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I midacloprid (1-[(6-chloro-3-pyridinyl)nethyl]-4,5-di hydro-N-ni-
tro-1Hinidazol-2-anine, 1) is a new insecticide which is useful
for the protection of sugar beet from soil insects (Atonaria,
Blaniulus, Agriotes and Pegonya) and leaf insects (aphids). It is
applied in pelleted seed dressing. It is a systemc conpound which
is absorbed by the plant. In the leaves, it gives a long lasting
(3 to 4 nonths) protection against aphids and the virus yellows
infections. The netabolismof “C-inidacloprid was investigated
in plant cell suspension cultures (Koester 1992). The main neta-
bolites corresponded to imidacloprid hydroxylation (I-[(6-chloro-
-3-pyridinyl)methyl]-5-hydroxy-4,5-di hydro-N-nitro-|Himdazol -
-2-amine) or dehydrogenation (1-[(6-chloro-3-pyridinyl)nethyl]
-Nenitro-1Hinidazol-2-amne) of the imdazolidine ring, and to
6-chloronicotinic acid. The nitroso derivative of inidacloprid
(1-[(6-chl oro-3-pyridinyl)nethyl]-4,5-di hydro-Nnitroso-1H-im -
dazol -2-amine) corresponded to only 0.1% of the total recovered
“C. The inidacloprid soil netabolismhas been studied by incu-
bation in laboratory conditions (Scholz and Spiteller 1992). The
metabolites observed in plant cell cultures did not accunulate in
soil; their total amount was less than 4% of the total recovered
radi oactivity during “Cinidacloprid soil biodegradation. "CQ
was the main product of “C-imidacloprid soil biodegradation. W
previously studied the disappearance of inidacloprid in the soil
of a sugar beet, organic fertilizers trial made at Lubbeek in
1992 (Rouchaud et al. 1994). Aso, in a sugar beet trial located
at Remicourt, one part of the field had not been treated with or-
ganic fertilizers for 18 years, but its soil contained a high
concentration (4.3% of soil organic matter. Another part of the
field had been treated every 3 years with cow manure for 18
years, but its soil contained a normal concentration (2.4% of
organic matter. In the present work, we studied the inidacloprid
soil netabolism in a new organic fertilizers trial made on another
field at Lubbeek in 1993. W also searched for the imidacloprid
soil nmetabolites in the trial made in 1992 at Renicourt.
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MATERI ALS AND METHODS

The organic fertilizer, sugar beet trial made in 1992 at Lubbeek,
Bel gium was repeated in 1993 on another field (clay 1% silt
63% sand 26% silt loam pHKCL) 6.81). This field, relative to
the field used in 1992, had a greater soil concentration of orga-
nic matter (4.4% as it was a neadow which had been ploughed 4
years earlier. Two kinds of organic fertilizer treatnments were
assayed; on 4 March 1993, each plot of the field was treated ei-
ther with cow manure (50 tons ha') or with pig slurry (50 tons
ha-1). Mreover, there were control plots that were not treated
with organic fertilizers. The field was tilled to a 20-25 cm
depth. Sugar beet (cv. Victoria G was sown on 1 April 1993. Ini-
dacloprid was applied in the seed dressing at the rate of 90 ¢
ha'. (Kl einwanzl ebener Saatzucht, Einbeck, Germany). There were
4 replicate plots for each organic fertilizer treatnent and a
control plot. At intervals during the trial (Table 1), sanples
were taken separately (and analyzed separately) in the 8-cm dia-
meter hal f-sphere of soil around the sugar beet root or, after
24 May 1993, in the 4 cmthick and at 0-10 cm depth soil envel o-
pe around the cone of the root of the sugar beet. This was done
in each of the four replicate plots, of each of the two organic
fertilizer treatnents and control. In addition, on 24 My 1993
sanples were taken separately in each of the 4 replicates (and
anal yzed once separately) from the 10-20-cm soil layer (8-cm
dianm) under the young sugar beet plant. The same was done on

5 July 1993 in the 4 cmthick soil envelope around the cone of
the root of the sugar beet at a 10-20 cm soil depth. For each
soil sanple, the soil corresponding to 15 sugar beets was taken
from each replicate plot at random points; the soil from each
replicate plot was conposited and then stored at -25°C until ana-
lyzed. The same was done with the foliage and roots of the sugar
beet s.

In the present work, we also analyzed for the imdacloprid soil
metabolites in the sugar beet trial made at Remicourt in 1992;

we previously analyzed for imdacloprid (Rouchaud et al. 1994).
This sugar beet trial at Remicourt (clay 12% silt 79% sand 9%
silt) had been made in the same way as at Lubbeek, except the
following. The field was divided in two parts. In the first one,
the soil concentration of organic matter was of a usual [evel
(2.4%,; for 18 years, cow manure (40 tons ha-1) was applied every
3 years in the autum preceding the sowing in April of the sugar
beet crop, which is the first crop of the crop rotation cycle;
the latest cow manure treatment thus had been made in Novenber
1991, i.e., 6 nonths before sugar beet sowing. The second part

of the field had a high soil organic matter concentration (4.3%;
it corresponded to a meadow which had been ploughed 18 years ago;
no organic fertilizer at all had been applied since then. In both
field parts, the soil pHKCL) was 6.9. Sugar beet with inidaclo-
prid in pelleted seed dressing was sown on 11 April 1992 (Table
2). Additional soils sanples in the 10-20 cm soil layer were ta-
ken on 31 My and 13 July 1992.
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Table 1.

trations in the sugar

beet

made in 1993 at

Imidacloprid (1) and its netabolites 2 to 5 soil
Lubbeek.

Days after Imdacloprid (1) and its netabolites (as equivalents

sowi ng* of imidacloprid) concentrations (ng kg'dry soil)’
1 2 3 4 3

1. Control (no organic fertilizer treatment):

0 7.240.4 nd nd nd nd

14 6.3+0.3 0.1 0.1 0.1 nd

27 4.940.3 0.4 0.2 0.4 0.1

39 3.740.2 0.5 0.5 0.6 0.1

54 2.740.1 0.7 0.4 0.8 0.1

68 1.740.1 0.2 0.3 0.3 0.1

81 0.130.1 0.1 0.1 0.2 nd

96 nd nd nd 0.1 nd

Corr. coeff.c -0.9893; 1 soil half-life: 4242 days

2. Cow manure (50 tons ha-1): -

0 7.240.4 nd nd nd nd

14 6.74+0.3 0.1 0.1 0.1 nd

27 6.5+0.3 0.1 0.1 0.1 nd

39 6.240.3 0.1 0.1 0.2 0.1

54 5.6+0.3 0.2 0.2 0.3 0.1

68 1.1+0.1 0.5 0.8 0.9 0.1

81 0.240.1 0.1 0.2 0.3 nd

96 nd nd nd 0.1 nd

Corr. coeff.c -0.9090; 1 soil half-life: 12946 days

3. Pig slurry (50 tons ha-1l);

0 7.240.4 nd nd nd nd

14 6.940.3 nd nd nd nd

27 6.140.3 0.2 0.1 0.2 nd

39 5.340.3 0.2 0.2 0.6 0.1

54 5.140.3 0.2 0.1 0.5 0.1

68 1.440.1 0.4 0.5 0.9 0.1

81 0.240.1 0.1 0.1 0.3 nd

96 nd nd nd 0.1 nd

Corr. coeff.c -0.9294; 1 soil half-life: 87+4 days

a. Sanpling dates (day-month, 1993), nunber of days after sowing,

and cumulative rainfall (m) respectively were: 1-4, 0, 0; 14-4,

14, 33; 27-4, 27, 52; 9-5, 39, 54; 24-5, 54, 79; 7-6, 68, 120

20-6, 81, 169; 5-7, 96, 173. b. Soil concentrations of conpounds
1 to 5 in the soil half-sphere 8 cm diameter around the sugar

beet root or, after 24-5-1993, in the 4 cmthick and at 010 cm
depth soil envelope around the cone of the root of the sugar beet.
Means of 4 replicates; * s.d. for imdacloprid, s.d. for netabo-
lites 2 to 5 were £ 0.1, nd=Not detected. c. For the first 54
days crop period, linear regression y=kt+b of the inmdacloprid
soil concentrations (y=ng kg'dry soil) in the soil half-sphere
8 cm around the sugar beet root, against time t (days) follow ng
sowing: correlation coefficient. Imidacloprid soil half-lives
with their 95% confidence intervals obtained using the SAS |ogi-
cal OMB SAS 5.18 (1984, 1986, SAS Institute Inc., Cary, NC 27512).
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Table 2. Imidacloprid (1) and its metabolites 2 to 5 soil concen-
trations in the sugar beet crop made in 1992 at Remicourt.

Days after|Imidacloprid (1) and its metabolites (as equivalents
sowinga of imidacloprid) concentrations (mg kg-1 dry soil)b

1 12 |3 A |5

1. No organic fertilizer treatment: high old soil organic matter
concentration:

0 7.2 nd nd nd nd
13 5.8 0.2 0.4 0.3 nd
21 5.4 0.1 0.4 0.4 0.1
37 4.3 0.3 0.3 0.7 0.1
50 2.9 0.5 0.6 0.9 0.1
64 0.2 0.9 0.9 0.9 0.1
78 0.1 0.3 0.1 0.4 nd
93 nd nd nd 0.1 nd

1 Soil half-life: 4442 days
2. Cow manure each 3 year; low recent soil organic matter concen—
tration:

0 7.2 nd nd nd nd
13 7.0 nd nd nd nd
21 6.4 0.1 0.1 0.2 0.1
37 5.7 0.2 0.2 0.4 0.1
50 5.2 0.3 0.3 0.3 0.1
64 0.4 1.0 1.0 1.2 0.1
78 0.1 0.4 0.2 0.4 0.1
93 nd nd nd 0.1 nd

1. Soil half-life: 85+4 days

a,b: As in Table 1, except the following. Sanpling dates (day-
month, 1992), nunber of days after sowing, and cumulative rainfall
(m) respectively were: 11-4, 0, 0; 24-4, 13, 25; 2-5 21, 59,
18-5, 37, 82; 31-5, 50, 98, 14-6, 64, 184; 28-6, 78, 251, 13-7

93, 301. The inidacl oprid soil concentrations were already repor-
ted (Rouchaud et al., 1994).
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Figure 1. Imdacloprld (1) and its soil netabolites 2 to 5.
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Thin-layer chromatography (TLC) was done using silicagel plates
20x20 c¢cm 0.2-mm thick. The sanple solution was applied as a band,
and the standard was applied next to this band, on another part
of the TLC plate. Imdacloprid (1) and conpounds 2 and 5 were ana-
lyzed by gas-liquid chromatography (G.C) after trifluoroacetyla-
tion, conpounds 3 and 4, after nethylation with diazonethane. G.C
conditions for conpounds 1 to 5: inlet and detector at 225°C
1.80 mx 2 mmi.d. glass colum packed with 80-100 nmesh Gas-Chrom
Q nitrogen as carrier gas at 40 nL nmin’. For imidacloprid (1)
and conpounds 2, 3 and 5, detection by electron capture; for com
pound 4, detection by flame ionization. Colum oven tenperature
and retention tines were: trifluoroacetylated imdacloprid, 225°
C 2.1 and 53 nin (two isomers); trifluoroacetylated compound 2,
225°C, 2.6 mn; nethylated conpound 3, 120°C, 2.6 nin; nethyla-
ted conpound 4, 120°C, 2.2 nin; trifluoroacetylated conpound 5,
12C°C, 1.5 min. Infra-red (IR) spectra: KBr disks, cm'. Proton
nucl ear magnetic resonance (1HNWR) spectra: 250 Mz, tetrame-
thyl silane as internal standard, dppm Mass (MS) and GC-MS spec-
tra: 70 eV, electron inpact, mz, relative abundance, % Frequen-
tly, underivatized imidacloprid (1) and its netabolites 2 to 5
extracted from soil were analyzed by M5 by direct introduction
after several TLC purifications, or by GCM after derivatization.

For the standards of analysis, the standard of imdacloprid (1)
was prepared by a described procedure (Rouchaud et al. 1994).
[-[(6-Chloro-3-pyridinyl)nethyl]-2-imdazolidone (2). The mixture
of imdacloprid (2 g, 7.8 mole) in water (100 nm) containing po-
tassium hydroxide (4 g, 0.7 N was heated to reflux (stirring,

1 hr). The cooled nixture was brought to pH 8.3 with conc. HJ,
extracted with ethyl acetate, the ethyl acetate solution was
dried (Na,SO), concentrated to dryness under vacuum and the re-
sidue was recrystallized in hexane+dichl oronethane, giving com
pound 2 (1.56 g, 7.4 mmole, 95%. Spectra of conpound 2: IR 3235
(NH), 3081, 1690(0C0, 1572, 1499, 1462, 1441, 1393, 1354, 1264,
1132, 1100, 1026, 847, 758, 741. IHNWR (CDCL): 3.39(m 4H
NCHCHN); 4.39(s, 2H CH-pyridine); 5.72(br, IH NH; 7.32
7.67, 8.32(m 3H pyridine H. M 211(M, 100); 213(211+2, 32);
194(MCH, 2); 196(194+2, 0.6); 182(MHCO 12); 184(182+2, 3.6);
176(MCL, 8); 169(MNOO 7); 171(169+2, 2.1); 148(176-0C0 14).

Compounds 3, 4 and 5 were obtained from Janssen Chinica, Belgium
Their spectra were the following:

6-Chloronicotinic acid (3): IR 3200-3061, 2893, 1688(CO, 1582,
1420, 1375, 1300, 1144, 1107, 1019, 918, 831, 772. IHNWR (DVBO
-d6): 7.66(d, 2H; 8.32(d, 1H); 8.93(s, 1H. M 157(M+, 100);

159(Mr2, 32); 139(MHO 65); 140(MOH 62); 141(139+2, 21); 142
(140+2, 20); 122(MClL, 6); 112(MQQOH 34); 114(112+2, 11); 94

(122-00 7).

6-Hydroxynicotinic acid (4): IR 3150(CH), 2924, 2490, 1709(CO,
1638, 1609, 1416, 1283, 1235, 1130, 916, 781. |IHNWR (DVBO-d6):

6.41(m 1H); 7.72(br, 1H; 7.83(m 1H; 8.08(m 1H; 12.40 (br,

1H. M 139(Mr, 100); 122(MCH 12); 111 (MCO 35); 94(MCQOH,

47); 67(94-CHCH, 28).

2-Inmdazolidone (5): IR 3408(NH), 3291, 2959, 1687(CO, 1503,
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1449, 1275, 1105, 1042, 934. |H NWR(DMSO-d6): 3.31(s, 4H CHCH,
): 6.23(br, 2H NH. M5 86(M+, 100); 58(M OO, 8); 42(NCO, 12);
30(CHCH, 79).

For the soil analysis, in the air-dried soil, whole or fragnents
of seed pellets were renoved and analyzed separately in the same
way as soil; they were present during the 50-day period follow ng
sowing, and generally corresponded to less than 20% of the total
imdacloprid soil residue; their inidacloprid contents were added
to the anmount found in the soil. The dry soil then was finely
ground and horogenized in a Krups robot omninmixer. Soil (100 g)
was refluxed for 10 nmin with stirring in acetone/water (8/2 vol/
vol, 200 ni) for extraction of imdacloprid (1) and of its neta-
bolites 2 and 5. The nixture was filtered, and the extraction re-
peated. The filtrates were conbined, water (100 nl) was added, and
the acetone removed in a vacuum rotary evaporator (30°C). Nad
(15 g) was added to the aqueous solution, which was then extrac-
ted with dichloronethane (200+150 ni). The dichloronethane sol u-
tion was dried (Na,<SO), concentrated to 40 nL in a vacuumrotary
evaporator (30°C), and then concentrated further to 0.5 nL under
a slow stream of nitrogen (20°C). The concentrate was applied to
a TLC plate. Hution with ethyl acetate gave one TLC band contai-
ning imdacloprid at Rf=042, and another one at Rf=0.05-0.22 con-
taining the mxture of netabolites 2 and 5. The TLC bands were
scraped off separately, extracted with ethyl acetate (40 ni) in
a small glass colum giving extract 1 containing imdacloprid (1),
and extract 2 containing the mxture of netabolites 2+5. Extracts
1 and 2 were concentrated to 1 nL under a slow stream of nitrogen
(20C. Wen the clean-up was insufficient, the TLC was repeated
one or two times. To the final extract in ethyl acetate (1 ni)
trifluoroacetic anhydride was added (2 ni; Janssen Chinica, Bel-
gium, the mxture was carefully heated to boiling until concen-
trated to 0.1 nL (~L 5 mn), ethyl acetate was added, and each
extract was analyzed by G.C for inidacloprid (1), or for the ne-
tabolites 2 and 5. In several cases, the final trifluoroacetyla-
ted extracts from soil were further analyzed by GGMs for 1, 2
and 5 or, before trifluoroacetylation, by M (direct introduc-
tion).

The soil already extracted with acetonetwater, was again extracted
with water containing 1 g% KOH (150 ni, 20°C, 15 nmin, stirring)
for the analyses of metabolites 3 and 4. The nmixture was filtered,
the KOH solution was brought to pH 2.5 with hydrochloric acid, the
mxture was extracted with ethyl acetate (200+150 ni), the ethyl
acetate solution was dried (Na,SO), concentrated successively to
40 and 0.5 nL. The concentrate was applied to a TLC plate. E u-
tion with ethyl acetate gave the nixture of conpounds 3+4 in the
band at Rf=0-0.25. This band was separated, extracted with ethyl
acetate, the ethyl acetate solution was concentrated and applied
onto a second TLC plate. Elution wth dichloromethanet+acetic acid,
[0+, ni/nL, gave conpound 3 at Rf=0.75 and conpound 4 at Rf=0.15.
The bands were scraped off separately, extracted with ethyl ace-
tate, the extracts were concentrated to 1 ni, an ethereal diazo-
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met hane solution was added until persistence of the yellow co-
lour, and the extracts were concentrated and analyzed by G.C for
metabolites 3 and 4. In several cases, the final unnethylated ex-
tracts from soil were analyzed by MS (direct introduction) or,
after methylation, by GG-MS. At the 0.1 ng kg'level in soil,
the recoveries of imdacloprid (1), and of conpounds 2, 3, 4 and
5 were 83-96, 87-93, 78-89, 75-91 and 73-87% respectively. The
analytical linmit of sensitivity for imdacloprid (1) and its ne-
tabolites 2 to 5 was 0.01 ng kg'dry soil. At harvest, the su-
gar beet foliage and root were analyzed in the sane way as soil.
At the 0.1 ng kg'fresh weight level, the recoveries of inida-
cloprid and of its netabolites 2 to 5 were simlar to the ones
in the soil. The limt of detection of imdacloprid (1) and of
its metabolites 2 to 5 in the sugar beet leaves and roots was

0.01 ng kg'fresh weight.
RESULTS AND DI SCUSSI ON

No imidacloprid 1 nor its netabolites 2 to 5 were detected in the
10-20 cm soil layer under and around the sugar beet in all the
organic fertilizers, treated or untreated plots of the trials at
Lubbeek and Remcourt. There was thus no leaching of these com
pounds in soil. No residues of imdacloprid nor of its netaboli-
tes 2 to 5 were detected in the roots and the |eaves of sugar
beet at harvest. Conpound 2 (1-[(6-chloro-3-pyridinyl)nethyl]-2-
-inmdazolidone), 6-chloronicotinic acid (3) and 6-hydroxynicoti-
nic acid (4) were the main netabolites of imdacloprid (1) in
soil (Figure 1). Two nonths after sowing, in the control plots
of the trial at Lubbeek, their soil concentrations attained their
maxi mum  these were 26, 15 and 30% respectively, of the imda-
cloprid soil concentration at that monent (Table 1). Only traces
of conpound 5 (2-inidazolidone) were observed. Because “C-inmida-
cloprid was not used, other imdacloprid soil netabolites could
have been formed and were not detected. 39 Days after sowing, the
sum of the imdacloprid (1) plus its netabolites 2 to 5 soil con-
centrations corresponded to 75% of the applied dose in the orga-
nic fertilizers untreated control plots at Lubbeek; in the cow
manure and pig slurry treated plots, that sum corresponded to 93
and 89% respectively. This indicated that metabolites 2, 3 and
4 indeed were the main imdacloprid soil metabolites. Simlar
observations were made in the trial at Remicourt (Table 2). In
both trials at Lubbeek and Remcourt, the imdacloprid (1) ne-
tabolites soil concentrations aenerallv were in the followng
decreasing order: netabolite 4fi2f3M5. Compound 2 corresponds
to the biochemcal hvdrolysis of the nitro-imne chenical func-
tion of imdacloprid (1) into the keto function. Conmpound 3 cor-
responds to the separation of the inidazolidone ring from the
benzyl pyridyl group, by an amde dealkylation biochenical pro-
cedure, and the subsequent oxidation of the benzylpyridyl nethy-
lene. Conpound 4 corresponds to substitution of the chlorine a-
tom by an hydroxyl. This inmidacloprid soil netabolism pathway in-
dicates that imidacloprid was progressively transformed in the
soil of sugar beet crop into non-toxic and common conpounds.
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During the first three crop months, the concentration of metaboli-
tes 2 to 5 first increased, attained a maxinum and then decrea-
sed. At sugar beet harvest, they were no longer detected in soil,
as for imdacloprid (1). The recent organic fertilizer treatnents
slowed down inidacloprid (1) disappearance in soil, and its neta-
bolites 2 to 5 formation in both trials at Lubbeek and Renicourt
(Tables 1 and 2). At Lubbeek, this effect occurred in spite of the
fact that prior to the organic fertilizers treatnments, the concen-
tration of organic matter in soil was already high (4.4%. This
was a result of the use of a meadow which had been ploughed 4
years previously. This indicated, as at Remcourt, that the old
soil organic matter has no more influence on the rate of the in-
secticide soil biodegradation. The effect of the organic fertili-
zers treatments was in addition to the one given by imdacloprid
encapsulation in the pelleted seed, which also delayed indaclo-
prid soil biodegradation. Forty days after sowi ng, some whole

pel leted seed were indeed still found in soil. Analysis indicated
that their imdacloprid content was the same as in the freshly
pelleted seed. As we previously suggested, the increase of the
reversible adsorption of imdacloprid 1 onto the soil organic
matter, whose concentration was increased by the recent organic
fertilizers treatnents, protected inmidacloprid in sone way against
the soil mcrobial activity which netabolizes its (Honnay 1992).
This should account for the lower rate of formation of netaboli-
tes 2-5 in soil caused by the recent treatments with organic fer-
tilizer. The results obtained in the trial at Remicourt indicate
that the very old soil organic matter no longer has this proper-
ty. This should be due to the progressive long term transforma-
tion of the soil organic matter, especially the decrease of the
density of the oxygenating chelating functions, i.e., the coali-
fication of the soil organic matter.
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