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The Neonicotinoid Electronegative Pharmacophore Plays the Crucial Role in the
High Affinity and Selectivity for theDrosophilaNicotinic Receptor: An Anomaly
for the Nicotinoid Cation-xz Interaction Model
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ABSTRACT. Cation— interaction, a prominent feature in agonist recognition by neurotransmitter-gated
ion channels, does not apply to the anomalous action of neonicotinoids at the insect nicotinic acetylcholine
receptor (NAChR). Insect-selective neonicotinoids have an electronegative pharmacophore (tip) in place
of the ammonium or iminium cation of the vertebrate-selective nicotinoids, suggesting topological
divergence of the agonist-binding sites in insect and vertebrate nAChRs. This study defines the molecular
and electronic basis for the potent and selective interaction of the neonicotinoid electronegative
pharmacophore with a unique subsite of wsophilabut not of the vertebrate452 nAChR. Target

site potency and selectivity are retained when the usual neonicoliitioimine &ENNO,) electronegative

tip is replaced witiN-nitrosoimine &NNO) or N-(trifluoroacetyl)imine ENCOCE;) in combination with

an imidazolidine, imidazoline, thiazolidine, or thiazoline heterocycle. X-ray crystallography establishes
coplanarity between the heterocyclic and imine planes, including the electronegative substituent in the
transconfiguration. The functional tip is the coplanar oxygen atom ofNk@trosoimine or the equivalent
oxygen of theN-nitroimine. Quantum mechanics in the gas and aqueous phases fully support the conserved
coplanarity and projection of the strongly electronegative tip. Further, a bicyclic analogue with a nitro tip
in the cis configuration but retaining coplanarity has a high potency, whereadlnéuoromethane-
sulfonylimine &ENSO,CFs) moiety lacking coplanarity confers very low activity. The coplanar system
between the electronegative tip and guanidiamidine moiety extends the conjugation and facilitates
negative charged(") flow toward the tip, thereby enhancing interaction with the proposed cationic subsite
such as lysine or arginine in therosophilanAChR.

Drosophila nicotinic acetylcholine receptors (NAChRs) nAChRs are poorly understood compared with those of
mediate rapid excitatory neurotransmission and are largelyvertebrate NAChRSs2(-6).
expressed in synaptic neuropil regions of the central nervous  Neonicotinoids are one of the most important classes of
system {). They consist of heteromeric complexes made up insecticides, and they are very effective probes for structural

of multiple subunits, i.e., foun-type (ALS/Dol—Da4) and
threef-type (ARD, SBD, and [B3) with additional candidate

investigations of insect NAChRs. They act as agonists at
nanomolar levels4). A neonicotinoid affinity chromatog-

subunit genes predicted from genome analyses. Howeverraphy matrix has been used to isolate the nafivesophila

the functional architecture and diversity of nat@esophila

T This work was supported by NIH Grant RO1 ES08424.

*To whom correspondence should be addressed: Environmental

Chemistry and Toxicology Laboratory, 114 Wellman Hall, Department
of Environmental Science, Policy and Management, University of
California, Berkeley, CA 94720-3112. Phone: (510) 642-5424. Fax:
(510) 642-6497. E-mail: ectli@nature.berkeley.edu.

* Environmental Chemistry and Toxicology Laboratory, Department
of Environmental Science, Policy and Management, University of
California, Berkeley.

8 These authors contributed equally to this study.

"Molecular Graphics Facility, College of Chemistry, University of
California, Berkeley.

U University of California, Davis.

! Abbreviations: ACh, acetylcholinei452, major nAChR subtype
in vertebrate brain; DFT, density-function theory; ESP, electrostatic
potential; 1Go, molar concentration of the test compound required for
50% inhibition of specific radioligand binding; IMI or3f]IMI,
imidacloprid or its tritiated form; nAChR, nicotinic ACh receptor.

10.1021/bi0300130 CCC: $25.00

NAChR (7). Da2 is the principal neonicotinoid-binding sub-
unit identified by immunoblotting with a specific antibody
(8) and photoaffinity labeling with neonicotinoid radioprobes
(9, 10).

Cation—u interaction is a prominent feature in the recog-
nition of agonists by the vertebrate nAChRL(12). How-
ever, this model does not apply to the anomalous action of
neonicotinoids at the insect nAChR. Neonicotinoids have
excellent selectivity for insect versus mammalian nAChRs,
thereby contributing to the toxicity to insects and safety for
mammals. The unique aspect of the neonicotinoid structure
is an electron-withdrawingN-nitroimine &ENNOy), N-cy-
anoimine £NCN), or nitromethylenetCHNGO;) substituent
(Figure 1). In contrast, the nicotinoids, including nicotine,
epibatidine, and the N-unsubstituted imine (desnitro or
descyano) analogues of neonicotinoids (cationic compounds)
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Ficure 1. Structures of neonicotinoids (X is a nitroimine, cy-
anoimine, or nitromethylene substituent) selective for Bineso-

philanAChR and nicotinoids [N-unsubstituted imines){nicotine,
and @)-epibatidine] selective for the vertebrate nAChR. The

neonicotinoids are not protonated, whereas the nicotinoids have a

basic nitrogen atom which is protonated at physiological pH.

(Figure 1), selectively interact as nicotinic agonists with the
mammalian nAChR subtypes and are selectively toxic to
mammals 13—15). This apparent reversal of structti@ctiv-

ity relationships between insects and mammals is attributed

to the nonprotonatable property of the neonicotinoids and
the cationic nature of the secondary or tertiary amine
(@ammonium ion) and the N-unsubstituted imine (iminium
ion) moieties of nicotinoids under physiological conditions.
This study defines the molecular and electronic basis for
the potent and selective interaction of the neonicotinoid
electronegative ) pharmacophore (tip) with a unique
cationic subsite of th®rosophilanAChR. Eleven ligands
are employed as structural probeN:[(6-chloropyridin-3-
yl)methyl]imidazolidines, -imidazolines, -thiazolidines, or
-thiazolines with arN-nitroimine (=NNO,), N-nitrosoimine
(=NNO), N-(trifluoroacetyl)imine &£NCOCF), or N-trif-
luoromethanesulfonylimine$NSO,CF;) substituent (Table
1). Target site potency and selectivity are evaluated for
Drosophila and vertebratex432 nAChRs. The biological
findings are then related to three molecular features of
neonicotinoids: conformations atiins andcis configura-
tions based on X-ray crystallography, electrostatic potential
(ESP) mapping on the molecular surface, and energy
assessments determined by high-legél initio quantum
mechanics. We conclude that the excellent selectivity of
neonicotinoids for the insect nAChR can be attributed to an
electronegative tipcationic subsite interaction, the opposite
of the nicotinoid catior interaction model for the verte-
brate receptor.

EXPERIMENTAL PROCEDURES

Synthesisimidacloprid (IMI, 1a), 1-(6-chloropyridin-3-
ylmethyl)-2-nitroiminoimidazolineZa), and 3-(6-chloropy-
ridin-3-ylmethyl)-2-nitroiminothiazoline4a) were obtained
or prepared according to the method of Zhang et H).(
1-(6-Chloropyridin-3-ylmethyl)-2-nitrosoiminoimidazoli-
dine (Lb) was synthesized by catalytic reductionlaf(17),
and the X-ray structure is given in Figure 2. The compounds
below were also synthesized specifically for this study and
characterized by FAB-HRMS and NMR spectroscopy for
solutions in chlorofornd.

1-(6-Chloropyridin-3-ylmethyl)-2-nitrosoiminoimidazo-
line (2b). A solution of compoun@c (prepared as described
below) (100 mg, 0.33 mmol) in anhydrous ammonia in

Tomizawa et al.

Table 1: StructureActivity Relationships of Neonicotinoids with
N-Nitroimine, N-Nitrosoimine,N-(Trifluoroacetyl)imine, and
N-Trifluoromethanesulfonylimine Moieties

A B
C\~ AN NH AN NH AN, s5 AN, 55
o || 1Y 20 31 eY
Imidazolidine Imidazoline Thiazolidine Thiazoline

toxicity receptor potency 6
to housefly [nM £ SD (h= 3)]°

neonicotinoid mortality (%) vertebrate

(substituent) (at 0.1u9/g) Drosophila 0432 subtype
imidazolidines {)

1a(NNOy) 74 4.6+ 0.5 2600+ 90

1b (NNO) 58 51+ 5.0 850+ 26
imidazolines B)

2a(NNOy) 70 1.7+ 0.7 1700+ 330

2b (NNO) 50 70+ 6.2 3500+ 550

2c(NCOCHR) 31 7.7+ 0.7 NT
thiazolidines 8)

3a(NNOy) 72 57+ 1.0 1800+ 160

3b (NNO) 50 47+ 1.3 230+ 7
thiazolines 4)

4a(NNOy) 70 0.70+ 0.08 620+ 40

4b (NNO) 52 8.6+ 0.2 91+ 11

4c(NCOCHR) 28 3.1+ 1.0 NT

4d (NSO.CF) 0 1600+ 400 NT

a Pretreated topically with 10@g of O-propyl O-(2-propynyl)phen-
ylphosphonate per gram as a P450 inhibitor before intrathoracic
administration of the test compoundld was injected at a dose of 5
ug/g. All compounds were compared in the same experiment with 50
flies per group and relationships confirmed in a second experiment.
b Assayed with 3 nM JH]IMI and 10 nM [PH]nicotine binding to the
Drosophilaand o452 nAChRs, respectively.Not tested. The corre-
sponding N-unsubstituted imines (possible trace impurities and hy-
drolysis products) have Wgvalues of -8 nM at thea42 receptor
but have negligible potency at tiigrosophilareceptor {4).

Ficure 2: X-ray crystallographic structures of neonicotinoids
shown as Oak Ridge thermal ellipsoid plots. Although images are
not shown, bottib and3b have two independent molecules in the
asymmetric unit.

methanol (2.0 M, 5.0 mL) was stirred at room temperature
for 48 h. After evaporation, the residue was purified by
preparative silica gel TLC with methylene chloride and
methanol (10:1) to give a solid (48 mg, 71%). Into a solution
of this material (40 mg, 0.19 mmol) in tetrahydrofuran (2.0
mL) was added isoamyl nitrite (24_) at 0 °C. The solution
was then stirred at room temperature overnight and evapo-
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rated, and the residue was purified by silica gel column
chromatography with methylene chloride and methanol (10:
1) to give2b (20 mg, 44%)H NMR 6 8.28 (d, 1H,J =
2.0 Hz), 7.56 (s, 1H), 7.38 (dd, 1H,= 2.6, 8.2 Hz), 7.32
(d, 1H,J = 8.2 Hz), 7.11 (s, 1H), 6.88 (s, 1H), 5.14 (s, 2H);
13C NMR 6 151.7, 148.4, 137.6, 137.2, 130.8, 130.5, 124.7,
118.9, 47.5.
1-(6-Chloropyridin-3-ylmethyl)-2-trifluoroacetyliminoimi-
dazoline Rc), 3-(6-Chloropyridin-3-ylmethyl)-2-nitroimi-
nothiazolidine 8a), 3-(6-Chloropyridin-3-ylmethyl)-2-tri-
fluoroacetyliminothiazoline4c), and 3-(6-Chloropyridin-3-
ylmethyl)-2-trifluoromethanesulfonyliminothiazolin), The
four starting materials were 2-trifluoroacetylaminoimidazole
(18), 2-nitroamino-2-thiazoline 19), 2-trifluoroacetylami-
nothiazole [prepared from 2-aminothiazole by a general
procedure18)], and 2-trifluoromethanesulfonylaminothiazole
(20). They were allowed to react individually (1.0 mmol)
with equimolar 6-chloro-3-chloromethylpyridine in the pres-
ence of KCO; (276 mg) in dimethylformamide (5.0 mL) at
55 °C overnight. The solvent was then removed under
vacuum and the residue subjected to silica gel chromatog-
raphy with methylene chloride and methanol (10:1) to give
2¢, 3a, 4¢, and4d as solids 16). 2c. 46% vyield; mp 193
195°C; 'H NMR 6 12.43 (br s, 1H), 8.44 (br s, 1H), 7.80
(d, 1H,J = 8.2 Hz), 7.52 (d, 1HJ) = 8.2 Hz), 7.29 (s, 1H),
6.96 (s, 1H), 5.14 (s, 2H)}3C NMR 6 161.4 (q,J = 33.7
Hz), 149.8, 149.6, 147.3, 139.5, 131.4, 124.2, 117.4 (4,
287.5 Hz), 115.7, 113.5, 44.6; FAB-HRMS calcd fonEs-
CIFsN4O (MH*) 305.0417, found 305.0413a: 73% yield,;
mp 133-134°C;*H NMR ¢ 8.41 (d, 1HJ = 2.1 Hz), 7.83
(dd, 1H,J = 2.6, 8.2 Hz), 7.55 (d, 1H] = 8.2 Hz), 4.77 (s,
2H), 3.90 (t, 2HJ = 7.7 Hz), 3.31 (t, 2HJ) = 7.7 Hz);'%C
NMR 6 174.3, 149.7, 149.4, 139.5, 130.3, 124.3, 51.6, 47.8,
26.9. The X-ray structure is given in Figure4z: 73% yield;
IH NMR 6 8.46 (d, 1H,J = 2.6 Hz), 7.78 (dd, 1H) = 2.6,
8.2 Hz), 7.36 (d, 1HJ = 8.2 Hz), 7.19 (d, 1HJ = 4.6 Hz),
6.93 (d, 1H,J = 4.6 Hz), 5.43 (s, 2H)}*C NMR ¢ 161.4
(q,J = 33.7 Hz), 149.8, 149.6, 147.3, 139.5, 131.4, 124.2,
117.4 (q,J = 287.5 Hz), 115.7, 113.5, 44.6. The X-ray
structure is given in Figure 2id: 61% yield;'H NMR ¢
8.37 (d, 1H,J = 2.1 Hz), 7.67 (dd, 1HJ = 2.1, 8.2 Hz),
7.35(d, 1HJ= 8.2 Hz), 7.12 (d, 1HJ = 4.6 Hz), 6.79 (d,
1H, J = 4.6 Hz), 5.25 (s, 2H)!3C NMR ¢ 169.5, 152.0,
149.1, 139.1, 128.8, 126.8, 124.8, 119.8J 319.0 Hz),
110.2, 48.9; FAB-HRMS calcd for gHsCIFN30,S,; (MH™)
357.9698, found 357.9673.
3-(6-Chloropyridin-3-ylmethyl)-2-nitrosoiminothiazoli-
dine @b). A solution of isoamyl nitrite (0.75 g, 6.4 mmol)
in chloroform (2.0 mL) was added to 3-(6-chloropyridin-3-
ylmethyl)-2-iminothiazolidine 21) (400 mg, 2.1 mmol) in
chloroform (10 mL) at O°C followed by introduction of a
catalytic amount op-toluenesulfonic acid. The solution was
stirred overnight at room temperature. Evaporation followed
by column chromatography with ethyl acetate and hexane
(2:1) provided3b as an orange solid (120 mg, 26%)
NMR 6 8.32 (d, 1HJ = 2.6 Hz), 7.64 (dd, 1H) = 2.6, 8.2
Hz), 7.32 (d, 1HJ = 8.2 Hz), 4.85 (s, 2H), 3.98 (t, 2H,=
7.7 Hz), 3.39 (t, 2HJ = 7.7 Hz);3C NMR ¢ 189.2, 152.1,
149.4, 139.2, 128.8, 125.0, 52.0, 48.3, 26.8; FAB-HRMS
calcd for GH1oCIN4OS (MH") 257.0264, found 257.0265.
The X-ray structure is given in Figure 2.
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3-(6-Chloropyridin-3-ylmethyl)-2-nitrosoiminothiazolingj.

To a solution of 3-(6-chloropyridin-3-ylmethyl)-2-iminothia-
zoline HCI salt 21) (260 mg, 1.0 mmol) in water (10 mL)
was added sodium nitrite (90 mg, 1.3 mmol) in water (3.0
mL). The solution was adjusted to pH-3 with 2 N HCI
and stirred for 30 min at room temperature. Methylene
chloride (20 mL) was added, and the organic layer was
washed with brine and concentrated to dryness to glve
as a yellow solid (88 mg, 34%)*H NMR ¢ 8.41 (d, 1H,J
=2.1Hz), 7.74 (dd, 1H) = 2.6, 8.2 Hz), 7.42 (d, 1H] =

4.6 Hz), 7.27 (d, 1HJ = 8.2 Hz), 6.80 (d, 1HJ = 4.6 Hz),
5.53 (s, 2H)*3C NMR 6 152.0, 149.4, 139.1, 129.1, 127.3,
124.7, 110.7, 49.7; FAB-HRMS calcd forgdsCIN,OS
(MH") 255.0107, found 255.0104.

X-ray Crystallography.Compoundslb, 3a, 3b, and 4c
were allowed to crystallize from ethanol with slow evapora-
tion at room temperature. X-ray analysis was carried out with
a Siemens P4 diffractometer equipped with a LT-2 low-
temperature apparatus using a Cu rotating anode X-ray source
for 1b, 3a, and3b. Data for4c were collected on a Bruker
SMART 1000 diffractometer equipped with a Cryo Industries
low-temperature apparatus. Crystal data are available at the
Cambridge Crystallographic Data Center (CCDC). Copies
of the data can be obtained free of charge from CCDC, 12
Union Road, Cambridge CB2 1EZ, U.K. [fax}-44) 1223-
336-033; e-mail, deposit@ccdc.cam.ac.uk].

Quantum Chemistry Calculation®ll density-function
theory (DFT) calculations were performed using Jaguar 4.1
release 45 (Schdinger Inc., Portland, OR) on Linux and
Silicon Graphics workstations. Single-point calculations were
performed on X-ray crystal structures using a self-consistent
field calculation of the DFT wave function with a fine grid
density. B3LYP/6-311G** 22—24) was chosen for all
systems on the basis of results published for nicot&#. (
Optimizations were performed at this same level of theory
using the default algorithm. When available, optimizations
were started from the X-ray crystal structure data. Solution
phase results were similarly constructed, starting with gas
phase-optimized systems. Specifically, solution phase ener-
gies were calculated using a self-consistent reaction field
method. Jaguar’s PoisseBoltzmann solver 46, 27) was
utilized with all default settings configured for the water
model. Density and potential files were prepared using
Jaguar’s plot functionality. The plot grids used eight points
per angstrom in a box whose extents were configured to be
at leas 3 A beyond the atomic nuclei on each Cartesian axis.
The ESP image was obtained by mapping the potential onto
the van der Waals surface with gOpenMol (version 228).(

Biology. Receptor binding experiments were performed
at pH 7.4. The potency of test compounds for the nAChR
from Drosophila melanogasteheads was determined by
displacement of 3 nM3H]IMI binding (7). Binding of 10
nM [3H]nicotine to the vertebrate42 nAChR subtype
expressed in mouse fibroblast M10 cells was performed
according to the method of Tomizawa and Casii).(ICso
values (molar concentrations of test compounds for 50%
inhibition of specific radioligand binding) were calculated
by iterative least-squares regression using Sigmaplot (Jandel
Scientific Software, San Rafael, CA). The toxicity of test
compounds to adult female housefliddusca domestida
was evaluated by intrathoracic injection following pretreat-
ment with a P450 inhibitor30, 31).
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RESULTS 2.48, 2.48, 2.66, and 2.96 A, respectively, for the oxygen
atom. None of these correspond to strong and directional
influences in the crystal structures. This is not surprising since

cotinoid heterocycles wittN-nitroimine, N-nitrosoimine, j, 15 and1b there are intermolecular donor hydrogen atoms
N-(trifluoroacetyl)imine, oN-trifluoromethanesulfonylimine from imidazolidine N-H groups, but in all other cases, they

substituents were compared for receptor potency and toxicity .o groups. Of the &H hydrogens, the most acidic
to l\_/lusca In_the imidazolidine, imidazoline, ar!d_ th|az_oI|ne one appears to be that next to the pyridinyl chlorine, as it is
series, the nitroso compoundsH(2b, and4b) exhibited high i, 61ved in intermolecular contacts ita, 1b, 3b, and4c.
affinity for the DrosophllanChR with potency loss .Of in_y (b) Orientation and Configuration of the Electron-
11~41-fold compared with the cprrespondmg !’"“O'm'”e Withdrawing Tip (Figure 2).The N-nitroimine, N-nitroso-
analoguesia, 2a, and4a). Interestingly, thiazolidine neo- e * o N-(trifluoroacetyl)imine substituent in each com-

nicotinoids with nitro 8a) and nitroso 8b) substituents : ; :
. . . ) pound (Lb, 3a, 3b, and4c) has thetrans configuration E in
displayed the same high affinity for tiizrosophilareceptor. —jijalidine andz in thiazolidine or thiazoline) relative to

The new imidazoline and thiazoline neonicotinoids with the P ; :

: o . o the chloropyridinylmethyl moiety. The nitroso oxygen atom
2-(trifluoroacetyl)imine groupc and4c) had high affinity 51y i 1 and3b wasanti to the five-membered ring and
for the Drosophila nAChR, within 2-fold of that ofla horizontally extended from the imine plane. The trifluoro-

Holyvgver, cgm_poundﬂfd W'thf a 2-tr||f|u&)'ro'm'etr?adnesulfo- methyl tip of theN-(trifluoroacetyl)imine substituent idc
nylimine substituent was of greatly diminished receptor a5 3iseanti to the heterocycle with a horizontal projection.

potency (516-fold less active thake with the 2-trifluoro- (c) Coplanarity between Heterocyclic and N-Substituted
acetylimine substituent). All of the parent nitroimines were Imine Moieties.One of the common molecular features

toxic to Muscaat a dose of 0.19/g With. 70—.74% mor.tality. observed here idb, 3a, 3b, and4c, as withla and other
The other compounds were less toxic with mortality at 0.1 imidazolidine neonicotinoids 3¢), was the coplanarity

0 . . . 0 . . ! . . . .
ug_/g of 50—58/? fc_)r the nitrosoimines and 281 /°_f°_r the between the heterocyclic ring and the guanidine or amidine
(trifluoroacetyl)imines. Trifluoromethanesulfonylimingd moiety with the electron-withdrawing tip, compared as

was ineffective even at g/g.. _ o _ torsion angles and average deviations from least-squares
Neonicotinoids with nitroimine and nitrosoimine substit- planes (Table 2). The coplanarity between the guanidine or

uents were poorly effective on the vertebra#52 nAChR 5 midine moiety and the electronegative tip is clear from the

subtype (IGs = 230-3500 nM) except compountb which corresponding torsion angles, all close thd 180, the

was more potent (16 = 91 nM). (Trifluoroacetyl)imines N1—C1-N2—N3 angle inlb, 33 and3b and the N+-C1—

2c and 4c and trifluoromethanesulfonyliminéd were not N2—C2 angle in4c as with those for the N2C1—N2—N3

tested with thex452 nAChR because their N-unsubstituted angle inla (Table 2). In addition, planarity for the five-

imines (possible trace hydrolysis products) in even 1% membered ring was observed in compouddisand 4c as
amounts would interfere with potency evaluation (Table 1). \ye|l as1a as indicated by their torsion angles being close

The neonicotinoids shown in Table 1 are-iI000-fold o 0° or 18 shown in the third and fourth rows of Table 2.
more potent at th@rosophilanAChR than the vertebrate However, the five-membered ring was distorted in com-
a4f32 receptor, a relationship that extends to the nitrometh- pounds3a (11.0° for the N1-C1—S1—C2 torsion angle and
ylene and cyanoimine analogues with 2&00-fold selec- 26.6° for the C2-C3—N1—C1 torsion angle) an@b (8.8°
tivity (14, 16). for the C2-C3—N1-C1 torsion angle). In contrast, in

X-ray Crystallography. (a) General Geometric Features methyl-1athe N1—C1—N2—N3 torsion angle was twisted
of Neonicotinoid CrystalsThe crystal structures (Figure 2) by 67.2 and the C2C3—N1—C1 torsion angle of the
define the conformational relationships between the pyridine imidazolidine plane was also distorted (19.882). Average
plane and heterocyclic ring/N-substituted imine plane as deviations from least-squares planes are 02630 forla,
illustrated here by the NAC4—C5—C6 (in 1b, 3a, and3b) 1b, 3b, and4c, confirming the overall coplanarity between
or N1-C6—C7—C8 torsion angles (in4c). The angle  the heterocyclic and N-substituted imine moieties, and 0.100
between these two planes is dependent on the N-substituentgslight distortion) for 3a. However, major distortion is
la (32) and3a with the nitro group have similar angles of observed fomethyl-1a with a value of 0.330 (Table 2).

Structure-Activity Relationships (Table 1)Four neoni-

—62.8 and 119.4 (equivalent to—60.6), respectivelylb ESP SurfaceThe ESP was mapped onto the van der Waals
and3b with the nitroso group have similar angles-0139.2° surface of five neonicotinoidsl, 1b, 3a, 3b, and4c) and
and 139.7, respectively 4c with the trifluoroacetyl group of two corresponding N-unsubstituted imineslaf and 3a
has an angle of-85.4. (protonated at physiological pH). For the neonicotinoids,

The intermolecular interactions in the solid state involve there is in each case a prominent negative ESP region (illu-
a competition between three primary acceptor regions: thestrated as reddish-orange in Figure 3a) with localization at
chlorine of the pyridinyl group, the nitrogen of the pyridi- exactly the same position of the electron-withdrawing group.
nyl group, and an oxygen atom of teNNO,, =NNO, or A significant positive nature is not observed in any case for
=NC(O)CF; substituent. However, the balance among these the N1 atom, while marginally positive ESP is evident for
acceptors is easily tipped according to crystal packing so all the atoms of the heterocyclic ring moiety. These molecular
the dominant acceptor is not readily evident. The distancesshapes are optimized from and consistent with their crystal
of shortest intermolecular hydrogen bonding with, the structures. In marked contrast to the neonicotinoids (Figure
N-methyl analogue ofa (methyl-1a) (32), 1b, 3a, 3b, and 3a), a fully positive cationic character is observed for the
4care 3.12, 2.89;-, 3.05, 2.94, and- A, respectively, for protonated N-unsubstituted imines (Figure 3b).
the chlorine atom;>2.8, 2.43, 2.53, 2.49, 2.49, and 2.76 A, Configuration of trans- and ci¢a and Conformation of
respectively, for the pyridinyl nitrogen atom; and 2.20, 2.40, Bicyclic and N-Trifluoromethanesulfonylimine Analogues.
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Table 2: Coplanarity of Heterocyclic and N-Substituted Imine Moieties of Neonicotinoids Based on X-ray Crystallégraphy

C3 C2 C3 C2 C3 C2 C3 C2 C5 C4
N1 N1 N1 N1 N1
A N4 A N4 A N4 A ST S1
C1 02 C1 C1 C1 C1 o1
N2
N2 N3g-002 N2 ®N3 N2 ®N3 N2 97,
N3 c3
o1 o1 o1 o1
1a methyl-1a 1b 3a 3b 4c
comparison by atom sequences and torsion angles (degree) ¢
C1-N2-N3-0O1: C1-N2-N3-01: C1-N2-N3-0O1: C1-N2-N3-01: C1-N2-N3-01: C1-N2-C2-01:
179.5 -171.3 180.0 175.1 -177.3 0.0°
N1-C1-N2-N3: N1-CI1-N2-N3: N1-C1-N2-N3: N1-C1-N2-N3: N1-CI1-N2-N3: N1-C1-N2-C2:
176.4 67.2 -174.9 178.1 177.7 -177.0
N1-C1-N4-C2: N1-C1-N4-C2: N1-C1-N4-C2: N1-C1-S1-C2: N1-C1-S1-C2: N1-C1-S1-C4:
-0.6 2.7 2.8 11.0 -2.8 -1.3
C2-C3-N1-C1: C2-C3-N1-Cl1: C2-C3-N1-C1: C2-C3-N1-C1: C2-C3-N1-Cl1: C4-C5-N1-C1:
6.4 -16.9 22 -26.6 8.8 -1.0
comparison by average deviation from least-squares plane (A)
0.030 0.330°¢ 0.026 ¢ 0.100 0.030¢ 0.030

a A planar moiety gives a torsion angle df 6r 180, and divergence from planarity is the difference in the absolute value ffanI8C. ® The

C1—N2—C2—C3 torsion angle is-178.8. ¢ The corresponding value without the nitro group is 0.076' A.second independent molecule in the
asymmetric unit gave a values of 0.041 A fs and 0.043 A for3b. ¢ A in the above structures refers to the 6-chloropyridin-3-ylmethyl moiety
(see Table 1). Data fata and methyl-1a are based on Kagabu and MatsuB@)(

the gas phase, thens Eisomer oflawas more stable than

(4d) (Table 3). As with the other compounds, the amidine

thecis Zisomer (Figure 4) with an energy difference of 9.9 moiety was coplanar with the thiazoline ring as indicated

kcal/mol (which corresponds to 0.000005% of thes
Z-isomer at the standard temperature). Optimizaeds-(E)-

by their torsion angles of 9°6and 1.7 (N1-C1—-N2—-S2
and CEN2—-S2-02, respectively). The thiazoline ring itself

lahad a geometry in the gas phase very close to that in thewas not distorted (torsion angles of 2.and 3.8 for

crystal state 32). In addition, the optimizedrans and cis

N1-C1-S1-C3 and C3-C4—N1-C1, respectively). In

geometries in the gas phase were very similar to those incontrast to the other neonicotinoids, O1 or C2 of the tri-

the aqueous phase whetrans(E)-1a was preferred with

fluoromethanesulfonyl moiety (43.2nd 65.8 for C1-N2—

an energy difference of 6.7 kcal/mol (corresponding to S2—01 and C+N2—-S2—C2, respectively) is oriented out

0.0012% of thecis Zisomer in the equilibrium state). Thus,

cis-(2)-1lais energetically unfavorable and can therefore not

be tested. Accordinglygis-(Z2)-1a was evaluated as the gas

phase-optimized structure and found to have significant dis-

tortion both in the nitroguanidine plane (EN2—N3—01
and NI-C1-N2—N3 angles distorted by 255and
28.2) and in the imidazolidine ring (N2 C1—N4—C2 and
C2—-C3—N1-C1 angles distorted by 16.0and 17.3,
respectively) (Table 3).

A bicyclic neonicotinoid analogue, 6-methyl-1-[(6-chloro-
3-pyridinyl)ymethyl]-1,2,3,5,6,7-hexahydro-8-nitroimidazo-
[1,2c]pyrimidine (compoundb), was of particular interest
because the nitro group s to the chloropyridinylmeth-
yl moiety yet has very high potency3%). In the gas
phase-optimized structure, compoubdvas almost flat or
slightly distorted (only 4.712.2) in the nitroethene plane

of the coplanar system of the amidine and thiazoline moieties.

DISCUSSION

The neonicotinoids and nicotinoids have some common
structural features but are distinctly different in being
nonprotonated and predominantly protonated, respectively,
at physiological pH. The nonionic nature of neonicotinoids
under physiological conditions is evident from comparison
of HPLC retention times under neutral, acidic, and basic
conditions (4, 34). Further, the principal neonicotinoid IMI
(1a) has K, values of 1.56 and 11.12 (see the structure of
1a) (35), indicating that<0.0002% ofla is protonated at
pH 7.4. This feature of neonicotinoids is an obvious deviation
from the cationic ligands selective for vertebrate receptors
and therefore an anomaly for the nicotinoid cation
interaction model 11).

(C1-C2—-N2—-01 and N}C1-C2—N2), while torsion pKa=1.56 __ pKa=11.12

angles of the imidazolidine ring (NAC1-N3—C3 and /N’%NHZ-——-/N’;NH-——-/ oN

C3—C4—N1—C1) were distorted 11:617.8, comparable NO, NNO, NNO,
1a

to those incis-(2)-1a (Table 3).

The conformation was also examined for the new low-

potency (Table 1N-trifluoromethanesulfonylimine derivative

The high potency and excellent selectivity of neonicoti-
noids for the insect nAChR can be attributed to the dif-
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trans (E)-1a

4c cis (Z)-1a

Ficure 4: Optimized geometries fdrans (E)- andcis (2)-isomers

of 1a in the gas phase by high-levab initio calculation with
B3LYP/6-311G**. Almost the same structures are obtained when
b) optimized in the aqueous phase (images not shown).

same as that between the pyridinyl nitrogen and N1 of the
neonicotinoids (5.456.06 A), consistent with the am-
cl c monium nitrogen and carboxyl oxygen atoms of acetylcho-
T@\/} B\‘” line (ACh) (32). The same relationship was also found in
NG ) g the distance between N1 (or N4) and Ol b& (32).
H'HN(@ H'E@ However, the neonicotinoid N1 atom is marginally positive
on the basis of ESP, Mulliken atomic charge distribution,

FIGURE 3: Electrostatic potential (ESP) mapping on the molecular @nd **N NMR, and this is not correlated to the binding
surfaces of (a) insect-selective neonicotinoids and (b) vertebrate-affinity (refs 14 and39 and this report). Although this weak

selective N-unsubstituted imines (protonated at physiological pH) positive charge on N1 may be slightly improved when the
obtained in the gas phase by high-leasl initio calculation with  “interaction of the nitro oxygen atom with a putative residue

B3LYP/6-311G**. ESP surfaces are shown in red for negative and . . L :
are graded through orange, yellow, and green to blue for positive ©f the receptor (via hydrogen-bonding) is included in a PM3

with an overall energy range of60 to 160 kcal/mol. For  calculation @0), this slightly inducible N16* is not
neonicotinoids (a), optimizations were performed on the basis of comparable to that of the fully positive ammonium nitrogen

CI’yStal structures and the I’eddish-orange-colored l’egion Surroundin%tom Of Vertebrate nlcotlrnc agor'"sts and therefore does not

the nitro, nitroso or trifluoromethyl group (lower right substituent : ; W
of each siructure) corresponds to the electronegaivd (. explain the outstanding potency and excellent selectivity of

Although obscured by the angle shown, the N1 atom does not havel@ compared with those of nicotine~(000-fold) at the
a significant positive character. Drosophilareceptor {4). Further, neonicotinoid N1 is of

sp¥ nature, and the deficient 2p orbital lobes extend vertically
ferential sensitivity of insect versus vertebrate nAChRs, i.e., with respect to the heterocyclic ring; i.e., interaction of this
to topological divergence in their ligand-binding subsites. nitrogen atom with the insect receptor is restricted to this
This hypothesis is addressed here by specifically designingdirection only 82). This differs from the spnature of the
neonicotinoid structural probes featuring variations in the ammonium or pyrrolidinyl nitrogen of nicotine. Interestingly,
electronegative pharmacophore to delineate biologically N1 can be replaced with a carbon atom with retention of
suitable conformations and configurations by structure significant insecticidal activity41). Thus, N1 of neonico-
activity relationship determinations, X-ray crystallography, tinoids may only play a complementary role in the binding
and high-level computer-based molecular modeling. Two interaction and/or selectivity. Other molecular aspects were
analogues from the literaturelg and methyl-1a) and a therefore considered in modeling the neonicotinoid agonist-
theoretical structurecjs-(Z)-1a] are used for comparison.  binding site in theDrosophilanAChR.

Initial Emphasis on the Role of NINicotinoids are Electronegatie Tip.A unique feature of the neonicotinoids
proposed to interact with an aromatieelectron subsite of  is their strongly electronegative tip observed according to
the vertebrate nAChR with a major role for the ammonium the ESP maps at the oxygen (fba, 1b, 3a, and 3b) or
cation, i.e., catiofrsr interaction. This hypothesis was trifluoromethyl substituent (fordc). Again, there is not
modified to fit neonicotinoids, invoking a partially positive sufficient positive charge on N1 to balance the strong
charge ¢*) for the N1 atom conferred by the electron- electronegative charge of the nitro oxygen area, which is
withdrawing nitro or cyano substituer®, 37) to propose evident in the high-levedb initio calculations presented here.
a binding model also supported by QSAR analy8i8).(It Considering the pushpull relationship in this electronic
was noted that the distance between the van der Waalssystem, the corresponding positive charge instead disperses
surfaces of the two nitrogen atoms in nicotine (5.9 A) is the into the whole heterocycle moiety. The orientation of the
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Table 3: Coplanarity of Heterocyclic and N-Substituted Imine-Derived Moieties of Bicyclic Analbgtie Cis ZIsomer ofla, and
Trifluoromethanesulfonylimindd in the Gas Phase by High-Levab Initio Calculation with B3LYP/6-311G**

_ C4 1

N %‘C—k“‘ % ol G583 "32 = N €3s

Y Ot Q N1/ C3 @ CK-A)\C\ ») m | \"f"ﬁh L~
w\?’r“&?ﬁ? S S R il

NO DO > C
AN N2 N2c,

NG o 2

02 g T 02 Yo CZ/( S

1 1 1

I cis (Z)-1a 4d

comparison by atom sequences and torsion angles (degree) ¢

C1-C2-N2-01:175.3 C1-N2-N3-O1: 154.5 C1-N2-82-02: -1.7

NI1-C1-C2-N2:-12.2 N1-C1-N2-N3:-28.2 C1-N2-S2-01: 136.8
N1-C1-N3-C3: 11.6 N1-C1-N4-C2: -16.0 C1-N2-S2-C2: -114.2
C3-C4-N1-C1:-17.8 C2-C3-N1-C1:17.3 N1-C1-N2-82:170.4

N1-C1-S1-C3: 3.5
C3-C2-N1-Cl1:2.7

a A planar moiety gives a torsion angle of 6r 187, and divergence from planarity is the difference in the absolute value ffoar Q8C.

electronegative tip might play an important role in activity.
TheN-nitrosoimines lack the nitro O2 yet retain high affinity
for the Drosophila NAChR, thereby indicating O1 is the
minimum electron-rich tip for binding. The electronegative
nitroso oxygen (O1) oflb or 3b (and possibly by analogy
of 2b or 4b) projects horizontally from the imine plane to
the outside rather than to the position of O2 in the nitroimines
(1a, 2a, 3a, or 4a), suggesting that O1 interacts with the
putative subsite of thBrosophilareceptor. By analogy, the
horizontal trifluoromethyl extension of the (trifluoroacetyl)-

respectively; the double bond may stabilize the planarity of
the heterocycle as observed in comparing torsion angles of
the thiazolidine and thiazoline rings iBa and 4c. A
particularly interesting observation is the equal very high
potency of the thiazolidine nitroimin&&) and nitrosoimine
(3b) even though the heterocyclic ring is flatter in the latter
case. Two analogues lack the required coplanarity and have
low insect receptor potency. Thusgthyl-1a does not have

the coplanarity ofla (32) and is almost 3000-fold less active

at the target site30). The very low receptor potency &

imine moiety corresponds to the O1 atom and would serve with the strong electron-withdrawinfy-trifluoromethane-

as the tip ofdc.

sulfonylimine substituent also can be attributed to the

In marked contrast to the neonicotinoids, the ESP surfacesdrastically disrupted planarity of O1 and C2, but the steric

of N-unsubstituted imines (protonated at physiological pH)
with selectivity for the vertebrate nAChRs are strongly
positive. As with the cationic ligands nicotine and epibati-
dine, the two N-unsubstituted imines with imidazolidine and
thiazolidine rings are highly active at the vertebre#s2
nAChR (affinities of 8 and 4 nM, respectively) but are less
active at theDrosophila receptor (1500 and 200 nM,
respectively) 14).

Coplanarity between Heterocyclic and N-Substituted Imine
Planes. Coplanarity between the heterocyclic and imine

hindrance of the trifluoromethanesulfonyl group might also
be a contributing factor. This strongly supports the hypothesis
that O1 (with coplanarity) of theN-nitroimine or N-ni-
trosoimine is the functional tip. Therefore, as an explanation
for the importance of coplanarity for binding, the orientation
of the heterocyclic and imine moieties (with the electroneg-
ative group) extends the conjugation (resonance) of the
system. This facilitates negative charge)(flow toward the
tip.

Trans/Cis ConfigurationThe configuration of neonico-

planes, including an electronegative substituent, is consideredinoids may be different in solution from that in the crystal

to be an essential feature for high affinity at beosophila
receptor. Inla, O2 of the nitro group forms a pseudoring
via intramolecular bonding with hydrogen on imidazolidine
N4 (O2—H distance= 2.1 A), thereby consolidating the
coplanarity 82). N-Nitrosoiminelb (also expected fo2b)
without the additional O2 maintains the coplanarity and
retains the high level of receptor potency. Thiazo#edand
probably imidazoline2c) with the trifluoroacetylimine tip

state, prompting us to use quantum chemical optimization
for 1a. The trans(E)-1a form is predominant in both the
gas and aqueous phases (Figure 4). In both phases, the
calculated geometry fotrans-(E)-1a is very close to that
observed by X-ray crystallography. Analogues laf and

3a with nitromethylene andN-cyanoimine (thiacloprid)
substituents, respectively, are identified tesns isomers

(E in the former case and in the latter) on the basis of

also conserves the coplanarity between the imine plane andhuclear Overhauser enhancement NMR spectroscopy experi-

the heterocyclic ring. Imidazoline and thiazoline compounds
2a and 4a have enhanced binding affinity compared with
their imidazolidine and thiazolidine analoguga and 3a,

ments in dimethyl sulfoxidels or chloroformd (16, 42).
Thiacloprid is in thetrans (Z)-configuration based on the
crystal geometry and calculated optimization (DFT) in the
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arginine are prominent (and histidine minor) in the extra-
cellular domain of @2 (44) which is the main neonicotinoid-

Drosophila receptor vertebrate receptor

N/L O s H ~6 binding subunit 8—10). Although no direct information is
= > NMNga I-F:)r:\l—Lys Cl— >—x ONH, available about the location of the relevant cationic residue-
N o H ¥ §—°at'°$'n (s), photoaffinity labeling with a suitable neonicotinoid ligand
R H " (16) coupled with computer-assisted docking simulati45) (
. N <t N may help define the orientation of the neonicotinoid elec-
neonicotinoids nicotinoids tronegative tip in the binding domain. These studies will

Ficure 5: Molecular models of binding subsites in tBeosophila facilitate 'understandlng the crucial molecular .dlfferen(.:e
or vertebrate NAChR for electronegativé | neonicotinoids or ~ P€tween insect and vertebrate receptors conferring neonico-

cationic nicotinoids, respectively. The nicotinoid shown represents tinoid selectivity.

a desnitro or descyano neonicotinoid. The electronegative oxygen

or equivalent tip in the neonicotinoid molecule interacts (perhaps CONCLUSION

through electrostatic interaction and/or via hydrogen bonding) with

the DrosophilanAChR subsite consisting of putative cationicamino ~ Agonist ligands acting at the superfamily of neurotrans-

acid residue(s) such as lysine (or arginine). In contrast, the nitrogenmijtter-gated ion channels (including nicotinig;aminobu-
atom of the N-unsubstituted imines serves as a proton acceptortyriC acid, glycine, and serotonin type 3 receptors) are
generating a positive charge on the nitrogen and/or carbon atom of N o
the imine moiety {C—NH, <> C=NH,) under physiological  characteristically cationic in nature. In vertebrate systems,
conditions (4). This iminium cation, as with the ammonium the iminium cation of N-unsubstituted imine analogues of
nitrogen in nicotine and epibatidine, interacts with a specific neonicotinoids or ammonium nitrogen of nicotine, epibati-
ineraction). Neonicotinoid NI with an Smarure may undergo  Cne: OF ACh binds to the subsite4) (right panel in Figure
complementary interaction with thm—elecf:]ons of thg aroma%ic 5). \.Nhl(:h is surrounded by aromatic reS|dqes, including the
amino acid residue (g interaction) on thedrosophilareceptor  cfitical tryptophan ofal, a4, anda7 subunits (and also a
(32, 36, 37). The nitrogen atom of the pyridinyl ring is also an  snail ACh-binding protein); i.e., the cation makes van der
important factor 4, 14). Waals contact with ther-electrons ¢~) of the aromatic
amino acid residueslp, 45—47). As an anomaly, neonico-
tinoid agonists are noncationic and instead provide an
electronegative tip to be recognized by the insect receptor
subsite. This topological divergence Drosophila versus
vertebrate receptor subsites therefore serves as the basis for
the electronegative pharmacophore (e.g., nitro or cyano

gas and water phases with energy differences of 4 and 5
kcal/mol, respectively42).

The trandcis configuration takes on special interest in
comparingtrans-(E)-1a with cis-(2)-1a and the conforma-
tionally constrained with the nitro group in theis position.

The nitroimine plane ofcis-(2)-1a is greatly distorted

(perhaps due to steric crowding), similar to that found for
the crystal geometry ahethyl-1a (32). This suggests that,

even though it cannot be testeds-(2)-1a is probably of

group) determining the excellent selectivity and potency of
neonicotinoids.
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