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Silylated 1 - (4-Ethynylphenyl) -2,6,7-trioxabicyclo[ 2.2.2loctanes: 
Structural Features and Mechanisms of Proinsecticidal Action and 
Selective Toxicity? 
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John E. Casida'J 

Pesticide Chemistry and Toxicology Laboratory, Department of Entomological Sciences, University of 
California, Berkeley, California 94720, and Wellcome Research Laboratories, Berkhamsted, 
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Proinsecticidal action and selective toxicity to houseflies vs mice are characteristic features for most 
of the 18 4-substituted 1-[4-[ (trimethylsilyl)ethynyl]phenyl]-2,6,7-trioxabicyclo[2.2.2]octanes and 13 
silylated analogues examined. Optimal silylated derivatives are equal in insecticidal activity to the 
corresponding highly potent ethynyl compounds, and piperonyl butoxide (PB) strongly antagonizes 
their action. The carbon isostere (Me$ vs Measi) is inactive. Studies with a 3H-labeled (trimethylysily1)- 
ethynyl proinsecticide establish that it undergoes PB-sensitive desilylation and that the activation 
product is the ethynyl compound in houseflies and mice and their microsomal mixed-function oxidase 
systems. Desilylation is probably initiated by oxidation at  the silicon atom rather than any carbon 
substituent. Receptor assays for the GABA-gated chloride channels of housefly head and mouse brain 
support other evidence that the selective toxicity of the (trimethylsily1)ethynyl compounds is attributable 
to the much greater importance of their oxidative bioactivation in houseflies than in mice. 

INTRODUCTION 
2,6,7-Trioxabicyclo[2.2.2]octanes (TBOs) with appro- 

priate 1- and 4-substituenta are potent insecticides (Palmer 
and Casida, 1985). They are also quite toxic to mammals 
by virtue of their action as GABAA receptor antagonists 
(Casida et al., 1985) to block the GABA-gated chloride 
channel (Obata et al., 1988). The 1-(Cethynylphenyl) sub- 
stituent confers particularly high toxicity to insects and 
mammals and potency at  the GABAA receptor (Palmer 
and Casida, 1989; Palmer et  al., 1988). Improvedselectivity 
for insects vs mammals might be achieved by target site 
or metabolic specificity. Structureactivity studies varying 
the 4-substituent in the 1-(4-ethynylphenyl) series indicate 
that perhaps only a moderate level of specificity may be 
involved at  the receptor level (Palmer et al., 1991). An 
alternative approach to improved selectivity is the design 
and use of proinsecticides which undergo metabolic 
activation in insects more efficiently than in mammals. 
This proved to besuccessfulwiththe 1-[4-[(trimethylsilyl)- 
ethynyl]phenyl]-TBOs, which have three interesting prop- 
erties: their toxicity to houseflies may approach that of 
the corresponding ethynylphenyl analogues; the microso- 
mal mixed-function oxidase (MFO) inhibitor piperonyl 
butoxide (PB) greatly reduces their toxicity to houseflies; 
they have decreased toxicity to mice (Palmer et al., 1990). 

The 1444 (trimethylsilyl)ethynyl]phenyl]-TBOs appear 
to be proinsecticides which undergo MFO-catalyzed 
metabolic activation in houseflies possibly by removing 
the trimethylsilyl group to give the corresponding ethy- 
nylphenyl compounds. If so, more rapid desilylation in 
houseflies than in mice might account for the improved 
selectivity (Palmer et  al., 1990) (Figure 1). The present 
study uses four approaches to (a) further investigate the 
structural features and mechanisms of proinsecticidal 
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Figure 1. Metabolic conversion of the proinsecticide 4-[8H]- 
n-propyl-l-[4-[ (trimethylsilyl)ethynyllphenyl]-"BO ([aH]-l) to 
ita more potent ethynyl analogue ([*H]-32). Desilylation involves 
oxidation at carbon (a) or silicon (b) probably catalyzed by cy- 
tochrome P450. 

action and selective toxicity and (b) identify the activation 
product. First, the ethynylphenyl compounds are com- 
pared with their trimethylsilyl derivatives for a series with 
18 different 4-substituents. Second, other silyl protective 
groups and similar moieties are examined. Third, me- 
tabolism of a representative [ (trimethylsilyl)ethynyl] phe- 
nyl compound, radiolabeled with tritium, is studied in 
houseflies and mice and their microsomal MFO systems, 
and the metabolites are identified. Fourth, receptor amp 
involving radioligands for the GABA-gated chloride chan- 
nels of housefly head and mouse brain are used in 
conjunction with toxicity studies to differentiate direct- 
acting compounds from those undergoing bioactivation. 

MATERIALS AND METHODS 
Spectroscopy. Proton nuclear magnetic resonance (NMR) 

spectra were obtained at 300 MHz with a Bruker WM-300 
spectrometer for samples diesolved in deuterochloroform. Maw 
spectrometry (MS) utilized the Hewlett-Packard 5986 system 
with chemical ionization (CI) (230 eV with methane at 0.8 Torr). 

Chemicals. Compounds 1, 2, 10, 12, and 32 have been 
described previously (Palmer and Casida, 1989; Palmer et al., 
1990) as has [8H]-1 (58.4 Ci/mmol) (Palmer and Casida, 1991). 
The new silylated 1-(4-ethynylphenyl)-TBOs and related cam- 
pounds (Table I) were prepared by two general methods (Figure 
2). Method A, involving palladium-catalyzed coupling of the 
appropriate 1-(4-iodophenyl)-TBO with (trimethylsily1)acet- 
ylene as described by Palmer and Casida (1989), wae used to 
synthesize 3-9,11, and 13-18. An analogous procedure gave 33 
from 3,3-dimethylbut-l-yne. Compounds 19-31 were prepared 
by using method B, involving silylation of 32 (Palmer and Caeida, 
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Table I. Characterization of 44Alkvl or Arvl)-l-~(4-sil~lated-eth~n~l~~hen~ll-TBOs and Related Compounds 

Palmer et el. 

CI-MS c(cHz0)s NMR (CDCls),b ppm 
no. R or R’ SubatituentO mD. OC IM+ 11+ (6 H. 8) R or R’ substituent . . .  

RC(CHlO)rCCaH‘-4- 

3 
4 
5 

6 
7 

8 
9 

11 
13 

14 

15 

16 
17 

18 

19 
20 

21 

22 
23 

24 

25 

26 
27 

28 

29 
30 
31 

33 
34 
35 
36 

n-Pen 
n-Hex 
c-Pr 

172-173 
152-153 
189-191 

1-Me-c-Pr 235-237 
trans-2-Me-c-Pr 139-141 

C-BU 
c-Pen 
i-Pr 
a-BU 

174-176 
188-190 
204-205 
157-159 

3-Me-Bu 

prop-2-enyl 163-164 

Ph 
3-F-Ph 

220-222 
232-234 

4-F-Ph 266-268 

n-PrC(CHzO)&CaH4-4-C=CR’ 
R = SiRlRzR3 

SiMezH 114-116 
SiMezEt 121-122 

SiMez(i-Pr) 106-107 

SiMez(t-Bu) 140 
SiMez(3-Me-n-Bu) 86 

SiMe~(prop-2-enyl) 100-101 

SiMez[ (CH2)sCNI 118-119 

SiMez(CHzC1) 
SiMeZ(CH2Ph) 

138 
112-113 

SiMezPh 113-114 

SiMePhz 
SiEt3 
Si(n-Pr)s 

123-124 
98-99 
96 

R’ = other substituents 
CMe3 163-164 
CeMes 174-176 

Si(CDd3 174-176 
SnMes 88-90 

359 
373 
329 

343 
343 

343 
357 
331 
345 

359 

329 

365 
383 

383 

317 
345 

359 

373 
387 

357 

384 

365 
407 

373 

455 
373 
415 

315 
373 
419 

4.10 
4.08 
4.02 

4.07 
4.00 

4.08 
4.10 
4.10 
4.12 

4.08 

4.10 

4.48 
4.45 

4.45 

4.10 
4.10 

4.10 

4.10 
4.08 

4.10 

4.10 

4.10 
4.10 

4.10 

4.10 
4.10 
4.10 

0.90 (3 H, t, CH~CHZ), 1.25 (8 H, m, (C&)4) 
0.88 (3 H, t, CHs), 1.20-1.30 (10 H, m, (CH2)6) 
0.25 (2 H, m, CHCH), 0.42 (2 H, m, CHCH), 0.55 (1 H, m, 

0.20 (2 H. m. CHCH). 0.48 (2 H. m. CHCH). 1.00 (3 H. 8. CHIC) 
CH(CHz)z) 

0.20 (2 H; m; CH2CHj, 0.42’(1 H, m, CHCHCH3), 0.68‘(i H, m, 

1.70-1.90 (6 H. m. (CHdn). 2.25 (1 H. m. CHCHd 
CHsCH), 1.02 (3 H, d, CHaCH) 

. . .  
1.25-1.60 (9 H; m; icz-&j;cm 
0.90 (6 H, d, (CH&CH), 1.60 (1 H, m, CH(CH3)z) 
0.87 (3 H, d, CHsCH), 0.90 (3 H, t, CHsCHz), 1.00 (1 H, m, 

CHCHs), 1.25 and 1.50 (each 1 H, m, CHzCH) 
0.88 (6 H, d, (CHJ)~CH), 1.00-1.30 (4 H, m, CHzCHz), 1.40-1.50 

(1 H, m, (CHs)zCH) 
2.00 (2 H, d, CHzCH), 5.12 (2 H, m, C H d H ) ,  5.65 (1 H, m, 

C H d H )  
7.20 (2 H, m, aromatic), 7.35 (3 H, m, aromatic) 
6.88 (1 H, dt, aromatic), 6.98 (1 H, d, aromatic), 7.02 (1 H, dt, 

aromatic), 7.38 (1 H, dt, aromatic) 
7.05-7.20 (4 H, m, aromatic) 

0.30 (6 H, d, (CH3)2SiH), 4.25 (1 H, m, SiH) 
0.20 (6 H, 8, (CH&Si), 0.65 (2 H, q, CHZSi), 1.00 (3 H, t, 

0.18 (6 H, 8, (CH&Si), 0.88 (1 H, m, SiCHCHs), 1.05 (6 H, d, 

0.17 (6 H, 8, (CH&Si), 1.00 (9 H, e., (CH&C) 
0.20 (6 H, a, (CH&Si), 0.67 (2 H, m, CHZSi), 0.89 (6 H, d, 

CHsCHzSi) 

(CHs)zCH) 

(CHdaCH), 1.20-1.30 (2 H, m, SiCHLXd. 1.50 (1 H, m, - -  . .  
(CHSkCH) 

C H d H ) ,  5.87 (1 H, m, CHFCH) 
0.21 (6 H, 8, (CHa)fii), 1.70 (2 H, m, SiCHZCH), 4.90 (2 H, m, 

0.22 (6 H, s, (CHa)fii), 0.82 (2 H, m, CHZSi), 1.75-1.85 (2 H, m, 

0.35 (6 H, 8, (CH~)fii), 2.93 (2 H, 8, CHZC1) 
0.20 (6 H, 8, (CH&Si), 2.27 (2 H, 8, PhCHfii), 7.05-7.25 (5 H, m, 

0.48 (6 H, 8,  (CHa)zSi), 7.35 (3 H, m, aromatic), 7.65 (2 H, m, 

0.77 (3 H, 8, CHsSi), 7.35-7.72 (10 H, m, aromatic) 
0.65 (6 H, q, (CHz)sSi), 1.02 (9 H, t, (CH3CHz)sSi) 
0.60.70 (6 H, m, (CHz)aSi), 1.00 (9 H, t, Si(CHzCHzCHs)s), 

CHzCHzCN), 2.41 (2 H, t, CHzCN) 

aromatic) 

aromatic) 

1.40-1.50 (6 H, m, (CHzCHzCH3)s 

4.10 
4.10 
4.10 
4.08 

1.30 (9 H, 8, (CH&C) 
0.40 (9 H, 8,  (CHs)aGe) 
0.35 (9 H, 8,  (CH&Sn) 

a Compounds 1,2,10, and 12 with n-Pr, n-Bu, c-Hex, and t-Bu Substituents, respectively, and compound 32 are reported by Palmer and 
Casida (1989) and Palmer et al. (1990). * Additional signals in common for compounds 3-9,11, and 13-18 are 0.22 (9 H, 8, (CH3)sSi) and 7.43 
and 7.55 (each 2 H, AA’BB’, aromatic) and for compounds 19-36 are 0.90 (3 H, t, CH3CHz) and 1.25 (4 H, m, CHzCH2) and 7.43 and 7.55 (each 
2 H, AA‘BB’, aromatic). 

1989) with n-butyllithium and the appropriate silyl chloride. For 
example, to a stirred solution of 32 (1 mmol) in dry tetrahy- 
drofuran (25 mL) at -78 OC under nitrogen atmosphere was added 
n-butyllithium (1.2 mmol of 2 M solution in hexane). After the 
solution was stirred for 30 min, the appropriate silyl chloride (1.2 
mmol) was added. The solution was allowed to warm to room 
temperature and then evaporated, and the residue was partitioned 
between ether and water. The organic layer was dried (mag- 
nesium sulfate) and evaporated to obtain the silylated derivatives 
of 32. Compounds 34-36 were obtained in an analogous manner 
from chlorotrimethylgermanne, chlorotrimethyltin, and N-(tri- 
methyl-do-silyl)imidazole, respectively. 

To prepare candidate metabolites, 1 and 32 were converted to 
their corresponding ring-opened derivatives by dissolving the 

TBO (10 mg) in methylene chloride (5 mL) to which was added 
6 N aqueous hydrochloric acid (10 pL). After the solution was 
stirred for 2 h at 25 OC, partial evaporation and cooling afforded 
the white crystalline esters in -90% yield. 4-n-PrC(CH2- 
OH)ZCHZOCOP~-~-C=CS~M~S (ring-opened 1): mp 80-81 “C; 
[M + 1]+ 349; NMR b 0.25 [9 H, 8, (CHs)sSi], 0.92 (3 H, t, CHS- 
CH2), 1.25-1.40 (4 H, m, CH&HzCH2), 2.70-2.85 (2 H, br s, OH), 

(each 2 H, AA’BB’, aromatic). 4-n-PrC(CHzOH)pCH20COPh- 
4 - C W H  (ring-opened 32): mp 76-77 OC; [M + 1]+ 277; NMR 
d 0.92 (3 H, t, CHsCHz), 1.25-1.40 (4 H, m, CHSCH&H~), 2.75- 
2.90 (2 H, br 8, OH), 3.25 (1 H, 8, C=CH), 3.65 (4 H, AB, 2 X 
CHzOH), 4.55 (2 H, s, CH20CO), 7.55 and 7.96 (each 2 H, AA’BB’, 
aromatic). 

3.65 (4 H, AB, 2 X CH2OH), 4.55 (2 H, S, CHzOCO), 7.52 and 7.95 
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Table 11. Biological Activity of 
4-Substituted-l-[4-[ (trimethylsilyl)ethynyl]phenyl]-2,6,7- 
trioxabicyclo[ 2.2.2loctanes 

B 

Figure 2. Two methods of synthesis for 1444 (trimethylsily1)- 
ethynyllphenyll-TB0s and related compounds. Detailed syn- 
theses are given in the text for methods A and B. 

Bioassays. The procedures of Palmer et al. (1991) were used 
for LDm determinations. Adult female houseflies (Musca do- 
mestica L.) were held 24 h at  25 "C after application of the test 
compound to the ventrum of the abdomen. Synergism or 
antagonism was evaluated for flies pretreated with PB at  250 
pg/g 2 h before the toxicant was administered. Mouse L D d  
were determined 24 h after intraperitoneal (ip) administration 
of the TBOs to albino Swiss-Webster males (18-22 g) with meth- 
oxytriglycol (MTG) (50 pL) as the carrier vehicle. In some cases 
the mice were pretreated ip with PB at  150 mg/kg (administered 
in 25 pL of MTG) 1 h before the toxicant. 

Receptor and  Enzyme Preparations. Receptor assays used 
EDTA/ water-dialyzed mouse brain P2 membranes (Squires et 
al., 1983). Mouse liver microsomes were prepared and washed 
in 100 mM sodium phosphate, pH 7.4, buffer and stored frozen 
(Cole et al., 1991). Housefly microsomes were obtained from 
thoraces plus abdomens by homogenization and centrifugation 
as with the liver microsomes, but they were always used freshly 
prepared. Protein was determined according to the method of 
Bradford (1976). 

Determination of Receptor Potency. tert-Butylbicyclo- 
phosphorothionate (TBPS) assays for the GABA-gated chloride 
channel (Squires et al., 1983) followed the procedure of Cole and 
Casida (1986). The test compounds at  various concentrations 
added in dimethyl sulfoxide (5  pL) and [=SITBPS at  2 nM were 
incubated with the receptor preparation (200 pg of protein) in 
200 mM sodium chloride/50 mM sodium phosphate, pH 7.4, 
buffer (1 mL) for 30 min at 37 "C. Nonspecific binding was 
determined by addition of 2 pM unlabeled TBPS. 

Recognition of Metabolic Activation by Coupled Microso- 
mal MFO/Brain Membrane TBPS Binding Site Assay. The 
effect of oxidative metabolism on inhibitor potency was deter- 
mined as described by Casida et al. (1985), involving fortification 
of the mouse brain receptor [Y3]TBPS binding assay with mouse 
liver or housefly microsomes (25 and 200 pg of protein, respec- 
tively) and NADPH (2 pmol for the oxidase system and 0 pmol 
for the control). TBO analogues were used at  1-100 nM in 
comparison with aldrin (100 nM) as a standard. Controls were 
included to correct for - 11 % higher background binding with 
NADPH, attributable to phosphorothionate oxidation and 
binding of the liberated from [=S]TBPS. 

Metabolites of 4-[aH]-n-Propyl-l-[ 4-[ (trimet hylsily1)et hy- 
nyllphenyll-TBO. Metabolites from MFO systems were gen- 
erated in standard incubation mixtures consisting of the mi- 
crosomal protein (500 pg for mouse, 10oO pg for housefly) and 
NADPH in 100 mM sodium phosphate, pH 7.4, buffer (1.2 mL) 
to which was added the substrate in acetone (2 pL) to give final 
concentrations of 0 or 1 mM NADPH and 22 pM [SHI-l. 
Following incubation with shaking in air for 60 min at  37 OC and 
cooling on ice, the mixtures were saturated with NaCl (-0.4 g) 
and extracted with diethyl ether (1 mL X 2) (at N 5 "C in the case 
of housefly microsomal mixtures to minimize emulsion forma- 
tion). For in vivo studies houseflies were treated topically as 
above with acetone or acetone containing PB (5 pg/fly), and 
after 75 min, they received [sH]-l (0.1 pg/fly). A t  various periods 
(0,0.5, 1, and 3 h) these flies in groups of 10 were rinsed with 
acetone (2 mL X 2) (to remove unpenetrated material) and then 
homogenized in acetone [2 mL containing 0.1 % triethylamine 
(TEA) to prevent acid-catalyzed ring opening]. On a similar 
basis, mice were pretreated ip with PB (136 mg/kg) in MTG (25 
pL) or with MTG only. One hour later they received [sH]-l (1 
mg/kg), and after an additional 1 h, the liver was removed and 

housefly mouse 

LDm L D ~  ratio 

with = SiMes/R' receptor LDm, 
no. R" alone PBb =H)' ICm,nM mg/kg 

(R' SiMes)O (done) (R' TBPS 

0.8 65 7d 0.53 102 1 n-Pr 
2 n-Bu 0.43 124 1.8 1260 >400 
3 n-Pen 14 >500 6.4 >loo00 >75 
4 n-Hex >500 >500 >5.9 >loo00 >250 
5 c-Pr 0.63 420 1.3 47 16 
6 l-Me-c-Pr 1.1 >500 1.8 117 43 
7 trans-2- 0.53 >500 0.8 92 29 

8 C-BU 0.63 125 1.1 85 16 
9 c-Pen 2.6 >500 2.6 311 5 

10 c-Hex 68 >500 128 3300 125 
11 i-Pr 5.0 63 5.3 34 5.5 

223 3.2 12 t-BU 0.7 >500 7.8 
13 S-BU 1.7 43 1.1 116 2.6 
14 3-Me-Bu 3.1 370 1.0 5000 N'P 
15 prop-2-enyl 5.0 105 1.6 538 >250 
16 Ph 0.37 >500 1.2 2600 18 
17 3-F-Ph 0.22 >500 1.5 74 25 
18 4-F-Ph 0.58 >500 5.9 163 12.5 

0 RC(CH20)3CPh-4-CdR'. b Preliminary observations indicate 
that with some compounds the LDw decreases between 24 and 48 h. 
CDataforR' = HfromPalmeretal. (1991). 3mg/kgwithPB.* Not 
tested. 

Me-c-Pr 

homogenized in acetone (5 mL containing 0.1 % TEA). Following 
quantitation by liquid scintillation counting, the ether and acetone 
extracts were evaporated under nitrogen for chromatography. 

Quantitation and identification of individual metabolites 
involved thin-layer chromatography (TLC) and cochromatog- 
raphy using UV visualization of the authentic standards and 
radioautography to detect the SH-labeled metabolites. Silica gel 
60 FW chromatoplates (0.25 mm gel thickness) were pretreated 
by first developing with hexane/acetone (7:2 + 0.07% TEA), 
and then the origin areas of the plates were prespotted with 1% 
aqueous sodium hydroxide and allowed to dry prior to spotting 
the silylated compounds to minimize their decomposition on the 
chromatoplate. The solvent systems of hexane/acetone (7:2 + 
0.07 % TEA) and toluene/ethyl acetate/methanol(l551+ 0.07 96 
TEA) provided separation of the relevant compounds, Le., 1 RI 
0.47 and 0.71,32 Rf0.34 and 0.66, ring-opened 1 Rf0.14 and 0.30, 
and ring-opened 32 Rf 0.09 and 0.26, respectively. 

Analysis of Formaldehyde a8 a Metabolite. Eight sub- 
strates, each at 78 nmol, were examined for possible formaldehyde 
liberation on incubation with mouse liver microsomes (0 or 250 
pg of protein) and NADPH (0 or 1 rmol) in 100 mM sodium 
phosphate, pH 7.4, buffer (1.2 mL) for 1 ha t  37 "C. Formaldehyde 
was analyzed by gas chromatography with a flame ionization 
detector after conversion to the 2,4-dinitrophenylhydrazone (Ja- 
cobsen et al., 1991). MFO-dependent formaldehyde liberation 
was considered to be that amount formed in the presence of both 
microsomes and NADPH but not in the abeence of either 
component. 

RESULTS 

Effect of 4-Substituent on the Insecticidal Activity 
of 1-[4-[ (Trimethylsilyl)ethynyl]phenyl]-TBOs Rel- 
ative to Their l-(4-Ethynylphenyl) Analogues (Table 
11). Housefly L D w  are below 1 pg/g for 9 of the 18 
C=CSiMes compounds examined. In most cases the 
C=CSiMe3 derivative is almost equitoxic with the cor- 
responding C=CH analogue (LDm ratios R' = SiMes/R' 
= H of 0.8-1.8). Only the c-Hex compound shows >8-fold 
lower toxicity for the SiMes derivative. PB almost 
completely blocks the activity of the SiMes-derivatized 
compounds at 24 h. 
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Table 111. Biological Activity of 
4-n-Propyl-l-[4-[ (subst~tuted)ethynyl]phenyl]-2,6,7- 
trioxabicyclo[2.2.2]otanes 

Palmer et al. 

housefly mouse 

LDmpg/g factor TBPS 
with ofaptag- receptor LDw, 

no. R'O alone PB onism ICw.nM mdka 

19 
1 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

SiMezH 
SiMes 
SiMezEt 
SiMez(i-Pr) 
SiMez(t-Bu) 
SiMez(3-Me-n-Bu) 
SiMes(prop2-enyl) 
SiMez[(CHz)aCNI 
SiMe&HZCl) 
SiMez(CH2Ph) 
SiMelPh 
SiMePhz 
SiEts 
Si(n-Pr)s 

0.63 
0.53 
0.65 
1.25 
3.2 
8 
1.3 
1.7 
4.0 
3.0 
360 
>500 
1.3 
>500 

0.55 
102 
4.6 
13 
23 
29 
I 
20 
0.9 
17 
90 
63 
10 
>500 

0.87 
192 
7.1 
10 
7.2 
3.6 
5.4 
12 
0.2 
6 
0.25 
<0.13 
1.7 

4 
65 
369 
7400 
625 
> loo00 
90 
43 
10 
> loo00 
104 
600 
4200 
> loo00 

1.8 
7 
20 
12 
11 
NTd 
12 
1.7 
50 
225 
18 
100 
25 
>33 

R' = other 
substituents 

32 H 0.68 0.023 0.03 2 0.92 
33 CMes >Mw) >500 >loo00 >250 
34 GeMeg 2.5 32 13 >loo00 80 
35 SnMej 1.8 0.06 0.03 3 NT 
36 Si(CD& 1.w 5.5' 5.5 NT NT 

4-n-PrC(CHzO)sCPh-4-C4R'. Chemically unstable, slowly 
reverting to 32. e Comparable values for 1 (R' = SiMea) as a control 
in the same experiment were 0.95 and 85 alone and with PB, 
respectively. Not tested. 

Effect of Various Silyl and Other Groups on the 
Insecticidal Activity of 4-n-Propyl-l-[4-[(substitut- 
ed)ethynyl]phenyl]-TBOs (Table 111). The unsyner- 
gized toxicity to houseflies decreases with various silyl 
derivatives as follows (R' = SiRtRzR3 or R3 substituent of 
SiMezR3): H, Me, Et  > i-Pr, prop-2-eny1, (CH&CN, SiEt3 
> t-Bu, CH2C1, CHzPh > 3-Me-n-Bu >> Ph, SiMePhz, 
Si(n-Pr)s. PB reduces the toxicity of all the silylated 
ethynylphenyl derivatives except the SiMezH, SiMeZ(CH2- 
Cl), SiMezPh, and SiMePhz derivatives, which are in- 
creased somewhat in potency by PB but much less so than 
the ethynylphenyl compound. 

Replacement of SiMes with CMes destroys activity both 
with and without PB. The GeMe3 compound is a proin- 
secticide but less effective than its SiMe3 counterpart. 
The substituent SnMes does not appear to confer proin- 
secticidal activity, and this compound is similar to the 
ethynylphenyl in potency and PB effect. The Si(CD3)3 
compound is essentially identical with the SiMe3 com- 
pound in unsynergized toxicity, although it is reduced 15- 
fold in PB-synergized toxicity. 

Effect of 4-Substituent on the Toxicity to Mice of 
l-[4-[(Trimethylsilyl)ethynyl]phenyl]-TBOs Rela- 
tive to  Their Ethynylphenyl Analogues (Table 11). 
All of the compounds are of reduced mammalian toxicity 
relative to their ethynylphenyl analogues [see Palmer et 
al. (1991)l. PB increases the toxicity to mice in the one 
case examined in contrast to always reducing it to 
houseflies. While several compounds are of quite low 
toxicity to mice, three in particular show very good 
selectivity ratios, Le., >930 for n-Bu, 114 for 3-F-Ph, and 
55 for tram-2-Me-c-Pr. This is in contrast to n-Pr and 
t-Bu which have very little selectivity. 

Effect of Various Silyl and Other Groups on the 
Toxicity to  Mice of 4-n-Propyl-l-[4-[ (substituted)- 
ethynyllphenyl-TBOs (Table 111). Each of the sub- 
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Figure 3. Relationship between potency for l-(rl-ethynylphenyl)- 
TBOs (R' = H) and their silylated derivatives (R' = SiRIRRa) 
as inhibitors of the TBPS binding site and as toxicanta to mice. 
Compound 26 is not included in the correlation coefficient. 

Table IV. Metabolic Activation of 
4-n-Propyl-l-[4-[ (trimethylellyl)ethynyl]phenyl]-2,6,7- 
trioxabicyclo[2.2.2]otane in the Mouse Liver and Housefly 
Microsomal Mixed-Function Oxidase Systems 

0.1 
IC,, (nM) 

R' substituent source nM control oxidase 
SiMes (1) mouse 30 13 * 4 39 7 

housefly 30 23 5 38 5 
SiMezH (19) mouse 3 32 * 9 28 * 4 

housefly 3 38 * 7 42 4 

H (32) mouse 3 79 f 3 74*3  
housefly 3 6 4 * 6  60*7 

H (32) mouse 1 34 * 9 35 4 
housefly 1 31 * 6 38 * 6 

a Aldrin examined as a standard at 100 nM showed the expected 
activation (Casida et al., 1985), Le., 5 2 and 4 * 2% inhibition for 
the control with mouse and housefly microsomes, respectively; 40 f 8 
and 34 2% for the oxidase with mouse and housefly microsomes, 
respectively. b Comparable valus for 4-PhC(CH&)&Ph-4-C=CSi& 
as a substrate at 100 nM with mouse and housefly microsomes (200 
pg of protein) are 0 and 15% inhibition for controls va 33 and 25% 
inhibition for the oxidase, respectively. 

stituents examined reduces the toxicity of 32 to mice by 
1.9-fold for SiMezH and SiMez[ (CH&CN] to 245-fold for 
SiMez(CH2Ph). Of the potent insecticides, selective 
toxicity to houseflies vs mice of 19-75-fold is conferred by 
SiMezEt, SiMez(CHzPh), SiEts, and GeMea substituents 
vs 13-fold for SiMe3. 

Relation between Potency at the TBPS Receptor 
and Toxicity to Mice (Tables I1 and 111, Figure 3). 
Potency in the TBPS receptor assay is a good predictor 
of toxicity to mice ( r  = 0.86, n = 39) for both the ethy- 
nylphenyl compounds and their silylated derivatives. One 
compound that deviates from the correlation line is the 
SiMez(CHzC1) derivative. 

Metabolic Activation of I-n-Propyl-l-[l-[ (trimeth- 
ylsilyl)ethynyl]phenyl]-TBO in the Mouse Liver and 
Housefly Microsomal MFO Systems (Table IV). The 
MFO systems of mouse liver and houseflies strongly 
activate 1 relative to ita inhibition of [USITBPS binding. 
These oxidases have little or no effect on the potency of 
19 or 32, which were tested a t  lower concentrations because 
of their higher innate potency. These findings suggest an 
MFO-dependent activation of the CeCSiMe8 compound 
19 in forming the C W H  compound 32, and similar 
activation was observed for 4-PhC(CH20)sCPh-4- 
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Table V. Metabolic Derilylation of 4-['H]-n-Propyl-l-[4-[ (trimethylsilyl)ethynyl]phenyl]-2,6,7-trloxabicyclo[2d~]octane in 
the Mouw and Houwfly Microsomal Mixed-Function Oxidase Systems 

J. AMc. FoodChem., Vol. 39, No. 7, 1901 lSS8 

substrate and producta,a % 
mouse housefly 

comwund or fraction buffer + NADPH microsome microsome + NADPH buffer + NADPH microeomeb microeomeb + NADPH 
~~ 

(trimethylsi1yl)ethynylphenyl 
1 20 18,23 20,20 46 39,33 21,23 
ring-opened 1' 47 58,54 30,34 28 25,27 16,14 

32 3 191 7 , 9  2 293 13,14 
ring-opened 32d 7 393 9,7 7 5,7 21,23 

ethynylphenyl 

others 
unknownse 
origins 

17 9 , 5  12,8 
6 11,14 22,22 

11 17,16 1 1 , l l  
6 12,14 18,15 

0 Each value is from a separate experiment. Similar relationships were observed in each of two other experiments. b Corrected for incomplete 
recoveries (31% with microsomes and 46% with microsomes and NADPH) which are probably attributable to inefficient extraction at -5 
"C to minimize emulsion formation. ~ - ~ - P ~ C ( C H ~ O H ) ~ C H Z O C O P ~ - ~ - C ~ S ~ M ~ ~ .  d ~-~-P~C(CHZOH)&H~OCOP~-~-C=CH. e Intermedi- 
ate Rf values not cochromatographing with standards. 

Table VI. Metabolic Desilylation of 4-['H]-n-Propyl- 1-[ 4 4  (trimethylsilyl)ethynyl]phenyl]-2,6,7-trioxabicyclo[2.2~]octane in 
Houwflies and Mice and Effect of Piperonyl Butoxide 

substrate and % 
(trimethylsi1yl)ethynylphenyl ethynylphenyl 

species time, h PB 1 ring-opened l b  32 ring-opened 32b other 
- 0 2.1, 1.7 0.2, 0.4 0.1, 0.1 0.0, 0.0 + 1.8, 1.4 0.4, 0.1 0.1, 0.1 0.0, 0.0 

0.5 4.6, 6.5 1.0, 1.0 0.8, 1.2 0.3, 0.1 + 6.0, 7.6 1.1, 0.9 0.4, 0.2 0.1, 0.1 
1 6.0, 6.3 1.1, 1.2 1.1, 1.5 0.3, 0.2 + 6.8, 8.7 1.1, 1.4 0.1, 0.4 0.1, 0.1 
3 8.8, 8.7 1.5, 2.3 4.2, 5.6 1.1, 2.1 + 21.9, 22.8 3.2, 3.5 1.0, 0.8 0.3, 0.3 

mouse liver 1 0.5, 0.7 0.3, 0.3 0.3, 0.4 0.1, 0.4 + 0.9, 1.1 0.2, 0.2 0.2, 0.2 0.1, 0.0 
a Each value is from a separate experiment. * See Table V. Penetrated substrate and products as percent of applied dose. 

fly 
- 

- 
- 

- 

material was removed in a surface rinse of the houseflies. 

0.3, 0.2,0.2 0.0 

1.4, 1.4 
1.1, 1.3 
2.8, 3.2 
0.1, 0.1 
8.5, 7.4 
2.9, 2.0 

1.7, 1.3 
0.9, 0.8 

The remaining 

CsCSiMea. The findings are inconclusive on whether 
the CsCSiMezH compound 19 acts directly or after de- 
silylation. 

Metabolic Desilylation of 4-[3H]-n-Propyl-1-[4- 
[ (trimethylsilyl)ethynyl]phenyl]-TBO in the Mouse 
Liver and Housefly Microsomal MFO Systems (Table 
V). [3H]-l yields three primary metabolites and degra- 
dation products, each identified by TLC cochromatog- 
raphy in two different solvent systems, Le., 32 and the 
ring-opened derivatives of 1 and 32. Fortification of the 
mouse or housefly microsomes with NADPH increases 
the loss of [ (trimethylsilyl)ethynyl]phenyl derivatives and 
the recovery of ethynylphenyl compounds. The highest 
yields of 32 and its ring-opened derivative appear in the 
housefly MFO system; i.e., they are formed in larger 
amounts when the microsomes are fortified with NADPH 
(37 and 34% in two separate experiments) than without 
NADPH (7 and 10%). This relationship is also clear for 
the NADPH-dependent formation of 32 and ring-opened 
32 by mouse microsomes, Le., 16 and 16% yields in two 
experiments with NADPH vs 4 and 4% for controls. 

Metabolic Desilylation of 4-[3H]-n-Propyl-1-[4- 
[ (trimet hylsilyl)ethynyl]phenyl]-TBO in Houseflies 
and Mice and Effect of Piperonyl Butoxide (Table 
VI). Houseflies metabolize topically applied [3H]-1 to a 
single major metabolite recovered on extraction which co- 
chromatographs with [3H]-32. About one-fourth of the 
desilylated compound is detected as ring-opened 32 as is 
also the case for [aH]-l itself. The amount of ring-opened 
product is not time dependent and is not altered by PB 
and is therefore considered to be an artifact of analysis 

rather than a metabolite. PB decreases the amount of 
desilylation to 25 f 4% (SE, n = 6) of that without PB, 
and the penetrated and desilylated materials in two 
experiments without PB account for 5.3 and 7.7% of the 
dose after 3 h. 

The liver of mice treated ip with [3H]-1 contains the 
administered compound and [3H]-32 with almost equal 
amounts of their ring-opened derivatives. When expressed 
relative to the administered dose, the products in the liver 
at 1 h are 0.6% 1, 0.3% ringopened 1, 0.4% 32, 0.3% 
ring-opened 32, and 1.5% other metabolites. With PB, 
the comparable values are 1.0, 0.2, 0.2, 0.1, and 1.0%, 
respectively. The desilylation reaction is definitely in- 
hibited by PB, and the ring opening also appears to be PB 
sensitive [see also Deng et al. (1990b)l. 

Formaldehyde as a Possible Metabolite of [(Tri- 
methylsilyl)ethynyl]phenyl Compounds. No form- 
aldehyde is detected (Le., <1% yield) as a mouse liver 
microsome- and NADPH-dependent metabolite of any 
one of 1,19,32, PhSiMes, or PhSiMezH. These compounds 
therefore are not or are poor formaldehyde progenitors 
relative to others examined in the same system (>lo% 
conversion to formaldehyde), Le., N-demethylation of di- 
uron and O-demethylation of p-nitroanisole and alachlor 
(Jacobson et al., 1991). 

DISCUSSION 

Silylated 1-(4-ethynylphenyl)-TBOs are a novel type of 
proinsecticide (Palmer et al., 1990). The SiMeS derivatives 
are similar in toxicity to houseflies to their ethynylphenyl 
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analogues in the majority of 18 comparisons made by 
varying the (-substituent. PB partially or completely 
blocks the insecticidal activity of essentially all of the SiMes 
derivatives, indicating that they undergo P450-mediated 
oxidative bioactivation. The 4-c-Hex compound is the 
principal exception with low activity as the SiMe3 deriv- 
ative possibly due to more rapid detoxification at the 
metabolically sensitive c-Hex substituent (Cole et al., 1991) 
than activation by oxidative desilylation. Other trialkyl- 
silyl substituents (e.g., those of compounds 20,21,24,25, 
and 30) approach the effectiveness of SiMes in conferring 
proinsecticidal activity which is presumably associated 
with good chemical stability and yet facile metabolic de- 
silylation. The highpotencyof theSiMezHandSiMez(CHr 
C1) derivatives is apparently not blocked by PB; their 
toxicity is probably not dependent on oxidative bioacti- 
vation. The moderate activity of 20-25,27,30,34, and 36 
with PB may be due to only partial inhibition of their 
oxidative bioactivation or to trace levels (<0.5%) of the 
very potent 32 as an impurity. In contrast, substituents 
such as SiMezPh and SiMePhz practically destroy the 
insecticidal activity and therefore these analogues do not 
undergo oxidative activation in houseflies. The insecticidal 
activity ultimately results from the ethynyl compounds 
as established by studies with [3H]-l showing PB-sensitive 
conversion to [3H]-32 by the housefly MFO system and by 
houseflies in vivo. 

Replacement of silicon by other members of the group 
IV element series establishes the importance of the atom 
attached directly to the ethynyl function in conferring 
proinsecticidal activity. GeMe3 instead of SiMe3 only 
slightly reduces the proinsecticidal activity, suggesting 
similar efficient biooxidative cleavage. The SnMe3 com- 
pound does not appear to be a proinsecticide, probably 
due to rapid chemical hydrolysis to the ethynyl compound. 
The CWCMe3 analogue is totally inactive either alone 
or with PB, establishing that it is not metabolized to the 
corresponding C=CH compound and supporting the view 
that the isosteric CzCSiMe3 derivative is intrinsically 
inactive. 

The SiMe3 derivatives are proantagonists for the GABA 
receptor/ionophore of insects and mammals. They have 
greatly reduced potency relative to the ethynylphenyl- 
TBOs in the [3H]-32 binding assay with housefly head 
(IC60 2.6 nM for 32 and 125 nM for 1) (Deng et al., 1990a) 
and in the TBPS binding assay with mouse brain. They 
are activated in the coupled housefly or mouse liver MFO/ 
mouse brain TBPS receptor assay. PB greatly antagonizes 
the toxicity of 1 in houseflies but slightly synergizes it in 
mice. In contrast to houseflies, in mice the silylated ethy- 
nylphenyl compounds appear to act directly rather than 
after desilylation. Thus, the potency of both the silylated 
ethynylphenyl and the ethynylphenyl compounds in the 
TBPS receptor assay is a good predictor of their toxicity 
to mice ( r  = 0.86, n = 39) (Figure 3), and the compounds 
fit on the same correlation line indicating that the silyl- 
ated derivatives are not bioactivated in mice to increase 
their toxicity. However, the bioactivation process appears 
to be toxicologically significant in houseflies. An apparent 
exception is the SiMez(CHzC1) compound, which does not 
fit the correlation line and is not a proinsecticide in 
houseflies. It is not clear whether the activity of the 
SiMezH derivative in houseflies and mice is dependent on 
desilylation or if it acts directly. 

The SiMea substituent provides a means to achieve 
selective toxicity for ethynylphenyl-TBOs relative to 
houseflies and mice. The maximum effect is for the 4-n- 
Bu analogue, which is >400-fold more toxic to houseflies 
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than to mice, a remarkable achievement considering that 
the corresponding ethynylphenyl-TB0 is equitoxic to 
houseflies and mice. Enzyme studies establish that both 
species carry out the oxidative-desilylation reaction, 
whereas PB synergism establishes a greater toxicological 
significance of this process in houseflies than in mice. The 
4-n-butyl substituent confers facile metabolism of 4-io- 
dophenyl-TB0s in the mouse MFO system (Cole et al., 
1991). The magnitude of selectivity is also dependent on 
the ethynyl protecting group, suggesting that there is a 
species-dependent balance with oxidative activation fa- 
vored in houseflies and detoxification in mice. 

The overall bioactivation mechanism involves cy- 
tochrome P450 catalyzed oxidative cleavage of the C-SiMes 
bond (Figure 1). The initial step is probably not oxidation 
at a methyl group (a) on the basis of several observations: 
unsynergized fly toxicity is essentially the same for the 
SiMe3 and Si(CD& derivatives, whereas a significant 
isotope effect is expected for hydroxylation of a methyl vs 
a deuteriomethyl substituent (Mitoma et al., 1967; Tanaka 
et al., 1976) leading in this case to reduced insecticidal 
potency; the methyl groups can be replaced with ethyl 
and even bulkier alkyl groups without greatly affecting 
the proinsecticidal activity; formaldehyde is not an in- 
termediate, and the SiMezH compound is not detected. 
Initial oxidation does not occur a t  the ethynyl substituent 
because this would modify and probably detoxify this 
important moiety. The alternative is oxidation at silicon 
(b), which is a reasonable possibility as all members of the 
group IV elements except carbon (which as the Me& group 
does not confer proinsecticidal activity) have empty d 
orbitals, allowing for pentacoordination (e.g., the N - Si 
bond of the silatranes; Voronkov, 1966). Cytochrome P450 
catalyzed formation of an oxygenated silicon intermediate 
(or transition state) may therefore facilitate or lead to 
cleavage of the ethynyl carbon-silicon bond. This is also 
consistent with the similar insecticidal potency when the 
methyls of the silyl moiety are replaced with other alkyl 
groups and with the loas of proinsecticidal activity when 
the nature of the substituents directly bonded to silicon 
is more dramatically changed, e.g. H or CHzCl as in SiMezH 
or SiMez(CHzC1) or Ph as in SiMezPh or SiMePhz. 
Although no metabolism studies are reported on silylated 
ethynylphenyl compounds, the metabolism of PhSiMe3 
in rats gives PhSiMez(CHz0H) in the urine, free and as 
a conjugate, and no silicon oxygenation is observed (Fes- 
senden and Hartman, 1970), consistent with the SiPh 
compounds in the present study. It is possible that the 
d orbitals of silicon interact with the ‘R orbitals of the 
phenyl group in a manner unfavorable to silicon oxygen- 
ation. Although the precise mechanism of oxidative de- 
silylation remains to be defined, it appears to involve direct 
oxidative attack at  the silicon. The extent to which this 
particular bioactivation phenomenon is applicable to other 
types of compounds remains to be established. 

ABBREVIATIONS USED 

CI, chemical ionization; GABAA receptor, sensitive to 
muscimol, bicuculline, and picrotoxinin but insensitive to 
baclofen; ip, intraperitoneal; MFO, mixed-function oxi- 
dase; MS, mass spectrometry; MTG, methoxytriglycol; 
NMR, nuclear magnetic resonance; PB, piperonyl butox- 
ide; TBO, 2,6,7-trioxabicyclo[2.2.2]octane; TBPS, tert- 
butylbicyclophosphorothionate; TEA, triethylamine; TLC, 
thin-layer chromatography. Substituents: Me, methyl; 
Et, ethyl; Pr, propyl; Bu, butyl; Pen, pentyl; Hex, hexyl; 
Ph, phenyl; n, normal; i, iso; s, secondary; t, tertiary; c, 
cyclo. 
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