.5-1.2%), II (65,2-76,O%) and  III

(21.8-57.2%). The fbrmation and  decline patterns are shown

in Fig. 4. In both soils, the primary metabolite  I via ester

cleavage  of RTZ and  R71E isorners was  detected in trace
amounts  but with  the significant  formation ofII  fo11owing in
the early  period of  incubation, As with  the decrease of II, III

gradually increased and  its slower  dissipation was  observed  in
the Mississippi soil. These results  showed  that the main

degradation pathway of  the alcohol  rnoiety  is stepwise  oxida-

tion at  both benzyl carbons  to III, which  was  finally mineral-

ized to carbon  dioxidc,

2, Degradation rates  ofmetabolites
 Based on  the rnetabolism  study,  the metabolic  pathways of
metofiuthrin  are proposed in Fig, 5, Each  path in ester  hydrol-

ysis fo]lowed by oxidation  was  simplificd as bclow and  used

fbr kinetic analysis by the ModelMakermp program. The 
"Oth-

ers" compartment  means  the sum  of  carbon  dioxide and

so

y 60-.v.:40Eege

 20

80

60

40

20

    O D

     O 30 60 90 120 O 30 SO 90 120

              Timcofincubat･ioii{da}'s)

Fig. 4. Distribution ofthe  degradates of  [i4C]metofiuthrin in each

soil systern.  i, Rra  isomcr in California soit; A, RTZ  isomer in Cal-

ifornia soil; 1, RTE  isomer in Mississippj soi]; M, R7Z  isomer in

Mississippisoil.

bound residues.

RfZorRlzE  x'V  (II)-(III)-Others
       S  (IV) or  (V) -> (Vl) -  Others

 Sinee the primary metabolite  I showed  a  transient profile in
trace amounts,  it was  conveniently  ignored in kinetic analysis,

and  the coeencient  of  correlation  ranged  from O.971 to O.993.
The degradation rates  of  R7Z  and  RZE  isomers were  esti-

mated  to be O.149-O,329 day-i, corresponding  to the halfl
lives of  2.14.6  days, which  are  in good  accordance  with

those  estimated  by first-order kinetics. The metabolites  origi-

nating  from the acid  moiety  showed  very  short  halflives o'f

less than  2 days. In contrast,  the halflives ofII  and  III were

estimated  to be around  1-2 weeks  in the California soil and
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Fig. S. Preposed degradation pathways ofmetofiuthrin  RZE  and  RfZ  isomers in aerebic  soil, The metabolite  shewii  in parcnthcscs was  not ob-

served  in this study.
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Fig. 6. Freundlich adsorption  isethcrm for R7Z  isomcr of

[i4C]mctofluthrin in each  soi]. i, German standard  sojl 2,1:

logC,(eq)=1.49+1.021×logC,q(eq); 
',
 German standard  soil 22:

log C,(eq)=l.91+O,920× logC,q(eq); V, German standard  soil 2.3:

logC,(eq)=1.68+1,034 × [ogC,,(eq).

Ionger in the Mississippi soiL

3. Actsorption ofmetqt7uthrin in soil
Since the rapid metabolism  of metofiuthrin  was  demonstrated
{n aerobic  soils, its stabi]ity in each  intact soillO,el M  CaC]2

(1f2, wfv)  suspension  was  first examined  by mechanical  shak-

ing for 4 hr. Radioactivity in the aqueous  phase amounting  to

15-33% of  the applied  
i4C

 was  analyzed  by HPLC. The re-
covered  R71Z was  87.6, 43.5, and  82,2% from the aqueous

phase of  German standard  soils  2.1, 2,2, and  2,3 suspensions,

respectively.  In contrast,  autoclaving  each  soil  prior to the ad-

sorption  study  improved the stability  ofRZZ,  as  demonstrated

by HPLC  analysis  of  both supernatant  and  soil  extract  where

92,1-94.3% and  94,1-96.4% of  radioactivity  were  recovered

as  RTZ  from  each  phase, with  unextractable  soil residues

amounting  to less than  O.3%. No  isomerization ofRTZ  isomer

was  observed  by chiral HPLC  analysis, Since the stability of
R7Z in sterilized soils could  be confirmeq  

i4C
 concentrations

in the equilibrated aqueous  and  soil phases determined by
LSC  and  combustion  analysis were  conveniently  used  as those

of R7Z  in the  calculation  of  soil adsorption  coeMcients,  The
adsorbed  amount  of  

i4C
 under  sterile conditions  was  periodi-

cally monitored  for up  to 24hr and  the system  was  found to
reach  equilibrium  after 4 hr fbr all soils (data not  shown).  The
adsorbed  %  of 

i4C
 to German  standard  soils  2.1, 2.2, and  2.3

was  fbund to be 66,6, 85.1, and  71.4%, respectively,  Thc  ad-

sorption  isotherm was  fbund to fbllow the Freundlich equa-
tion for all soils  with  correlation  coecaciefits  of e.991-O.998,
as  shown  in Fig. 6. Freundlich adsorption  coeMcients  (K, and
K,,) were  calculated  to be 31.23mllg and  6124mllgo.c.,
81,OOml!g and  3S53mllgo,c. and  47,70mlYg and  3613mll

go.c, fbr German  standard  soils  2.1, 2.2, and  2.3, respectively.

Discussion

  The EPI SuiteTM program gave estimated  water  solubility

and  vapor  pressure of metofiuthrin  to be O.1-1.8ppm and

2.01× 10-5mmHg  (2.68× 10-3Pa, Modified Grain method),

.lournalqfflesticideScienee

respectively, which  were  in good agreement  with  the experi-

mental  values  (O.73ppm and  1.96× 1O-3Pa).2) High soil ad-
sorption  was  also  estimated  by this program to be 1,82× 104,
larger than  the experimental  values  by a factor of  3-5, The
basic physico-chemical properties ofR7:Z  were  well  estimated

and  the level III fugacity model  indicated that metefluthrin

emitted  to the environment  could  be dominantly distributed in
soil (47.9%) and  sediment  (47.1%). As  demonstrated by the
AOP  program in EPI SuiteTM, RTZ  and  R7:E isomers in air are
most  likely to be rapidly  degraded with  halfllives of  less than
2 hr by reaction  with  hydroxyl radical  or  ozone.  The present
metabolism  study  clearly  shows  the rapid  degradation of

metofluthrin  if it unexpectedly  reaches  the soil environnient,

Metofluthrin, irrespective of  its geometrical isomerism in the

acid moiety, undergoes  cleavage  of  ester linkage similarly as

reported  for other pyrethroids6'i4i8) but at much  higher rates.
The retarded  degradation of RlZ  by autoclaving  soil shows

the involvement of a microbial  process, which  has been
demonstrated for other  pyrethroids by using  microbes  iselated

frOm soils and  sediments.7,i9･20)

  The prirnary metabolite  originating from the acid  moiety  of

metofluthrin  was  IV or V but they also underwcnt  rapid

degradation via  oxidation  of the propenyl sjde chain to fbrm
Y{, Although significant  mineralization  ofthe  chrysanthemic

acid moiety  of  other  pyrethroids with  the formation of  bound
residues  has been reported,i6-iS)  this study  clearly  demon-
strated  the oxidative  degradation process through VI.

  Metofluthrin has a  unique  perfluorinated alcohol  moiety

but it was  also  biodegraded, Different from the structuraliy

analogous  tefiuthrin where  the  aryl  methy]  group was  oxi-

dized with  retention  ofthe  ester  linkage,4'g) both RTZ  and  R7:E

isomers primarily gave I via  ester cleayage  and  oxidation  at

either  benzyl carbons  proceeded to fbrm II and  III. Signifi-

cant mineralization  was  observed  fbr [Alc-i4C]-labels, indi-
cating liberation of  the i4C-labeled benzyl carbon  from these
metabolites, In the analogy  of  aerobic  degradation of fiuo-
robenzoic  acids,2i) these metabolites  are considered  to be first
dioxygenated to fbrm the corresponding  fluorocatechols
which  subsequently  undergo  ring cleavage  and  oxidation  with

liberation of  fluoride.

  As  for the potential mobility  of  pesticides in the soil envi-
rbnment,  the obtained  K., values  fbr R7Z, a  major  component

of  metofiuthrin  (3553-6124mllgo,c,), were  slightly  lower
than  those  of  other  pyrethroids (>lo5mllgo,c.),3･422} and

metofiuthrin  can  be classified into the 
`tSlight

 mobility  or  Im-

mobile"  category.23) Concerns about  groundwater contamina-

tiQn by metofluthrin  were  coriveniently examined.  SCJ-
GROW  (Screening Concentration in Ground Water),'3) the

tier-1 screening  simulation  model  developed by US  EIIA, was

utilized for this purpose, The worst-case  application rate  per
year was  assumed  to be 9.1O lblacre (1020mg!rn2), about  5-
foId higher than that in the present metabolism  study, by as-
suming  that the content  of ene  commercial  can  containing  the

highest amount  of metofluthrin, O.49t6 (wfw) in 255g of
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aerosol, is sprayed  once  onto  a square-meter  ficld, Since the
K,, value  is known to be less independent of soil texture and

the obtained  values  ranged  within  a factor of  2, they were

used  as good surrogates of  those from US soils, The averagc
K., value  (4430mVgo.c.) and  first-order halflife (2.9 days)
were  used  as  input data, The groundwater screening  concen-

tration ofmetofluthrin  was  calculated  to be O.O1 ug/L even  in
the unrealistic  worst-case  scenario,  clearly  indicating no  pos-
sible  contamination  of  groundwater. A  metabolism  study

showed  longer persistency of  III than other  metabo}ites  in
some  soils  and  the contamination  of  groundwater due to its

hydrophilicjty is anticipated.  Incidenta]IM the field dissipation

study  of  
i4C-tefluthrin

 giving III as  one  of  the main  metabo-

'litcs
 under  acrobic  conditions  has clearly  shown  that no

radioactivity  would  be detected below 20 cm  from the  ground

surfaceS}; therefore, the contamination  of  groundwater by III
is most  unlikely.
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