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Abstract-Soldiers of the advanced genera of rhinotermitids (Isoptera: Rhinotermitidae) produce lipophilic contact 
insecticides formally derived from fatty acids. Each of these defense substances possesses a reactive electrophilic 
center (vinyl ketone, nitroalkene, or /?-ketoaldehyde) responsible for toxicity. We describe the synthesis of 
radioactively-labelled defense secretions of two of these species and their use in studying the substrate-selective 
detoxication by worker termites. Preliminary studies on biosynthesis of defense secretions by termite soldiers are 
also discussed. 

INTRODUCTION 
Chemical defense has evolved numerous times in the 
termite families Rhinotermitidae and Termitidae.’ Three 
defensive strategies are employed by chemically-armed 
soldier termites:* (1) biting, with the addition of an oily, 
toxic or irritating secretion from the frontal gland reser- 
voir (Termitinae), (2) brushing a copious amount of a 
hydrophobic contact poison onto the cuticle of an 
attacker (Rhinotermitidae), or (3) ejection of an irritating 
glue-like secretion (Nasutitermitinae).‘.3 Inherent in each 
of these modes of chemical defense are biochemical 
adaptations to allow synthesis’ and storage of the 
defensive material and to avoid intoxication by this 
material. The ability to carry out chemical self-defense’ 
has been documented in a preliminary form for two 
rhinotermitids6 and in this paper we will describe the 
experimental details of our synthesis and our studies on 
the biotransformations of these defense secretions in 
viva and in vitro. First, however, we will provide a brief 
over-view of the chemistry of these termite subfamilies. 

The monomorphic soldiers of Prorhinotermes simplex 
(subfamily Prorhinotermitinae)’ produce a cephalic 
defense secretion” which consists of >90% of a single 
nitroalkene, 1. The remaining 10% is a sesquiterpene 
hydrocarbon recently identified as (Z)-a-farnesene by 
Dr. Naya and coworkers (personal communication). 
Major and minor soldiers of the termites Schedor- 
hinotermes putorius’” and S. lamanianusgb produce up 
to 35% of their dry weight as a mixture of 3-alkanones, 
1-alken-3-ones (2) and a,w-alkadien3-ones (3) which act 
as contact poisons to attacking ants. Recently, we found 
that the most advanced genera of this subfamily, Rhino- 
temres and Acorhinotermes produce p-ketoaldehydes 
(4-6). ‘CL12 These contact poisons-the nitroalkenes, the 
vinyl ketones, and the P-ketoaldehydes-are all highly 
reactive agents and are capable of reaction with biolo- 
gically important nucleophilic sites containing hydroxyl, 
sulfhydryl, or amino groups. Rhinotermitine defense 
chemicals are shown in Fig. 1. 

The Cl4 P-ketoaldehydes 4 and 5 were isolated as 
> 80% of the crude hexane extract of the “nasutoid” 
minor soldiers’ of the Neotropical species Rhinotermes 
hispidus and R. marginalis.” The corresponding Cl3 
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ketones 2-tridecanone and 1ZtridecenZone were also 
isolated, suggesting that the P-ketoaldehydes arise from 
reductive cleavage of &ketofattyacyl-coenzyme A 
derivatives.” In the major soldiers, however, these 
compounds were completely absent. This contrasts with 
the more primitive Schedorhinotermes species, in which 
both major and minor soldiers have copious amounts of 
chemically identical secretions. 

The Guyanese termite Acorhinotermes subfusciceps 
has undergone a secondary loss of the major soldier 
caste, and thus has only nasutoid minor soldiers. Hexane 
extracts of these soldiers gave the sixteen-carbon p- 
ketoaldehyde 6 as the major product and ca. 5% of 
(Z)-8-pentadecen-2-one as the minor product.” These 
compounds can be formally derived from reductive 
cleavage of the p-ketopalmitoleoyl-CoA in a highly par- 
simonious fashion. That is, defense substance production 
may result from the harnessing of the fatty acid 
degradation enzymes to provide lipid-like contact 
poisons.” 

The morphological trend in this subfamily is the 
regression of the mandibles with the prolongation of the 
labrum into a daubing brush’ (Fig. 2). The importance of 
the mandibulate major soldiers decreases until the caste 
is eventually lost in Acorhinotermes. The chemical in- 
stability and thus the inherent reactivity of the defense 
chemicals which the nasutoid minor soldiers deploy in- 
creases with evolutionary advancement, Finally, it ap- 
pears that selection favors the minimum amount of ad- 
ditional enzymic machinery to carry out the preparation 
of the defensive chemicals. As a result, the more ad- 
vanced termites employ chemicals which are structurally 
more similar to normal intermediates in fat metabolism. 

The ability of rhinotermitid termite workers of these 
genera to survive in the presence of toxic nitroalkenes, 
vinyl ketones: or /3-ketoaldehydes” secreted by their 
respective soldiers requires the existence of enzymes 
capable of detoxifying these reactive compounds. We 
found that termite workers of Prorhinotermes simplex 
and Schedorhinotermes lamanianus possess substrate- 
specific alkene reductases which, in the presence of 
reduced nucleotide cofactors, catalyze the reduction of 
the electron-deficient double bonds of the unsaturated 
electrophilic groups.6 The saturated compounds are sub- 
sequently recycled in oivo via catabolism to acetate. 
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Fig. 1. Rhinotermitine defense substances possessing lipophilic side chains and electrophilic head groups. 

Synthesis 
RESULTS 

In order to study the biosynthesis and detoxication of 
termite defense secretions, we required synthetic routes 

Rhmotermes 

Scbedorhindwmes 

Fig. 2. Heads of contact-insecticide producing termite soldiers, 
redrawn (by J. Schirmer) from scanning electron microscope 
photographs (by M. Kaib, C. Bleecher, R. W. Jones, and Ref. 7). 
Key to symbols: S, secretion; L, labral brush; F (or arrow), 

fontanelle, the opening of the frontal gland. 

to them which allowed the incorporation of non- 
exchangeable radioactive labels. This was accomplished 
by homologation reactions with [?Z]-sodium cyanide as 
described below and in the experimental. Unlabelled 
secretions for toxicity tests were prepared by analogous 
procedures.6,“,Y We also required synthetic routes to the 
detoxication products, which we suspected to be glu- 
tathione, cysteine, or N-acetylcysteine conjugates but 
which were found to be the ethyl ketone 12 and 
nitroalkane 9. 

Radiolabelled defense secretion compounds were syn- 
thesized as summarized in Scheme 1. Reaction of 
500 &i (4.5 mg) of Nat4 CN with I-tosyloxytridecane (7) 
in dimethylsulfoxide, followed by DIBAL-H reduction of 
the nitrile and hydrolysis of the intermediate imine gave 
I-[“‘Cl-tetradecanal (8). Condensation of 8 with 
nitromethane in methanolic sodium hydroxide followed 
by stirring the resulting nitroalcohol with acetic anhy- 
dride-pyridine’ gave 2-[“‘C]-(E)-I-nitropentadecene (1, 
0.05 mCi/mmol) in 48% chemical yield after flash 
chromatography and recrystallization from hexane at 
- 10”. The saturated nitroalkane 9 was prepared from 
unlabelled 1 via sodium borohydride reduction of 1. 

The labelled vinyl ketone synthesis began with 1-[‘4C]- 
1 I-dodecenal (11) obtained from undecylenic acid 10 by 
hydride reduction, tosylation, [?I-sodium cyanide dis- 
placement. DIBAL-H reduction, and imine hydrolysis as 
described above for 8. Condensation of 11 which excess 
vinyl magnesium bromide followed by oxidation of the 
allylic alcohol with MnO, gave 3 - [“Cl - 1,13 - tetra- 
decadien - 3 - one (3, 0.32 mCi/mmol) in 53% yield after 
flash chromatography. The ethyl ketone 12 was prepared 
from unlabelled 11 by ethylmagnesium bromide addition 
followed by pyridinium chlorochromate oxidation. 

Glutathione, cysteine, and N-acetylcysteine conjugates 
of the vinyl ketone 3 and nitroalkene 1 were prepared by 
modifications of the thiosilylether method” and were 
fully characterized by spectroscopic methods (Scheme 2 
and Tables I and 2) For example. three equivalents of 
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Scheme 1. Synthesis of defense secretions. Reagents: (a) Nar4CN, DMSO; (b) DIBAL-H, hexane; (c) H&$0,, H20, 
dioxane; (d) CHrNOa, NaOH, CHsOH; (e) AcaO, pyridine; (f) NaBH4, C*H,OH; (g) NaAIH2(0CHZCH20CHr)2, 
THF; then H:O; (h) TsCl, pyridine; (i) CH,=CHMgBr, THF; H$O; (j) MnOr, CHrCl,; (k) C*HrMgBr, THF; HfO; (1) 
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R 
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R’HNyHCH2CH2f+N />$NHCH2CC@ 
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15a, R= R’=H 
b, R= CHs, R’=COCFa 

0 

CH2-CHKH2,,iCH2CH2SCH2 
I 

R’ HN+2 R 

169, R = R’= H 

b,R =H, R’=COCH3 

Scheme 2. Synthesis of ghrtathione and cysteine conjugates of nitroalkene 1 and vinyl ketone 3. Method A: direct 
addition in CHJOH with (&H&N as base; Method B: trimethylsilylthioether method; see experimental section for 

details. 
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Table 1. Carbon-13 shifts of nitroalkene 1 and derivatives 

AEzLsnlgnmente u t 2 
sb 14a 

C-l 80.9 142.8 75.8 79.3 79.3 

2 68.9 139.7 26.4 44.0 43.9.43.8 
3 34.0 32.0 27.5 32.7 33.0.33.2 

4 25.4 29-27 29-27 32.6 32.6,31.9 

5-13 29-27 29.27 29-27 29-27 29-27 

1L 22.8 22.8 22.8 22.8 23.0 

15 14.2 14.2 14.2 14.1 14.1 

Cysreinyl -C"- 52.9 52.8.52.2 

-C02H 110.1 

-cH2s- 26.6 26.5.26.3 

N-acery1 170.1.27.7 

D 0 

_:-o_, _&& 170.1,170.6,171.0,172.8 

meLily esterS 52.6 

Glutamy -C”-gH2 26.7 

g12-cc- 31.9 

-A"-Cc-CF3 157&J)2J - 48 HP 

115(q)lJ - 288 HZ 

-cH- 52.5 

ayciny1 -lx,- 41.4 

Table 2. Carbon-13 shifts of vinyl ketone 3 and derivatives. Resonances bearing the same superscript may be 
interchanged 

trimethylsilyl chloride was added to a suspension of 1 This procedure afforded 73% of the glutathione adduct 
equivalent of reduced glutathione in 1,2-dichloroethane 15a which gave spectral data consistent with the expec- 
containing 3 equiv. triethylamine, and the vinyl ketone 3 ted p-keto thioether structure. Both the glutathione and 
(1 equiv.) was then added to the thiosilyl ether solution. cysteine conjugates of 3 could be prepared by reaction of 
After 12 hr, the reaction was quenched with water and the appropriate thiol compound in methanol with 
the product was precipitated from a pH 2 solution at 4”. triethylamine as the base. The adducts prepared in this 
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fashion were easily analyzed by hplc and NMR but some 
could not be sufficiently purified for other analytical 
techniques. Although cysteine conjugates of nitroalkene 
1 could be formed in this manner, the attempted for- 
mation of the GSH conjugate of 1 in buffered methanol 
or dioxane gave anomolous products. 

1925 

Detoxication by workers 
Twenty workers of the African termite Schedor- 

hinotemes lamanianus were treated with the labelled 
vinyl ketone (3-[“‘Cl-3) by topical application of 
lOO&ermite and were held in sealed dishes for 24 hr 
at 27”. The termites were then homogenized in methanol, 
the extract was centrifuged, the supernatant was 
evaporated, and the residue was subjected to reverse- 
phase hplc. Three radioactive peaks could be observed 
during the gradient elution from water (pH 5.6 containing 
0.1% ammonium acetate) to methanol. Peak I (36% of 
soluble radioactivity) eluted with the void volume, Peak 
II (21%) co-chromatographed with (but was not identical 
to) glutathione adduct 15a, and Peak III (43%) co- 
chromatographed with starting material 3 but lacked the 
UV absorption at 219 nm. The chemical identifications of 
these three radioactive peaks are described below. Table 
3 shows the distribution of soluble radioactivity as a 
function of incubation time. 

Peak I eluted with the solvent front at several pH 
values for the acetate buffer and we thus believed this to 
be [“‘Cl-acetate. This was demonstrated by distillation of 
volatiles from acidified Peak I material, addition of triti- 
ated sodium acetate, formation of the p-bromophenacyl 
acetate, and recrystallization to constant ‘?Z/‘H ratio. 
Approximately 12% of the dpm in Peak I were recovered 
in this procedure. 

Peak II appeared to coelute with the glutathione ad- 
duct 15a and with cysteine adducts 16a,b in the initial 
runs. A different solvent program was thus developed to 
allow complete resolution of tthe thioethers. Under these 
conditions of increased resolution, the peak II radioac- 
tivity was found not to coincide with any of the synthetic 
thioethers. Although we have not identified this material, 
we have nonetheless demonstrated the complete absence 
of the “expected” glutathione, cysteine, and N-acetyl- 
cysteine conjugates of this vinyl ketone among the major 
metabolites. 

The identity of the first-produced detoxication product 
contained in Peak III was established by capillary gas 
chromatography to be the ethyl ketone 12. The time 
course of production of 12 was established by incubation 
of 3 in vitro with tissue homogenates containing different 
cofactors and then monitoring the appearance of 12 and 
disappearance of 3 by quantitative GC analysis6 (Fig. 3). 
Reduction of the unconjugated 13-ene was not detected 
during those incubations, although this product (2) can be 
resolved from 12 by chromatography of the soldier 

Table,3. Time course of production of radioactive metabolities of 
vinyl ketone 3 as analyzed by hplc. The value K’ = (V - V,/ V,) is 
the retention index for each peak. Values shown are relative % of 

recovered radioactivity 

TIME, min 

TIME. min 

Fig. 3. Cofactor dependence of crude alkene reductase from 
homogenized S lumanianus workers (details in experimental 
section) in 50 mM phosphate buffer (pH 7.2) containing 25 mM 
MgC12. Incubations were performed with 1.3 mM vinyl ketone 3 
and added cofactors (solid figures) at the following concen- 
trations: NADPH IOmM (triangles); NADH (squares), 1OmM 
and 1 mM; reduced glutathione (inverted triangles), 4mM; and 
with no cofactors (circles). Blank determinations on cofactor 
solutions lacking tissue homogenates are shown as open figures. 
Top: Appearance of saturated ketone 12, measured by quan- 
titative GLC of ethyl acetate extracts of incubation mixtures. 
Bottom: Disappearance of vinyl ketone 3, also monitored by 

GLC. 

secretion on a 50-m Carbowax 20M capillary column. It 
was apparent that the initial reductive detoxication of 
vinyl ketone 3 in oitro was independent of added glu- 
tathione but dependent on the presence of a reduced 
nucleotide cofactor. The half-life of 3 in vitro at 27” was 
less than one hour under conditions of ten-fold excess 
NADPH, and the more electron-poor conjugated alkene 
was reduced selectively. NADPH was more effective 
than NADH in promoting this transformation and when 
NADH was the limiting co-factor, in vitro reductions did 
not go to completion. 

Twenty workers of the Floridian termite Prorhino- 
termes simplex were treated with 100/1g each of the 
labelled nitroalkene 1 by topical application. After 24 hr 
incubation, homogenization and workup of the methanol 
extract as described above, reverse-phase hplc analysis 
revealed three peaks of radioactivity. Peak I (72%) 
eluted with the void volume, Peak II (4%) co-eluted with 
adduct 13, and Peak III (24%) co-chromatographed with 
starting nitroalkene 1 but lacked the chromophore at 
267 nm. Analysis of Peak III by glc indicated the absence 
of 1 and the presence of the nitroalkane 9 after the 24 hr 
period. The low specific activity of the nitroalkene 1 
frustrated attempts to obtain cu-bromophenacyl acetate 
of constant ‘“CPH ratio from Peak I. The identity of the 
Peak II conjugate also remains ambiguous. 
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Biosynthesis 
Biosynthetic studies using the “less precious” domes- 

tic termite P. simplex were undertaken to establish the 
origin of the unusual nitroalkene 1. Administration of the 
precursors by feeding it not practical in termites, since 
soldiers only ingest regurgitated food from workers. We 
therefore employed two techniques: in uiuo biosynthesis, 
in which precursor solutions were injected into soldier or 
work abdomens,4 and in vitro, in which labelled sub- 
strates were added to homogenates of whole termites in 
a phosphate buffer. We envisaged two schemes for the 
origin of the nitroalkene, the first based on an cy-oxida- 
tion/transamination sequence beginning with palmitic 
acid, and a second sequence based on a modified sphin- 
golipid pathway which requires a myristic acid 
equivalent and L-serine (Scheme 3). 

Labelled palmitic acid (16-[‘4C]) and sodium acetate 
(1 -[‘“Cl) were tested using both in uitro and in uiuo 
methods. After incubation, homogenates were extracted 
with hexane-ethyl acetate (1: 1) or whole termites were 
crushed in the same solvent. The organic fraction was 
purified by pipette flash chromatography and analyzed by 
radio-glc and radio-hplc to determine the degree of in- 
corporation of label into the nitroalkene 1 and nitroalk- 
ane 9. Essentially no incorporation of 16-[‘4C]-paImitate 
into nitroalkene 1 was detected, although substantial 
incorporation of acetate was observed. Incorporation of 
l-[‘4C]-myristic acid, 2-[‘4C]-glycine, and U-[‘“Cl- 
L-serine are currently being studied. 

DISCUSSION 

Soldiers of the advanced rhinotermitines have evolved 
an unusual ability to biosynthesize lipid-soluble contact 
poisons based on the modification of fatty acids into 
nitroalkenes, vinyl ketones, and /3-ketoaldehydes. The 
toxicity of the defense secretions to biochemically un- 
protected species is 10-100 fold higher than the toxicity 
of the soldier secretion to conspecific workers.6 
Moreover, compounds 9 and 12 are an order of mag- 
nitude less toxic than the unsaturated compounds 1 and 
3.6 It is, therefore quite clear that species-specific detox- 
ication systems have evolved in these insectide-produc- 
ing creatures. The detoxication of endogenously- 
produced insecticides had been rigorously demonstrated 

cH3s(cH,),,cH,cH,c044 

I 
CH$02No 

0 
cH,tcH2),2CSCoA 

in only one other instance, that of a polydesmid mille- 
pede which both makes and disposes of HCN, phenol, 
and guaiacol.14 

The detoxication of the termite secretions by an alkene 
reductase was unprecedented and surprising. We had 
originally undertaken this project with the expectation 
that both the mechanism of toxicity and the autodetoxi- 
cation scheme would involve the addition of biological 
nucleophiles to the electrophilic &unsaturated systems 
by conjugate addition.‘.9b,‘0 The @-unsaturated ketone 
and nitro compounds are well known to react pref- 
erentially with sulfhydryl groups in oioo,‘-’ and these 
reactions can lead to Michael-type adducts with cysteine 
or glutathione’6 and with enzymes possessing -SH 
groups at the active site. While the latter process may 
result in loss of enzyme function,” the former process is 
a key detoxication pathway which facilitates excretion of 
xenobiotics by rendering reactive lipophilic compounds 
less reactive and more water-soluble.‘6.‘* 

Although the uncatalyzed reaction of sulfhydryl-con- 
taining molecules with conjugated ketones and nitro 
compounds occurs slowly under physiological condi- 
tions,lh enzymes which catalyze the conjugation of 
xenobiotics with glutathione have evolved in many 
organisms, both vertebrates” and invertebrates.” The 
glutathione S-transferases generally show reactivity with 
a broad range of electrophilic alkylating agents. Glu- 
tathione S-transferase activity has been found in flies,” 
caterpillars,” cockroaches,23 earthworms,Z4 and beetle 
larvaezoa and is implicated in resistance to chloronitro- 
benzenes, diazinon, and a variety of organophosphorus 
insecticides.“.” Thus far, only two insect GSH trans- 
ferases have been purified: a housefly enzyme using gel 
permeation and ion-exchange chromatographyzs and a 
larval moth enzyme using affinity chromatography.2h 
Termites in this study were found to have GSH, GSSG, 
and GSH transferase levels in the range of those repor- 
ted for resistant flies.27,2” 

The interspecific toxicity of the two defense secretions 
was determined by exposing workers of P. simplex 
(nitroalkene-producing soldiers), S. lamanianus (vinyl 
ketone-producing soldiers), and the eastern subterranean 
termite Reticuiitemzes flauipes to filter pads containing a 
hundred-fold dose range of unlabelled 1 or 3 for a 48 hr 

NH2 
I 

, CH&H,),,CH,CHCO,H 

I -co2 

WW)I~~_~/H 
H’ ‘NO2 

f"2“" -con 

+ @co ,, 
v 2 

Scheme 3. Possible biogenetic origins for nitroalkene 1. 
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period (Fig. 4). For vinyl ketone 3, S. lamanianus wor- 
kers exhibited the highest tolerance, followed by P. 
simplex and R. flavipes. For nitroalkene 1, P. simplex 
survived the highest doses, followed by S. lamanianus 
and R. flavipes. The alkene reductase is effectively ab- 
sent in R. flavipes, and shows substrate specificity in 
both higher rhinotermitids. We also demonstrated that 
the reduced “detoxication products” 9 and 12 were less 
toxic by an order of magnitude than the corresponding 
@unsaturated compounds. 

The rapid substrate-specific reduction of endogenous 
reactive unsaturated compounds may be the result of 
evolutionary pressures on termites to develop detoxi- 
cation pathways which are nitrogen-conserving.6’29 
Detoxication of a defense substance by reduction of the 
chemically reactive functionality followed by the recycl- 
ing of its carbons via oxidative catabolism may be a 
novel adaptation for the avoidance of nitrogen loss 
inherent in the excretion of glutathione or cysteine con- 
jugates of insecticides. 

Biogenetic schemes for the derivation of the vinyl 
ketones, 2-alkanones, and /3-ketoaldehydes via modified 
fatty acid p-oxidation pathways were proposed earlier.” 
No further evidence has yet been obtained, although this 
is an area of ongoing interest in our group. 

VINYL KETONE ISL) 
t 25- 

$ 20- 
* 

$ 15. 

g 

k IO- 
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1 5- 
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x 

6 IO- 
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DOSE, mgldish 

NITRO ALKENE (PS) 

DOSE, mgldish 

Fig. 4. Interspecific toxity of vinyl ketone 3 and nitro alkene 1 to 
workers of three rhinotermitids. Twenty-five workers of each 
species were exposed to a hundred-fold dosage range of pure 
synthetic compounds absorbed onto moistened cellulose pads. 
Solid figures show the number of dead termites per dish after 2 
days at 28”C, plotted as a function of the dosage (logarithmic 
scale). No mortality was observed in any control dishes. RF= 
Reticulitermes jlavipes; PS = Prorhinotermes simplex; SL = 
Schedorhinotermes lamaniunus. Open figures show the number 
of dead termites per dish (20 maximum) for two doses of the 
“detoxified” ethyl ketone 12 (top) and the nitroalkane 9 (bottom). 

The biogenesis of the nitroalkene constitutes another 
intriguing problem, since nitro compounds are rare in 
nature. It is even more puzzling to find a nitrogen- 
containing defense secretion in an organism known to 
have a nitrogen-deficient diet and to possess elaborate 
behavioral and biochemical adaptations to conserve 
nitrogen.29 Our preliminary studies” have shown that 
acetate is efficiently incorporated by soldiers in vivo and 
in vitro into the nitroalkene 1. However, palmitate was 
not incorporated intact, and the very low incorporation 
obtained was rationalized in terms of initial p-oxidation 
to acetate. This result casts considerable doubt on our 
first proposal shown in Scheme 3, which would have 
required cy-amination of palmitic acid, oxidation at 
nitrogen, decarboxylation, and finally dehydration to give 
1. 

Our second hypothesis invokes a modification of the 
sphingolipid pathway. Condensation of the Cl4 fatty acid 
myristic acid (or its equivalent) with L-serine would give, 
after decarboxylation, an a-amino p-keto alcohol. Oxi- 
dation at nitrogen, reduction at C-3, oxidation decar- 
boxylation at C-l, and dehydration would lead to the 
nitroalkene. If glycine were involved in the initial con- 
densation instead of serine, the biogenesis could be 
shortened by several transformations. Further explora- 
tion of these possibilities is in progress to establish both 
the biosynthetic pathway for the nitroalkene in vivo and 
to understand how this termite can “afford” to waste 
valuable organically-bound nitrogen in colony defense. 

EXPERIMENTAL 

General procedures. Organic solvents were purified before use: 
(a) tetrahydrofuran (THF) was distilled under N2 from Na metal 
and benzophenone immediately before use; (b) pyridine was 
distilled from BaO and stored over 4A molecular sieves; (c) 
DMSO, bp 50-W at ca. 1.0 mm of Hg, was distilled from a soln 
of dimsyl sodium in DMSO using the red color of triphenyl- 
methide anion as an indicator and stored over 4A molecular 
sieves; (d) nitromethane was washed with a soln containing 25 g 
of NaHSOS and 25g of NaHCOr per liter, then with water, 5% 
HrSO,, water, and sat NaHCO,, then dried over CaClr, and distilled 
at 60” at 160 mm of Hg; (e) hexanes were washed with cone HrSO,. 
then 30% fuming HzS04, water, sat NaHCOr, dried over MgSOd, 
and distilled from 4A molecular sieves at 68-72” at 1 atm; (f) 
1,4-dioxane was distilled under Nr from LAH immediately before 
use. 

In the extraction procedure “brine” refers to sat NaCl aq, 
“bicarbonate” to sat NaHCOs aq, and 12% acid refers to 3N 
HCI. Solns were dried over MgS04 and filtered through a layer of 
Florisil (IO&200 mesh). Solvents were removed under reduced 
pressure with a Btichi Rotovapor-RE. 

IR spectra were taken on a Perkin-Elmer 727 spectropho- 
tometer either as a thin film between NaCl salt plates or as a 10% 
soln in CCL. Gas chromatonraphv was performed on a Varian 
3700 instrument equipped with’(aj 2m x 2mm I.D. glass column 
oacked with 3% OV-17 on Gas Chrom 0. (b) 50-m WBOT alass r------ ~~~ 

capillary coated with Carbowax 20M. F‘ID‘data were processed 
using a Vista CDS-481 data reduction system. Low-resolution 
electron-impact mass spectra were obtained using a Hewlett 
Packard Model 5980A mass spectrometer interfaced to an 
HP5710A GC equipped with a 1% SP-2100-packed glass column. 
High resolution mass spectra were obtained on an MS-30 in- 
strument interfaced to an HP7210A CC and a DS-50 data system. 
NMR spectra were obtained on Varian Associates CFT-20 in- 
struments operating at 20 MHz for i3C and 80 MHz for ‘H. High 
resolution ‘H-NMR spectra were obtained on a Bruker 360 
spectrometer. Shifts are reported for deuteriochloroform sob 

tions as ppm downfield from (CH,),Si, using the CHCIs 
resonance as the internal standard for ‘H and the CD& 
resonance for 13C. Microcell 13C-NMRs required Wilmad g-mm, 
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