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Photodegradation of 1-((6-chloropyridin-3-yl)methyl)-7-methyl-8-nitro-1,2,3,5,6,7-hexahydroimidazo-
[1,2-a]pyridin-5-ol (IPPA152001) and 1-((6-chloropyridin-3-yl)methyl)-7-methyl-8-nitro-5-propoxy-1,2,
3,5,6,7-hexahydroimidazo[1,2-a]pyridine (IPPA152004) was studied in distilled water; high-pressure
mercury lamp and xenon lamp were used as light sources. The photolytic rate constants of the two
compounds and their half-lives were calculated. Compared with imidacloprid, the order of photo-
degradation rate of three compounds was as follows: imidacloprid > IPPA152001 > IPPA152004.
Mercury lamp light intensity was measured with chemical actinometers. The quantum yields for
photodegradation of IPPA152001 and IPPA152004 in distilled water were also calculated. Photo-
degradation products of IPPA152004 were preliminarily identified on the basis of the spectral data
of GC-MS, LC-TOF-ESI, and LC-MS-MS in positive mode. The photodegradation pathways of

IPPA152004 were proposed according to the structures of photoproducts.
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INTRODUCTION

The impact of using numerous insecticides on the environment
has attracted more attention. After insecticides are sprayed on a
field, various degradation processes are undergone, such as
microbial degradation, hydrolysis, and photodegradation, which
plays a key role in the degradation of pesticides because of its
strong absorption in the near-ultraviolet or visible light range ().
Some photodegradation products may have undesirable negative
effects on the environment and human health (2—5). To acquire
environmental information on insecticides, it is urgent to study
the photodegradation of insecticides in an aquatic environment.

Neonicotinoids are the fastest growing class of insecticides in
modern crop protection for their high insecticidal activity, broad
insecticidal spectra, low mammalian and aquatic life toxicity,
good systemic properties, and suitable field stability (6, 7). They
are used widespread against a broad spectrum of sucking and
certain chewing pests acting selectively on insect nicotinic acetyl-
choline receptors (nAChRs) (7). Several groups have reported
their results on photodegradation in aqueous solutions and soil of
neonicotinoids such as imidacloprid, which is the most prominent
member of the neonicotiniods, and thiacloprid (§—13). Further-
more, investigations of the effect of pH and photocatalysis TiO,
and Os on the photodegradation of neonicotinoids as well as
studies of the photodegradation of neonicotinoids in a nonaqu-
eous environment have also been reported (14—17).

It is well-known that the —NO, group in imidacloprid is
a pharmacophore and plays an important role in its activities.
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The X-ray crystallographic study of imidacloprid by Kagabu
showed that the trans Eisomer, in which the nitro group is located
in the trans-position, was predominant (/8). Interestingly, Bayer
introduced a tetrahydropyrimidine ring into the lead compound
to fix the nitro moiety in the cis-position (Bay T9992) (Scheme 1),
and the compound also showed high biological activity. How-
ever, it had high toxicity for mammals and aquatic life (/9). On
the basis of the study above, various neonicotinoid compounds
with cis-nitro configuration were synthesized in our previous
research (20, 21), whereas (2-chloro-5-((2-nitromethylene)imida-
zolidin-1-yl)methyl)pyridine (NTN32692) (Scheme 1) was used as
a key intermediate. Bioassays indicated that some of the com-
pounds exhibited high biological activity, especially for strains resi-
stant against imidacloprid. As a prior consideration, IPPA152004
has been defined as the trade name of Paichongding, which
showed higher activities against imidacloprid-resistant brown
planthopper than imidacloprid. Importantly, it also exhibited
obvious interacting differences with the binding site of imdaclo-
prid (22). It will be commercialized soon after possession of a
Temporary Registration License in China (317).

With the wide application of imidacloprid, the problems of
resistance and cross-resistance are becoming more and more
striking for neonicotinoids with similar structures and modes of
action (23,24). Thus, neonicotinoids with cis configuration might
gradually exhibit interesting influence on pest control. However,
there was no report about the photodegradation of the cis
configuration compounds. Therefore, it was essential to investi-
gate the photodegradation of novel neonicotinoid compounds
with a cis-nitro configuration for further scientific investigation
such as environmental residence risk, ecotoxic relevance, and
degradation products.

©2010 American Chemical Society
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Scheme 1. Chemical Structures of the 1,2,3,6-Tetrahydro-5-nitropyrimidine Derivatives (C1) NTN32692, Imidacloprid, IPPA152001, and IPPA152004
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Herein, the kinetics of the photochemical degradation of
IPPA152001 and IPPA152004 (Scheme 1) in aqueous solutions
compared with imidacloprid were studied, the analysis of photo-
degradation products was carried out, and the proposed photo-
degradation mechanism was presented.

MATERIALS AND METHODS

Samples and Reagents. All of the solvents used were of HPLC grade.
Distilled water was used. The imidacloprid was procured from Kwin Co.,
Ltd., and crystallized from acetone. The standard sample cis-configuration
neonicotinoids IPPA152001 and IPPA152004 were synthesized by our-
selves according to the description in the literature (25). The purity of the
compounds was determined to be >99.0%.

Analytical Instruments. A Bruker AM-400 (400 MHz) spectrometer
was used with DMSO-d or CDCls as the solvent and TMS as the internal
standard. Chemical shifts were reported in & (parts per million) values.
High-resolution mass spectra were recorded under electron impact (70 eV)
condition using a MicroMass GCT CA 055 instrument. The remains of the
three compounds during the photodegradation process were estimated by
HPLC. An Agilent 1200 series liquid chromatograph was equipped with a
Zobarx XDB-C18 column (250 mm x 4.6 mm, particle size = 5 um),
quarter pump, and a diode array detector. GC-MS analysis used an
Agilent 7890A gas chromatograph with mass selective detector model
5975C (Palo Alto, CA) equipped with an HP-5MS (5% diphenyl—95%
methylsiloxane) capillary column (30 m x 0.32 mm X 0.25 ym). Ultraviolet
spectra were measured with a Varian Cary 100 Bio spectrophotometer
(Varian, Germany). The LC-TOF-ESI system consisted of an Agilent 6210
TOF-MS (Agilent Technologies, Palo Alto, CA). LC-MS/MS analysis was
carried out by a Waters Acquity Ultra performance LC system with micro-
mass Quattro micro API/ESCI multimode-ionization mass selective detector.

Photolysis Experiments. The photodegradation of imidacloprid,
IPP152001, and IPPA152004 was conducted in an XPA series type
merry-go-round photochemical reactor (Xujiang Machine Factory, Nanj-
ing, China) equipped with a 300 W high-pressure mercury lamp and a
500 W xenon lamp. The working current of 300 W high-pressure mercury
lamp was 2.2 A and the operating voltage was 138.1 V; the working current
of the 500 W xenon lamp was 6.4A and the operating voltage was 75.6 V.
The relative energies of the mercury lamp (not including infrared) and
xenon lamp are listed in the Table 1. (The data were supplied by Xujiang
Machine Factory.) The irradiation experiments were carried out with a
water-cooled immersion wall. To investigate the influence of sample
concentration on the degradation kinetics, imidacloprid, IPP152001,
and IPPA152004 were dissolved in distilled water, respectively, and
40 mL of imidacloprid, IPP152001, and IPPA152004 aqueous solution
(1 x 107 and 5 x 107> mol L™") contained in quartz cylindrical tubes
(50 mL and 20 cm in height) were prepared and irradiated with the 300 W
high-pressure mercury lamp. Dark control experiments were carried out at
conditions similar to those described above, except that the tube was
covered by aluminum foil. Aliquots of 2 mL irradiated solutions and
control solutions were taken out at appropriate intervals and stored at 4 °C
in the dark, and then analyzed by HPLC to monitor the peak area changes
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Table 1. Chief Wavelength and Relative Energy of 300 W High-Pressure
Mercury Lamp and 500 W Xenon Lamp

light source wavelength (nm) relative energy (%)

300 W high-pressure mercury lamp 265.2—265.5 15.3
296.7 16.6
302.2—302.8 23.9
312.6-313.2 49.9
365.0—366.3 100.0
404.5—407.8 422
435.8 715
546.1 93.0
577.0—579.0 76.5

500 W xenon lamp 303.4—304.1 18.5
405.2—406.6 35.2
502.3—503.1 30.3
603.3—603.6 17.4
704.9—705.6 12.1
803.2—803.9 90.4
906.2—907.1 100
999.8—1000.5 50.5

of imidacloprid, IPP152001, and IPPA152004 during irradiation. These
data were used to calculate half-lives. The irradiation experiments were not
stopped until the residues of imidacloprid, IPP152001, and IPPA152004
were < 1%. All tests were conducted at room temperature (25 £ 3 °C). To
investigate the influence of different light sources on the photodegradation
kinetics, a 300 W high-pressure mercury lamp with 365 nm optical filters
and a 500 W xenon lamp were also selected to irradiate the solutions of
imidacloprid, IPP152001, and IPPA152004 at the concentration of 5 x
107> mol L™" under the same condition. Two hundred and fifty milliliters
of IPP152001 and IPPA152004 aqueous solution (1 x 10~* mol L") was
also irradiated to observe the absorption spectrum change of IPP152001
and IPPA152004 under the irradiation of the high-pressure mercury lamp.
At appropriate times, depending on the photolysis rate, 10 mL of test
solution was analyzed directly by UV spectrometer. One hundred milli-
liters of 1 x 107> mol L™ TPPA152004 solution was irradiated under the
mercury lamp, and 2 mL solutions were analyzed by LC-TOF-MS directly
for characterizing photodegradation products by TOF-ESI with positive
mode. LC-MS/MS was also used to confirm the structure of photo-
degradation products. After irradiation of IPPA152004 to < 1%, the
residue was freeze-dried and dissolved in 1 mL of methanol for GC-MS
analysis.

Light Intensity Determination. Actinometer solutions of 6 x 107> M
potassium trioxalatoferrate were prepared and irradiated with the high-
pressure mercury lamp (26). Dark controls were carried out at the same
condition. The samples were colored by 1,10-phenanthroline in sodium
acetate/sulfuric acid buffer. The colored samples were measured with a
UV—vis spectrophotometer at 510 nm to provide a record of the light
intensity.
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Table 2. HPLC Gradient Conditions for Imidacloprid, IPPA152001, and
IPPA152004

imidacloprid

IPPA152001 IPPA152004
time % buffer %CH;CN time % buffer %CHsCN time % buffer %CH3CN

0 95 5 0 100 0 0 72 28
20 0 100 8 62 38 7 72 28
12 62 38 22 0 100

18 0 100

UV Measurement. Ultraviolet spectra were measured from 200 to
500 nm with a Cary 100 Bio spectrophotometer using quartz glass cuvettes:
scan rate, 600 nm min~}; average time, 0.1 s; data interval, 1.000 nm.

HPLC Analysis Method. The concentrations of irradiated solutions
of imidacloprid, IPPA152001, and IPPA152004 were estimated by high-
pressure liquid chromatography (HPLC). An Agilent 1200 series HPLC
system was equipped with a Zorbax XDB-C18 column (250 mm x 4.6 mm,
particle size = 5 um), quarter pump (G1311 A), diode array detector
(G1315 A), and Rheodyne injector (20 uL loop). The analyses of imi-
dacloprid, IPPA152001, and IPPA152004 were carried out at A, 270,
325, and 345 nm, respectively, using an acetonitrile—buffer gradient
solvent system as mobile phase (Table 2), at a flow rate of 1 mL min
and a column temperature of 25 °C. The buffer solution was prepared by
adding 0.01 M ammonium acetate to distilled water and adjusting the
pH value to 6 by acetic acid. The injector volume was 50 uL.

Under the conditions mentioned above, the retention time of imida-
cloprid was 9.875 min, that of IPPA152001 was 10.825 min, and the
retention times of [IPPA152004-1 and IPPA152004-2, a pair of epimers of
IPPA152004, were 9.053 and 13.552 min, respectively.

GC-MS Determinations. GC-MS analyses were performed on an
Agilent gas chromatograph model. The carrier gas was helium at a flow
rate of 1.2 mL min~". The oven temperature was programmed from 80 °C
(held for 4 min) ata rate of § °C min™ ' to 260 °C, which was maintained for
5 min, then at a rate of 8 °C min~' to 300 °C, which was maintained for
17 min. The injector temperature and volume were 300 °C and 1 uL in
splitless mode, respectively. Full scan and EI spectra were obtained at
70 eV for m/z 50—800 u.

LC-TOF-ESI Analysis Method. A liquid chromatography—time-
of-flight mass spectrometry (LC-TOF-MS) system was used for structure
estimation of photodegradation products. Chromatographic analysis was
performed using an Agilent 1200 series HPLC system equipped with a
reversed-phase Zorbax XDB-C18 analytical column (4.6 mm x 150 mm x
5 um particle size). Solvent A was water with 0.015% formic acid, and
solvent B was acetonitrile. The flow rate was 0.5 mL min~! with column
temperature at 30 °C, and the injection volume was 20 uL. The gradient
elution conditions were initially A (100%), holding 100% A for 10 min,
programming to 20% B over 30 min, holding 20% B for 10 min, program-
ming to 60% B over 20 min, then programming to 100% B over 20 min. The
total analysis time was 90 min. This HPLC system was connected to a TOF
mass spectrometer (Agilent Technologies 6210) equipped with an electro-
spray interface. The analysis mode of ionization was electrospray ionization
(ESI, positive). The operation conditions were as follows: capillary, 3000 V;
nebulizer, 50 psi; drying gas, 6 L min~'; gas temperature, 350 °C; skimmer
voltage, 60 V; fragmentor voltage, 250 V. The scanned m/z range was
50—400 Da. The data were recorded and analyzed with Agilent MassHunter
Workstation Software Qualitative Analysis version B.01.03.

LC-MS/MS Analysis Method. LC-MS/MS was used for structure
estimation of photodegradation products. Chromatographic analysis was
performed using a Waters Aquity UPLC system equipped with a reversed-
phase Waters XTerra MS C18 HPLC analytical column (4.6 mm X
150 mm x 5 um particle size). Solvent A was water with 0.1% formic
acid, and solvent B was acetonitrile. The flow rate was 0.2 mL min~ ' with
column temperature at 25 °C, and the injection volume was 5 uL. The
gradient elution conditions were initially A (80%), holding 80% A for
20 min, programming to 100% B over 3 min, holding 100% B for 4 min.
The total analysis time was 27 min. This HPLC system was connected to an
ESCI mass spectrometer (Micromass Quattro Micro API LC/MS/MS
instrument). The analysis mode of ionization was electrospray ioniza-
tion (ESI, positive). The operation conditions were as follows: capillary,
3000 V:; collision energy, 25 V; cone, 20 V; drying gas, 6 L min~'; gas
temperature, 350 °C. The scanned m/z range was 50—500 Da.

Zhao et al.

Synthesized Standard Compounds. [-((6-Chloropyridin-3-ylymethyl)-
8-nitro-1,2,3,5,6,7-hexahydroimidazo(1,2-alpyridin-5-ol (IPPA152001) (25):
mp 170.6—171.1 °C; '"H NMR (400 Mz, DMSO-d) 6 8.34 (d, J = 2.1
Hz, 1H), 7.80 (dd, J; = 2.4 Hz, J, = 8.2 Hz, 1H), 7.49 (d, / = 8.2 Hz, IH),
6.29 (d, J = 6.2 Hz, 1H), 4.82 (m, 1H), 4.73 (d, J = 15.5 Hz, 1H), 4.59 (d,
J =15.5Hz, 1H), 3.58—3.74 (m, 4H), 3.11-3.16 (m, 1H), 1.88—1.95 (m,
1H), 1.69—1.75 (m, 1H), 1.03 (d, J = 6.6 Hz, 1H); '*C NMR (100 Mz,
DMSO-dg) 0 158.5, 149.6, 139.7, 132.6, 74.4, 109.3, 76.0, 51.9, 49.8, 45.2,
38.6,28.3,20.1. HRMS (EI+): caled for C ,H,,N,05>Cl (M ™), 324.0989;
found, 324.1014; caled for C,4H;sN405"’Cl (M), 326.0960; found,
326.0964. Anal. Caled for C4H,CIN4O5: C, 51.78; H, 5.28; N, 17.25.
Found: C, 51.91; H, 5.15; N, 16.95.

1-((6-Chloropyridin-3-ylymethyl)-7-methyl-8-nitro-5-propoxy-1,2,3,5,6,7-
hexahydroimidazo[1,2-alpyridine (IPPA152004) (25): mp 130.2—131.9 °C;
"H NMR (400 MHz, CDClL3) 6 8.31—-8.33 (m, 1H), 7.86 (dd, J, = 2.4 Hz,
J,=8.4Hz0.5H),7.82(dd, J; =2.4Hz, J,=8.2Hz,0.5H), 7.33(dd, J, =
0.8 Hz, J, = 1.2 Hz, 0.5H), 7.31 (dd, J, = 0.8 Hz, J, = 1.2 Hz, 0.5H), 4.88
(d,J=15.2Hz,0.5H),4.82(d, /= 15.2Hz,0.5H),4.61—4.67 (m, 1H), 4.55
(dd, J; = 3.6 Hz, J, = 6.0 Hz, 0.5H), 4.50 (t, / = 3.6 Hz, 0.5H), 3.95—4.02
(m, 0.5H), 3.81—3.86 (m, 0.5H), 3.64—3.72 (m, 1H), 3.35—3.59 (m, SH),
2.14-2.21 (m, 0.5H), 1.99—2.01 (m, 1H), 1.75—1.82 (m, 0.5H), 1.54—1.65
(m, 2H), 1.22—1.27(d, /= 6.8 Hz, 0.5H), 1.23 (d, J = 6.8 Hz, 0.5H), 0.95
(t, J = 6.2 Hz, 0.5H), 0.92 (t, J = 6.2 Hz, 0.5H). HRMS (EI+) calcd for
C17H,3N,0-¥Cl (M), 366.1459; found, 366.1487.

RESULTS AND DISCUSSION

Photodegradation of Imidacloprid, IPP152001, and IPPA152004.
The photodegradation kinetics of imidacloprid, IPPA152001,
and IPPA152004 were calculated by the residues of peak area
versus irradiation time. The relative concentrations of imidaclo-
prid, TPPA152001 and IPPA152004 were plotted as In(C/Cy)
versus irradiation time, where C and C,, were the concentrations
ofirradiated solutions at time 7 and 7 = 0. The linear response (R?)
indicated that the photodegradation followed pseudo-first-order
kinetics, which could be described by the eq 1. The degrada-
tion rate constant (k) was calculated from the slope of the line of
In(C/Cy) versus irradiation time.

In(C/Co) = —kt (1)

The data of photodegradation rate constants (k), half-lives (7 ),
and linear response (R?) for imidacloprid, IPPA152001, and
IPPA152004 are shown in Table 3. The initial concentration
increased from 1 x 107> to 5x 10> mol L™" when a 300 W high-
pressure mercury lamp was used as light source. The results
indicated that the lower the initial concentration of the solution,
the faster the photolysis rate. At an initial concentration of 5 x
107> mol L™, imidacloprid disappeared totally after 1 h of irra-
diation, whereas 18.8% of IPPA152001, 20.6% of IPPA152004-1,
and 12% of IPPA152004-2 were kept. The results showed that the
degradation process strongly depended on the chemical structure
and the initial concentration of substrates, which may be due to
the competition between parent compounds and their photodegra-
dation products for limited photons (/3). IPPA152004-1 and
IPPA152004-2 were two epimers of IPPA152004. In the conforma-
tion of IPPA152004-1, the methyl and propoxyl group pointed to
the opposite orientation at the retention time of 9.053 min, and
the two groups of IPPA152004-2 locate in the same side of the
tetrahydropyridine ring at the retention time of 13.552 min.
The conformation was presumed on the basis of our previous
research (25). The ratio IPPA152004-1 and IPPA152004-2 is
1:1 based on the analysis of HPLC (which is available in the
Supporting Information). The epimer IPPA152004-1 was more
stable than the other, which implies that the photodegradation rate
had a close relationship with the space structure of the compounds.
In a word, it was obvious that the stability of the compounds with
the motif of the tetrahydropyridine ring was better than that of
imidacloprid.
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Table 3. Photodegradation Rate Constants (k), Half-Lives (t), and Linear Responses (RP) for Imidacloprid, IPPA152001, and IPPA152004 at Various Initial
Concentrations under the Irradiation of a 300 W High-Pressure Mercury Lamp with or without a 365 nm Optical Filter and a 500 W Xenon Lamp

light source sample concentration (mol/L) k t2 (min) R
300 W high-pressure mercury lamp imidacloprid 1x107° 0.6443 1.08 0.9732
5x107° 0.4029 1.72 0.9944
IPPA152001 1x107° 0.0422 16.43 0.9719
5x107° 0.0275 25.21 0.9619
IPPA152004-1 1x107° 0.0462 15.00 0.9810
5x107° 0.0263 26.36 0.9686
IPPA152004-2 1x107° 0.0543 12.77 0.9749
5x1078 0.0347 19.98 0.9714
500 W xenon lamp imidacloprid 5x107° 0.0337 20.6 0.9619
IPPA152001 5x107° 0.0021 330.1 0.941
IPPA152004-1 5x107° 0.001 693.1 0.9773
IPPA152004-2 5x107° 0.0018 385. 1 0.9673
300 W high-pressure mercury lamp with a 365 nm optical filter imidacloprid 5x107° 0.055 12.6 0.9856
IPPA152001 5x107° 0.0028 2476 0.9588
IPPA152004-1 5%x107° 0.0014 495.1 0.9472
IPPA152004-2 5x107° 0.0029 239.0 0.9515
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Figure 1. Photodegradation curve of imidacloprid, IPPA152001, and IPPA152004 irradiated with different light sources: (a) imidacloprid, IPPA152001, and
IPPA152004 of 1 x 10 mol L™ " irradiated with a 300 W high-pressure mercury lamp; (b) imidacloprid, IPPA152001, and IPPA152004 of 5 x 10~ °mol/L
irradiated with a 300 W high-pressure mercury lamp; (c) imidacloprid, IPPA152001, and IPPA152004 of 5 x 10 mol/L irradiated with a 500 W xenon lamp;
(d) imidacloprid, IPPA152001, and IPPA152004 of 5 x 10~° mollL irradiated with a 300 W high-pressure mercury lamp with a 365 nm optical filter.

The effect of different light sources was investigated as shown
in Figure 1. Obviously, photodegradation kinetics strongly relied
on lamp energy output at the same concentration. The degrada-
tion rates of imidacloprid, IPPA152001, and IPPA152004 with

different light resources followed the order of 300 W high-
pressure mercury lamp (Figure 1b) > 300 W high-pressure
mercury lamp with 365 nm optical filter (Figure 1d) > 500 W
xenon lamp (Figure 1c). As listed in Figure 1, the rate of
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Figure 2. Ultraviolet absorption of imidacloprid, IPPA152001, and IPPA-
152004.

degradation was according to the order imidacloprid > IPPA-
152001 > TPPA152004. It was concluded that the stability of
neonicotinoid compounds with cis-nitro configuration increased
dramatically due to introduction of the tetrahydropyridine ring.

Quantum Yield Calculations. Using potassium trioxalatoferrate
as chemical actinometer, quantum yields of photodegradation
were calculated by dividing the amount of degradation by the
number of adsorbed photons at zero time of irradiation following
the equations below (27):

Loy = ko/Pwy) (2)
Lansz) = Tio)(1=1074%) 3)
D(4) = [dn/df] /1 (1 —1074H) 4)

Io,) was the light intensity of the high-pressure mercury lamp at
wavelength A; Iunsz) was the absorbed light intensity of
IPPA152001 and IPPA152004 with irradiation by the mercury
lamp; ko was the degradation rate of potassium trioxalatoferrate;
@y, ;) was the calculated quantum yield of ferrous ion with the
irradiation of mercury lamp at wavelength 1; ®(1) was the
calculated quantum yield of IPPA152001 and IPPA152004 with
irradiation by the mercury lamp at wavelength 1; A, was the
absorbance of samples. By chemical actinometer determination,
the degradation rate of potassium trioxalatoferrate was 6 x
107% s™"; the quantum vyield of ferrous ion with the irradiation
of mercury lamp at wavelength 365 nm was 1.21 by the manuals
of photochemistry (28). Therefore, the light intensity of the high-
pressure mercury lamp at wavelength 365 nm was 4.96 x 10~ mol
L 's'". According to the equation above, the quantum yield of
IPPA152001 was calculated as 5.16 x 10~* mol einstein™' at
365 nm and the quantum yields of IPPA152004-1 and
IPPA152004-2 were 3.73 x 10™* and 4.93 x 10~* mol einstein”,
respectively.

UV Spectral Analysis. The UV spectrum of imidacloprid in
aqueous solution (Figure 2) showed that the maximum absorp-
tion wavelength of imidacloprid was 270 nm, whereas the maxi-
mum absorption wavelengths of IPPA152001 and IPPA152004
were around 330 nm because of the introduction of the tetra-
hydropyridine ring. All of the UV spectra exhibited similar fea-
tures.

The absorption peaks near 210 nm of imidacloprid, IPPA-
152001, and TPPA152004 were observed due to the r—* system
of pyridine, and the band at 270 nm indicated the absorption of
delocalized diene system conjugated with amidine, double bond,
and nitro group of imidacloprid (29). Due to the introduction of
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Figure 3. Ultraviolet absorption of IPPA152001 after different times of
photodegradation (0—200 min).
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Figure 4. Ultraviolet absorption of IPPA152004 after different times of
photodegradation (0—220 min).

the tetrahydropyridine ring, the maximum absorption wave-
lengths of IPPA152001 and IPPA152004 red-shifted from 270
to 330 nm (30). The change of UV spectra of IPPA152001 and
IPPA152004 during the photolysis process under mercury lamp
irradiation is shown in Figures 3 and 4. The absorption intensities
of IPPA152001 and IPPA152004 at 270 and 330 nm decreased
with irradiation time, which suggested that the conjugation
system consisting of amidine, a nitro group, and the tetrahydro-
pyridin ring was destroyed rapidly.

Photodegradation Products and Pathway. The major photo-
degradation products of IPPA152004 had been analyzed by a
combination of gas chromatography—mass spectrometry (GC-
MS), high-performance liquid chromatography—time-of-flight
mass spectrometry (LC-MS) with ESI positive mode, and LC-
MS/MS. In this study, 22 degradation products were put forward
by LC-TOF-ESI spectra; the measured and calculated masses of
the protonated ions, the error between them, and the proposed
empirical formulas are shown in Table 4. Eleven compounds were
also characterized by GC-MS on the basis of combined library
mass spectra.

The possible photodegradation pathway in aqueous solution
under mercury lamp irradiation was proposed. The photochemi-
cal transformation of IPPA152004 underwent three pathways,
which were presented by the change of parent compound
IPPA152004 (Figure 7): (i) conversion of nitro to nitroso (the
main pathway); (i) removal of propyl; (iii) introduction of
hydroxyl group to tetrahydropyridine.

At first, the nitro group of the parent compound lost one
oxygen and formed la, then la lost a nitroso and became
compound le shown in HPLC. Two groups of peaks of 1¢ were
observed, and their retention times were 45.332, 46.261, 47.639,
and 48.319 min, respectively, and the integration of all the peaks
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Table 4. LC-ESI Retention Times (tz), and Spectral Characteristics of IPPA152004 Photoproducts

no. tr (min) formula mass, calcd mass difference (ppm) daughter ions (relative abundance)

IPPA152004 52.899 Cy7H23CIN,O3 366.14788  366.14587 —55 367.15516 ([M + H], 100), 369.15347 (29.7), 368.1576 (16.0), 370.1559 (5.0)

IPPA152004 60.283 Cy7H23CIN,O; 366.14708  366.14587 -3.32 367.15437 (IM + H], 8.4), 389.13719 ([M + Na], 11.3), 350.15216 (6.5), 306.13875 (100),
308.13578 (33.2), 137.10791 (40.1)

1a 47.257  C47H23CIN,O,  350.15158  350.15095 -18 351.15886 ([M + H], 100), 353.15629 (30.0), 320.15263 (17.4), 322.1502 (5.1)

1a 59.105 C47H3CIN,O, 350.15113  350.15095 —0.51 351.1584 ([M + H], 100), 353.15629 (30.4), 153.10179 (6.8)

1b 51.389 Cy/HxCIN3O  321.15964  321.16079 3.57 322.16878 ([M + H], 100), 324.16721 (29.2)

1b 58.607 Cq7HaCIN3O  321.12558  321.1244 —3.67 322.13286 (M + H], 100), 324.13038 (32.5)

1c 45332 Cy7H4CIN;O, 337.15716  337.1557 —4.33 338.1651 ([M + H], 100), 340.1625 (35.94626), 278.1069 (39.98821), 280.1040 (12.08925),
126.0110 (7.368172)

1c 46.261  Cy7H4CIN;O, 337.1565  337.1557 —2.37 338.16379 ([M + H], 100), 340.16101 (35.0), 278.10559 (39.6), 280.10419 (10.6),
126.01034 (6.9)

1c 47.639  Cy7H4CIN;O, 337.15837  337.1557 —7.92 338.16427 ([M + H], 100), 340.16108 (40.4), 278.10549 (34.7), 280.10303 (10.4)

1c 48.319  Cy7H4CIN3O, 337.15734  337.1557 —4.86 338.16403 ([M + H], 69.5), 340.16112 (29.7), 320.15308 (5.9), 278.10585 (100),
280.10321 (31.8), 126.01038 (8.2)

1d 30.646  Cy1HoN202 21215359  212.15248 —5.26 213.16088 ([M + H], 100), 153.10254 (26.2)

1d 33.783  Cy1HaN20, 212.15387 212.15248 —6.58 213.16148 (M + H], 31.9), 153.10366 (100), 108.04546 (15.0)

1d 34.579  Cy1HzoN20, 21215383  212.15248 —6.39 213.16099 ([M + H], 71.6), 153.10309 (100), 125.10804 (7.2), 108.04516 (18.5)

1d 35.874  Cq1HaoN20, 212.15357  212.15248 —5.16 213.16086 ([M + H], 31.3), 153.1031 (100), 108.0451 (13.6)

2a 24.806 Cy4H7CIN,O; 324.09963 324.09892 —2.21 325.10701 ([M + H], 64.4), 327.10496 (19.4), 170.08145 (100), 172 (35.8),
142.08621 (83.8), 144.08712 (24.1), 126.01075 (20.0)

2b 28.025 Cy4H7CIN,O, 308.10595 308.104 —6.33 309.11323 ([M + H], 100), 311.11163 (30.8), 183.10111 (25.2), 185.11231 (7.9),
166.09726 (9.1)

2b 32472 Cy4H47CIN,O, 308.10482 308.104 —2.66 309.1121 ([M + H], 100), 311.11011 (37.0), 277.09075 (8.0), 210.04458 (17.8)

2c 30481 Cy4H1sCIN3O  279.11415  279.11384 —1.12 280.12143 ([M + H], 100), 282.11942 (31.9), 213.16007 (25.8), 215.16221 (7.8),
195.1497 (6.3), 154.08973 (7.5)

2d 27.427 Cy4H15CIN3O, 29511035 295.10875 —5.42 296.11763 ([M + H],100), 298.11488 (33.9), 126.01105 (22.3), 128.00857 (6.2)

2d 28191  Cy4H1gCIN3O,  295.10973  295.10875 —3.32 296.11701 ([M + H], 100), 298.1141 (31.1), 126.01076 (27.5), 128.00819 (7.6)

2e 59.669 Cy4H16CIN3O, 293.09328  293.0931 0.61 294.10056 ([M + H], 37.2), 296.10106 (9.4), 279.11254 (24.0), 281.11321 (8.2),
153.10221 (100), 155.12332 (35.8), 135.09144 (17.0)

2f 41183  CgH4oCIN3 195.05636  195.05633 -0.2 196.06364 ([M + H], 100), 198.06085 (32.8), 126.01063 (93.0), 128.00818 (29.9),
98.99897 (5.7)

2h 14.368  CgHgCINg 181.04143  181.04067 —4.19 182.04846 ([M —+ H], 100), 184.04576 (27.3), 139.00549 (44.4), 141.00638 (12.4)

2i 20.873  CgHeCIN3 179.02489  179.02502 0.73 180.03217 ([M —+ H], 100), 182.03052 (36.0), 139.00073 (32.6), 141.00084 (10.1),
91.0502 (5.9)

2k 6.785 CgHisN,0 154.11063  154.11061 —0.13 155.11791 ([M + H],100), 139.06074 (7.7), 111.09144 (60.4), 85.07543 (39.6)

2m 8.013  CgHy4N202 170.10651  170.10553 —5.8 171.11379 ([M —+ H], 100), 108.04623 (7.6)

2m 12.145  CgH14N20, 170.1064  170.10553 —5.15 171.11368 ([M + H], 100), 153.10286 (8.1), 108.04497 (11.3)

2m 13539  CgH14N.0, 170.10637  170.10553 —4.97 171.11365 ([M —+ H], 100), 153.10246 (12.9), 108.04505 (19.1)

2n 32.289  CgHqoNo0 152.09591  152.09496 —6.25 153.10319 ([M + H], 100), 125.10809 (11.4)

3a 47.983 Cy7H,3CINJO, 382.14238  382.14078 —4.19 383.14966 (100), 385.14823 (34.0), 340.5675 (9.6), 308.11991 (51.0),
310.11982 (16.3), 183.07643 (16.4)

3a 55.222  Cy7H»3CIN,O, 382.14037  382.14078 1.07 383.14765 (78.9), 385.14676 (27.7), 308.11892 (40.6), 310.11873 (12.5),
294.1005 (100), 296.1008 (36.1), 169.05701 (29.0), 171.05782 (9.5)

3b 41797 Cy7H»CIN,O;  364.13159  364.13022 —3.78 365.13887 ([M + H], 36.2), 367.1421 (16.5), 319.1448 (15.4), 289.13321 (43.5),
291.13423 (13.2), 16.12313 (100), 165.12545 (35.7)

3c 48.319  Cy7HxCIN;O  319.14636  319.14514 —3.83 320.1536 ([M + H], 13.6), 322.15042 (5.3), 276.09094 (100), 278.08974 (36.2),
248.09544 (17.2), 223.05204 (28.6), 225.06211 (9.1)

3d 35.708 Cy4H6CIN;O  277.09902 277.09819 —3.01 278.10626 ([M -+ H], 100), 280.09081 (14.1)

3d 36.803 Cy4H6CIN3O  277.09769 277.09819 1.79 278.10523 ([M + H], 8.6), 280.1043 (2.7), 264.09108 (100), 266.08845 (30.5)

of 1c in the high-performance liquid chromatogram at 254 nm
was about 23.53%. The variation of 1¢ abundance in the photo-
lysis process of IPPA152004 under mercury lamp irradiation is
shown in Figure 5. After 12 h of irradiation, the amount of
product 1c reached the largest value. For accurate mass measure-
ment of this product, only the empirical formula C;7;H,4CIN;0,
was reasonable, and the error was also low enough for the
identification. To further confirm the structure of 1¢, LC-MS/
MS analysis was also carried out; the main daughter ions of 1¢
were obtained, which clearly confirmed the position of C=0 in
the structure of 1¢. The mass spectra of 1¢ and its product ions are
available in the Supporting Information, and the progress of
splitting is described in Figure 6.

Furthermore, the obvious daughter ion at m/z 278.1055 was
formed by the loss of propoxyl group from the parent compound.
Compared with the parent compound (IPPA152004), protonated
ion with m/z 351.15886 was attributed to loss of oxygen, whereas
the empirical formula was calculated as C;7H,3CIN4O,, and the
structure is shown in Figure 7 (1a). The retention times were

47.257 and 59.105 min. It was presumed that the nitro group of
IPPA152004 converted to nitroso, which was similar to the
reported photodegradation of imidacloprid (13, 17).

Obviously, the m/z of protonated ion of product 2a was the
same as IPPA152001, which could be generated by the loss of
propoxyl group from parent compound IPP152004. It was
confirmed by the retention time in their HPLC spectrum. The
nitroso produced in the degradation process was also presumed
from 2a to 2b just like the case above, which was from the parent
compound to la. The ion m/z was 309.1132 and 325.1070,
respectively, which demonstrated obviously a loss of oxygen.
The compounds with nitroso (1a, 2b) were so unstable that an
elimination reaction occurred and formed products 1b and 2¢
with m/z 322.1687 and 280.1214 (13, 17).

In addition, during the photolysis reaction process, free radical
‘OH usually was obtained from H,O and might attack the
tetrahyropyridine ring of IPPA152004, forming the product 3a
with a mass-to-charge ratio of 383.1496. Products 3b and 2I were
formed via elimination of H,O from the dihydropyridine ring of
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compounds 3a and 2k, which were speculated according to
accurate mass measurement of 3b and fragment of 21 in the
GC-MS spectra. The photodegradation products 1b, 2¢, 3d, 2f,
2k, and 2n with C=C double bond were oxidized directly to
generate products lc, 2d, 2e, 2j, 2m, and 2p, respectively,
whereas 2d and 2m could be further oxidized to form 2e and
2p. The degradation products 1d and 2k formed by the cleavage
of C—N between chloropyridine and imidazolidine were also
detected by LC-MS. Finally, by GC-MS analysis, the conversion
of 2j to 2u was in accordance with the photodegradation of
imidacloprid, which had been reported (8,9, 11, 13, 14, 17). The
proposed products are listed in Table 5 and Figure 7. During these
three processes, it was also found that the same degradation
products were obtained by different process; for example, 2d
could be obtained from path 1 and 2 and 2e from path 2 and 3.
This means the degradation process is very complicated and needs
to be clearly elucidated in further research.

By comparison of the products of GC-MS and LC-MS, it was
found that the molecular weights of compounds were less than
211 in GC-MS spectrum. The reason might be that the chemicals
with the motif of 1-((6-chloropyridin-3-yl)methyl)octahydro-
imidazo[1,2-a]pyridine could not be detected in GC-MS. In
addition, it was obviously observed that all of the compounds
identified in GC-MS could not be detected in the experiment of
LC-MS, except 7-methyl-2,3,6,7-tetrahydroimidazo[1,2-a]pyri-
dine-5(1 H)-one (2n). It was easy to understand as the amount
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Figure 5. Amount of photoproduct 1-((6-chloropyridin-3-yl)methyl)-7-
methyl-5-propoxyhexahydroimidazo[1,2-g]pyridin-8(5H)-one (1¢) formed
during IPPA152004 photodegradation with the concentration of 1 x 1073
mol L™ irradiated with a 300 W high-pressure mercury lamp.
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of degradation products of IPP152004 in GC-MS analysis was
500 times than that of LC-MS.

On the basis of the analysis of photodegradation pro-
ducts of IPPA152004, a distinct photolysis pathway is
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Figure 6. Proposed daughter ions and clearage pathways for 1¢ by LC-
MS/MS.

Table 5. GC-MS Retention Times (fz) and Mass Spectral Data of Photoproducts of IPPA152004

code g (min) compound name

GC-MS fragment [m/z (relative abundance)]

29 19.430  5-((1H-imidazol-1-yl)methyl)-2-chloro-
pyridine

2i 19.925  2-chloro-1,6-naphthyridin-8-amine

2l 9.582  7-methyl-1,2,3,7-tetrahydroimidazo-
[1,2-a]pyridine

2p 17.501  7-methylhexahydroimidazo[1,2-a]pyridine-
5,8-dione

2q 8.592  N-((6-chloropyridin-3-yl)methyl)formamide

2r 15.588  6-chloronicotinamide

2s 8.268  6-chloronicotinonitrile

2t 8.265  6-chloronicotinaldehyde

2u 10.832  methyl 6-chloronicotinate

2w 10.546  2-chloro-5-(chloromethyl)pyridine

2j 22,609  1-((6-chloropyridin-3-yl)methyl)-

imidazolidin-2-one

193 (36.9), 195 (13.6), 126 (100), 128 (34.2), 99 (13.1), 90 (15.6)

179 (100), 181 (34.3), 144 (62.2), 146 (21.6), 126 (35.4), 128 (11.2)
168 (34.6), 99 (100)

140 (100), 112 (43.5), 103 (13.0), 85 (10.0), 76 (20.1), 51 (17.1)

170 (75.4), 172 (28.2), 150 (48.1), 152 (14.2), 141 (100), 143 (31.5), 126 (33.3), 128 (10.2), 114 (29.6), 78 (33.3),
80 (10.1)

156 (68.9), 158 (26.4), 140 (100), 142 (35.2), 112 (42.6), 114 (12.6), 76 (21.3)

140 (100), 142 (38.1), 112 (47.8), 114 (15.7), 76 (19.6)

140 (100), 142 (17.6), 112 (43.5), 114 (12.9), 103 (13.0), 85 (10.0), 76 (20.1), 51 (17.1)

171 (26.9), 173 (9.6), 140 (100), 142 (35.2), 112 (42.4), 114 (13.1), 85 (13.8), 76 (16.7)

161 (25.1), 163 (9.2), 126 (100), 128 (35.7), 99 (13.6), 90 (16.5), 63 (13.6)

211 (100), 213 (36.2), 182 (16.1), 140 (28.2), 126 (56.4), 128 (16.8), 99 (41.9), 101 (13.2)
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Figure 7. Hypothetical photodegradation pathway of IPPA152004 by photolysis.

shown in Figure 7. The photodegradation of IPPA152004
mainly occurred on the tetrahydropyridine ring rather than
on the imidazolidine ring, including the elimination of nitro
and photooxidation as shown in Figure 7. However, in the
normal degradation pathway of imidacloprid, cleavage of the
imidazolidine ring was usually detected. Moreover, the degra-
dation products of imidacloprid were strikingly different from
their parent compound, but most degradation products of
IPPA152004 had a scaffold similar to that of the tetrahydro-
pyridine ring. This result was in accordance with the analysis of
UV spectra.

=N
=
NH2 N o/
P
Cl N
2u

In conclusion, photodegradation of novel nitromethylene
neonicotinoids with tetrahydropyridine-fixed cis configuration
IPPA152001 and IPPA152004 in aqueous solution had been
studied in distilled water using a high-pressure mercury lamp and
a xenon lamp as light source. The results of photodynamic
experiments showed that IPP152001 and IPPA152004 in aqu-
eous solution followed pseudo-first-order kinetics. Compared
with imidacloprid, the order of photodegradation of these
compounds was as follows: imidacloprid > IPP152001 >
IPPA152004-2 > IPPA152004-1. The introduction of a tetrahy-
dropyridine ring into NTN32692 was beneficial to increase the
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photostability of nitromethylene analogues of imidacloprid.
Moreover, there is a difference between the photodegradation
rate of a pair of epimers. Using GC-MS, LC-TOF-MS with ESI
positive mode, and LC-MS/MS, photodegradation products of
IPPA152004 had been preliminarily identified, and a possible
explanation of the photodegradation pathways of IPPA152004
was also proposed. The photodegradation pathways of
IPPA152004 were partially in accordance with the traditional
degradation pathway of imidacloprid, whereas the main photo-
lysis was different. Consequently, the main photochemical pro-
cess occurred on the tetrahydropyridine ring, including elimi-
nation of nitro and photooxidation.
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