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Abstract- -A comparative analysis of the venomous alkaloids produced by 
ant species in the subgenus Monomorium of the genus Monomorium has 
been undertaken. All species produce mixtures of unsymmetrical trans-2,5- 
dialkylpyrrolidines, but the proportions of the constituents may vary 
considerably between species. All alkaloids contain both C6 and C9 side 
chains which are present as Cg-saturated. C4- monounsaturated, and both 
C6-and Cg-monounsaturated dialkylpyrrolidines. The structure of 2-(1-hex- 
5-enyl)-5-(1-non-8-enyl)pyrrolidine, a previously undescribed alkaloid, was 
proved by unambiguous synthesis after the location of the double bonds was 
established by the methoxymercuration-demercuration followed by mass 
spectrometry. The possible chemotaxonomic significance of the mixtures of 
venomous alkaloids produced by these species of Monomorium is discussed. 

Key Words--Monomorium spp., Hymenoptera, Formicidae 2,5-dialkyl- 
pyrrolidines, ant venom alkaloids, methoxymereuration-demercuration, 
chemotaxonomy. 
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INTRODUCTION 

A large variety of novel alkaloids has been identified in the venoms of ant 
species in the myrmicine genus Solenopsis, a taxon particularly well 
represented in tropical areas. Species in the subgenus Solenopsis produce 
characteristic 2,6-dialkylpiperidines (MacConnell et al., 1971, 1976; Brand et 
al., 1972), whereas some species in the subgenus Diplorhoptrum synthesize 
2,5-dialkylpyrrolidines in their poison glands (Pedder et al., 1976; Jones et al., 
1979, 1980). However, that alkaloidal venoms are not restricted to the genus 
Solenopsis is demonstrated by the identification of a series of 2,5-dialkyl- 
pyrrolidines in the venom of Monomorium pharaonis (Ritter and Persoons, 
1975; Ritter et al., 1973, 1975; Talman et al., 1974), a " t ramp" species that is 
quite abundant in the Old World tropics. The venom of M. pharaonis is 
particularly distinctive in also containing at least two 3,5-dialkylindolizidines, 
a class of compounds that has never been encountered as venomous products 
of Solenopsis species. 

In order to determine whether the venomous alkaloids produced by M. 
pharaonis are typical of those produced by other species in this genus, we have 
analyzed the poison gland products of additional species, all of which are in 
the same subgenus (Monomorium) as the former. The results indicate that 
considerable alkaloidal diversity that may be chemotaxonomically useful 
characterizes the chemistry of Monomorium (Monomorium) venoms. These 
results further demonstrate that the venoms of Monomorium species may 
provide useful characters whenever this rich but taxonomically difficult 
genus, which has not been analyzed in nearly 60 years (Emery, 1922), is 
subjected to revisionary studies. 

METHODS AND MATERIALS 

Ants 

Ants were collected in the areas indicated in Table 1 and immediately 
placed in glass vials containing I-2 ml of CH2C12. Since it was demonstrated 
that the alkaloids produced by Monomorium species were poison gland 
products, analyses were subsequently conducted on extracts of whole ants. 
For analyses, these solutions were reduced in volume to 0.2 ml with a slow 
stream of nitrogen. 

Chemical Analyses 

Gas chromatography was performed on a Tracor model MT-160 
chromatograph using a 2.5-m • 2-mm ID column packed with 10% SP-1000 
on Gaschrom Q, on a Varian model 90-P chromatograph using a 2-m • 4-mm 
ID column packed with 10% SP-1000 on Gaschrom Q, or on a Varian model 
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TABLE 1. ALKALOIDS IDENTIFIED AS VENOM CONSTITUENTS O F M o n o m o r i u m  

( M o n o m o r i u m  ) SPECIES 

Alkaloids b 
M o n o m o r i u m  species a 

(collection site) 1 2 3 4 5 6 7 

M. near m e t o e c u s  + * 0 - 0 0 o 

(Athens, Georgia) 
M .  v i r i d u m  * * O 0 0 0 0 

(GainesviUe, Florida) 
M .  f l o r i c o l a  . . . . . . .  

(Veto Beach, Florida) 
M .  f l o r i c o l a  c - - 0 . . . .  

(Bahia Honda Key, Florida) 
M .  f l o r i c o l a  . . . . . . .  

(San Lorenzo, Puerto Rico) 
M .  m i n i m u m  * - - o - - - 

(Douglas Co., Kansas) 
M .  m i n i m u m  * - - o - - - 

(Harvey Co., Kansas) 
M .  m i n i m u m  * - - 0 - - - 

(Otero Co., Colorado) 
M. new sp. near m i n i m u m  * * . . . . .  

(Gainesville, Florida) 
M. near e m e r s o n i  o * - - 0 - - 

(Taos Co., New Mexico) 
M. near e m e r s o n i  o * - - 0 - - 

(Bernadillo Co., New Mexico) 
M. near e m e r s o n i  o * - - o - - 

(Lubbock, Texas) 
M .  c y a n e u m  - * - - + - - 

(Hualapai Mt. Park, Arizona) 
M .  e b e n i n u m  * 0 0 - - * * 

(San Lorenzo, Puerto Rico) 

aTaxonomy as determined by M.B.D. who is revising the North American species in this 
genus. 

b.  = major component; + = minor component (10-12%); O = trace; -- = not detected. 
c �9 , �9 Traces of related umdentlfied alkaloids are also present. 

1400 ch romatograph  equipped with a 2-m • 2-mm ID co lumn packed with 
4% OV-1 on Gaschrom Q. Infrared spectra were obta ined  f rom neat  l iquid 
films with a Pe rk in -E lmer  297 grat ing infrared spectrophotometer .  N M R  
spectra were taken on a Var ian T-60 ins t rument .  Combus t ion  analyses were 
performed by Atlantic  Microlabs,  At lanta ,  Georgia. 

The init ial  gas ch romatograph ic -mass  spectroscopic ( G C / M S )  analyses 
were performed on a LKB-2091 mass spectrometer equipped with a 2-m X 2- 
mm glass co lumn packed with 10% SP-1000 on Supelcoport .  Subsequent  mass 
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spectral analyses of the natural and synthetic alkaloids and their derivatives 
were performed on a Hewlett-Packard 5710A GC-5983A mass spectrometer 
interfaced to a Hewlett-Packard 5933 data system. This instrument was 
equipped with either a 1.2-m • 2-mm ID glass column packed with 2% OV- 
101 on Chromosorb W-AWS or a 3-m • 2-ram ID nickel column packed with 
2% OV-101 on Chromosorb W-AWS. Both mass spectrometers were 
operated at 70 eV. 

Preparation of Heptafluorobutyramodes 

Approximately 50 #g of crude pyrrolidine dissolved in CH2C12 was 
placed in a 15-ml Teflon-lined screw-cap centrifuge tube, the solvent was 
removed with nitrogen, and the residue was dissolved in 0.2 ml of neat 
heptafluorobutryic anhydride. The mixture was warmed for 10 rain at 50 ~ C 
and treated with 2 ml of hexane and 2 ml of saturated NaHCO3. After shaking, 
the aqueous phase was removed, and the hexane phase was extracted twice 
with saturated NaHCO3, once with water, and dried over anhydrous sodium 
sulfate. 

Preparation of Methoxyethers 

A gentle stream of nitrogen was used to remove the solvent from the 
crude hexane solutions of the heptafluorobutyramides. The residue was taken 
up in 2 ml of hexane-methanol (60:40), treated with approximately 50% excess 
of mercuric acetate, and stirred in the dark for 24 hr. The mixture was then 
treated with a slight excess of sodium borohydride and after 5 rain, with two 
drops of glacial acetic acid and 2 ml of water. The hexane phase was separated 
and extracted twice more with water. The combined aqueous phases were 
extracted with hexane, and then the combined hexane phases were dried over 
anhydrous sodium sulfate. Following concentration, the hexane solutions 
were analyzed directly by GC-MS. 

Synthesis of 2-(1-Hex-5-enyl)-5-(1-non-8-enyl)pyrrolidine. 

9-Deeenal(8). A solution containing 10.0 g (64mmol) of 9-deeenol-1 in 64 
ml of CH2C12 was  added all at once to a rapidly stirred suspension of 21 g of 
pyridinium chlorochromate (Corey and Suggs, 1975) in 130 ml of Ch2CI2. 
After 2 hr, 900 ml of ether was added and the mixture was filtered through 
Florisil, Distillation gave 6.7 g of pure aldehyde (68% yield), at 61-65 ~ C (1.0 
mm Hg); IR 3075, 2845, 2710, 1730, 1645, 995, and 905 cm-1; NMR, d9.7(1 H, 
t, J =  2Hz, C HO), 5.9(1H, d o f d  of t ,  J =  18, 10, and 6 Hz, CH2~--CH_--), 
5.0(1H, br d, J =  18 Hz, C H 2 ~ C H - - ) ,  4.9(1 H, br d, J =  10 Hz, 
CHz-~--CH--), 2.38 (2H, br t, CH2CHO), 2.0 (2H, m, CH__zCH~---CH2), 
1.35[10H, br s, --(CH2)5--]. 

Analysis: Calculated for C10H180: C, 77.87; H, 11.76; found: C, 77.09; H, 
11.53. 
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1,11-Dodecadien-3-ol (9). A solution containing 6.7 h (43.5 mmol) of 
aldehyde 8 in 10 ml of tetrahydrofuran was added dropwise to a well-stirred 
solution of 1.5 equivalents of vinyl magnesium bromide in tetrahydrofuran 
under a nitrogen atmosphere. The mixture was stirred at room temperature 
for 45 min, heated to reflux for 2 hr, cooled, and quenched with saturated 
NH4C1 solution. The mixture was extracted with ether (3 • 50 ml), and the 
ether extracts were dried over anhydrous magnesium sulfate. After filtration, 
distillation gave 5.8 g of pure diene alcohol 9 (73% yield), bp 72-76 ~ C (0.2 mm 
Hg): IR 3330 (br), 3070, 1640, 990, and 905 cm-l; NMR, 65.71(2H, complex 
m, CH2=C_H--), 5.0(4H, complex m, CH/~CH--) ,  4.0(1H, br m, CH-- 
OH), 4.03(1H, s, --OH), 1.95(4H, m, CH2--~-~CH --C__H2-- and CH2CH-- 
OH), 1.3 [10H, br s, --(CH2)5--]. 

Analysis: Calculated for C12H220: C, 79.06; H, 12.16; found: C, 79.1 l; H, 
12.17. 

1,18-Nonadecadien-7,10-dione (10). A solution containing 5.8 g (32 
mmol) of dienol 9 in 10 ml of CH2C12, was added to a suspension of 
pyridinium dichromate (Corey and Schmidt, 1979), in 50 ml of CHzCI2, and 
the mixture was stirred 10 hr. After the usual work-up, distillation gave 3.0 g 
of the unstable 1,11-docecadien-3-one (53% yield, bp 68-73 ~ C (0.3 mm Hg): 
IR 3070, 1695, 1685, 1645, 1615, 990,960, and 904 cm -~. This vinyl ketone was 
immediately mixed with 1.87 g (16.6 mmol) of 6-heptenal (Jones et al., 1980) 
and 0.5 g of 5-(2'-hydroxyethyl)-4-methyl-3-benzylthiazolium chloride (Stetter 
and Kuhlmann, 1974). After purging with nitrogen, 2.3 ml of triethylamine 
were added, and the mixture was refluxed for 20 hr. After cooling, the mixture 
was taken up in ether and filtered through a short Florisil column. The solvent 
was removed, and kugelrohr distillation at 0.2 mm Hg gave 3.3 g of diketone 
10 as a waxy solid (68% yield), mp 41-44~ Sublimation of the pot residue 
produced another 0.65 g of 10 (13% yield), mp 42-43 ~ C; NMR, 85.8(2H, d of 
d oft ,  J =  18, 10, and 6 Hz, CH2=CH--) ,  5.0 (2H, br d, J =  18 Hz, trans 
C__H2--~-~CH--), 4.9(2H, br d, J =  10 Hz, cis CH2---~CH--), 2.55(4H s, 
COCH2CH2CO), 2.41(4H, m, C__H2CO), 2.0(4H, m C__H2C~--~-C), 1.3(14H, br s, 
alkyl --CH2--); MS m/z(rel, intensity) 292 (0.5, M+), 237(2), 224(2), 209(2), 
195(2), 182(2), 181(4), 173(1), 167(2), 154(10), 153(4), 149(5), 138(8), 136(15), 
135(5), 127(4), 125(3), 122(2), 121(5), 114(12), 112(1), 111(20), 110(8), 109(5), 
107(13), 99(10), 98(8), 95(11), 93(9), 83(28), 81(10), 79(9), 71(20), 69(31), 68(5), 
67(25), 57(10), 56(11), 55(100), 53(9). 

Analysis: Calculated for C19H3202: C, 78.03; H, 11.03; found: C, 77.78; 
H, 11.06. 

trans-2-(1-Hex-5-enyl)-5-(1-non-8-enyl) pyrrolidine (1) and its cis lsomer. 
A solution containing 2.0 g of diketone 10 (6.85 mmol), 0.1 g of KOH, 0.54 g 
of ammonium acetate, and 0.5 g of sodium cyanoborohydride in 15 ml of 
methanol was stirred for 15 hr. An excess of sodium borohydride was added, 
and the mixture was stirred an additional hour. The usual work up gave 1.8 g 
of pyrrolidine 1 as a 50:50 mixture of cis and trans isomers that was greater 
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than 95% pure by GLC analysis (OV-1, SP--1000) (approx. 90% yield): IR 
3260 (w), 3070, 1640,990, and 905 cm-1; NMR 6 of the mixture 5.8(2H~ d of d 
of t, J = 18, 10, and 6 Hz, CH2-~-CH--), 5.0(2H, br d, J = 18 Hz, trans 
C HE-~-CH--), 4.9 (2H, br d, J = 10 Hz, cis C__HEm-~-CH--), 3.0 (3H, br m, 
CH--N and N--H), 2.1(4H, m, CH2--CH~CH2), 1.3(22H, br s, alkyl - -  
CH2--); MS m/z (rel. intensity), 277(3, M+), 276(2), 234(12), 220(14), 
195(15), 194(100), 178(10), 153(9), 152(83), 150(4), 136(3), 124(2), 122(2), 
110(2), 109(1), 108(2), 96(5), 95(3), 94(2), 83(7), 82(30), 81(5), 70(2), 69(4), 
68(10), 67(18), 57(1), 56(4), 55(20), 54(3), 53(2). 

Analysis: Calculated for C19H35N: C, 82.24; H, 12.71; N, 5.05; found: C, 
82.10; H, 12.72; N, 5.02. 

Treatment of a small sample of the mixture of pyrrolidine 1 and its cis 
isomer with heptafluorobutyric anhydride as described above produced the 
N-heptafluorobutyramide derivative, MS m/z (rel. intensity) 473(1, M+), 
416(3), 391(10), 390(45), 350(1), 349(18), 348(I00), 305(2), 304(21), 280(2), 
267(3), 266(40), 240(5), 169(3), 135(3), 135(12), 121(1), 109(8), 107(4), 95(12), 
93(8), 81 (18), 79(10), 69(15), 67(33), 55(22). Methoxymercuration-demercura- 
tion of this derivative as described above gave 2-(5-methoxyhex-l-yl),5-(8- 
methoxynon-l-yl)-N-heptafluorobutyrylpyrrolidine as a major product 
whose mass spectrum is identical with that shown in Figure 1, which was 
obtained from the natural compound. 

2-(1-Hex-5-enyl)-5-nonylpyrrolidine (2) 

The preparation of the monounsaturated pyrrolidine 2 has already been 
described (Jones et al., 1980). A small sample of 2 was treated with 
heptafluorobutyric anhydride to give the N-heptafluorobutyryl derivative, 
MS m/z (rel. intensity) 475(0.5 M+), 446(1), 393(18), 392(100), 369(3), 368(8), 
351(7), 350(62), 349(5), 348(50), 306(10), 280(3), 267(11), 266(60), 264(6), 
240(15), 197(2), 180(1), 169(7), 145(2), 135(18), 123(12), 111(I0), I10(7), 
109(28), 107(10), 97(35), 95(47), 93(18), 91(5), 85(10), 83(44), 81(57), 79(20), 
71(20), 70(15), 69(84), 68(22), 67(82), 57(33), 55(98). Methoxymercuration- 
demercuration of this derivative as described above gave 2-(5-methoxyhex- 
10-yl)-5-nonyl-N-heptafluorobutyryl-pyrrolidine as the major product. MS 
m/z (rel. intensity) 507(0.5, M+), 492(3), 407(18), 393(10), 392(44), 380(1), 
368(12), 353(2), 349(8), 348(45), 306(3), 294(3), 281(2), 280(4), 266(28), 
264(40), 197(2), 182(8), 169(5), 152(3), 147(2), 145(2), 135(18), 123(9), 121(4), 
119(2), 111(7), 109(21), 107(10), 105(6), 97(22), 95(30), 93(17), 91(8), 85(13), 
83(23), 81(30), 79(20), 71(16), 69(40), 67(38), 59(I00), 57(20), 55(48). 

Mass Spectral Analysis of M. ebeninum Alkaloids 

The GC/MS from the extracts of M. ebeninurn showed one broad peak 
whose mass spectrum had ions at m/z = 277 (M+), 194, and 152, indicative of 
pyrrolidine 1. In addition there were ions at m/z - 275, 274, 207, 206, 192, 



V E N O M  O F  A N T S  2 9 1  

100 - 

50 

100 

50 

100 - 

50 

]00 

50 

+ 
5 9  (CH30=CHCH 3) 

I, I 
910 ~ 4 0  g 6 0  

OCH 3 COC3F7 

.= 

I h  I I I  I I I 

8'0 ' 16o " ~o 1:~o ' .~o 

" I i 
180 2~)0 I 2~)0 ~ 

h, 
z~o 

2 6 4  

. [ I , . .  I 

2;0 ' 2~o 3~o ' ~ o  

5 4 8  5 9 0  
i, 380 
, ' ) I . . . .  

' 3 4 0  3 6 0  ' ~ 8 0  4 0 0  

4 2 2  
I i i  i i i 

4 2 0  440 
i i 

4 6 0  
i 

480 

(M-CH3-CH3OH) 

t 490 522 (M-CH 3 ) 

I i I i f J i o I ~;o ~2o ~;,o 5;0 5~o 68o &o 
m / z  

FIG. 1. M S  of the dimethoxyheptafluorobutyryl derivative of 1. 

o 

165, 164, 150, and 82, indicative of  the pyrrolines 6 and 7. Treatment of a 
portion of the extract with sodium borohydride converted the mixture to a 
single component  with a mass spectrum identical to that of  1. Treatment of  
another portion of  the extract with sodium borodeuteride gave an inseparable 
mixture of  isotopomers with a mass spectrum containing fragment ions at 
m/z = 278, 195, and 153 as well as those at m/z = 277, 194, and 152. The 
intensities of  these ions indicated that there were essentially equivalent 
amounts of  deuterated and undeuterated pyrrolidines. Traces of  pyrrolidines 
2 and 3 were also present in these extracts as well separated GC peaks. 
Compound 2 mass spectrum identical with that previously reported (Jones et 
al., 1980), while 3 showed the following important ions; rn/z = 281(1, M+), 
196(85), and 154(100), indicative of  its saturated side chains. 
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Quantitation of Alkaloids in M. near metoecus 

Five or ten ant workers were taken f rom a group of ants freshly killed by 
freezing and macerated in 10/~ 1 of either CH2C12 or ethanol. A 1.0-#1 sample 
of the supernatant liquid was immediately analyzed by gas chromatography.  
This was repeated seven times using a total of 60 ants. The results were 
calibrated with the gas chromatogram from 1.0/~1 of a solution containing 2.3 
mg/ml  of pyrrolidine 2 in CH2C12, and they indicate that each ant worker 
contains between 0.5/~g and 2.0/~g of alkaloid. 

Methylation of Alkaloids in M. near metoecus 

A CH2 C12 extract of a sample of M. near metoecus containing pyrroli- 
dines 1, 2, and 3 was taken to dryness with a gentle stream of nitrogen and 
treated with one drop of 28% formaldehyde and one drop of formic acid. The 
resulting mixture was heated in a closed vial overnight. The solution was made 
basic with 10% KOH and extracted with chloroform to provide a mixture 
containing only N-methyl-pyrrolidines. GC-MS (2-m • 2-mm column packed 
with 10% SP-1000 on Supelcoport) showed 4 and 5 eluting at about the same 
temperature and characterized by their mass spectral fragmentation patterns: 
4, rn/z = 291(M+ ), 208(M--C6HI1), and 166(M--CgH17); 5, m/z = 293(M+), 
210(M--C6H11), and 166(M--C6H19). The methylated derivative of 3 was well 
separated under these conditions and its mass spectrum had important  ions at 
m/z = 295(M+), 210, 168. The mass spectrum of the nearly inseparable 
mixture of 4 and 5 prepared this way was almost identical to that of these two 
alkaloids and served to identify them when they were found in fresh venom 
extracts of the various species listed in Table 1. 

RESULTS 

The trans-2,5-dialkylpyrrolidines 1-5 are characteristic venomous com- 
ponents of all species of Monomorium analyzed. While quantitative and 
qualitative variations are evident, the venoms of the five native species, and 
those of M. ebeninum and one populat ion of M. floricola as well, are all 
characterized by the presence of 2,5-dialkyl-pyrrolidines with the same C19 
carbon skeleton (Scheme 1). 

The novel 2-(1-hex-5-enyl)-5-(1-non-8-enyl) pyrrolidine (1) and the 
previously reported 2-(l-hex-5-enyl)-5-nonylpyrrolidine (2) (Jones et al., 
1980), like the major alkaloidal components in every species studied, are easily 
recognizable from their mass spectra (Pedder et al., 1976). The mass spectra of 
these compounds show a pair of intense peaks resulting f rom a-cleavage of 
side chains and a weak molecular ion of odd mass: M+ 277(3%), 194(100), 
152(83), and M+ 279(4%), 196(83), 152(100). These data indicate a 6-carbon 
monounsaturated side chain and either a 9-carbon monounsaturated or a 
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saturated side chain, but do not reveal the positions of the double bonds. 
The technique of methoxymereuration-demercuration was utilized to 

locate the double bonds in the side chains (Howard et al., 1978; Blomquist et 
al., 1980). Since this technique was not successful with the free amines, the 
pyrrolidines were converted to the corresponding N-heptafluorobutyramides. 
These derivatives, upon treatment with mercuric acetate and methanol, 
followed by reduction with sodium borohydride, yielded the methoxylated 
compounds, albeit in rather modest yields. When the starting alkaloid was 
diunsaturated, both the di- and monomethoxylated derivatives were formed. 
The mass spectra of these compounds, via the exclusive formation of ions at 
m/z  = 59, showed the incorporation of methoxy ether groups on the 
penultimate carbon of the side chains, indicating terminal double bonds in 
every case (Figure 1). 

Pyrrolidine 1, prepared by previously described methodology (Scheme 2) 
(Jones et al., 1980), was identical by GC/MS to the natural alkaloid; the 
derivatives of the natural alkaloid and synthetic compound were also 
identical. The monomethoxy-N-heptafluorobutyramide derivative of pyr- 
rolidine 2 was also prepared, and again its mass spectrum as well as the mass 
spectrum of the free base matched the corresponding spectra from the ant 
extracts. 

The synthetic alkaloids 1 and 2 are a 1 : 1 mixture of cis and trans-2,5- 
dialkylpyrrolidine isomers separable by gas chromatography (Jones et al., 
1980). As shown previously, the cis configuration can be assigned to the isomer 
that elutes first. Comparison by retention time and coinjeetion showed that 
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the naturally occurring pyrrolidines 1 and 2 were of the trans configuration in 
every sample of Monomorium extract available. In M. viridum the ratio of 
pyrrolidine I to pyrrolidine 2 was found to be approximately  3 : 2, while in M. 
new sp. near minimum this ratio was about  1:2. 

The 1-pyrrolines 6 and 7, major components  in the alkaloidal mixture 
f rom M. ebeninum, were characterized by their parent ion at m/z = 275 as 
well as the M-1 ion at 274 and the McLafferty rearrangement ions at 207 and 
165 in 6 and 7, respectively. They also showed characteristic allylic cleavage 
ions at m/z = 206 and 150 f rom 6 and m/z = 192 and f rom 7. An ion at 
m/z = 82 arises f rom both pyrrolines. The intensities of these ions indicated 
that there was slightly more of 6 and 7. 

These Schiff bases were further characterized by their conversion to 
pyrrolidine 1 upon treatment with sodium borohydride. In M. ebeninum, 
their incorporation of deuterium upon treatment with sodium borodeuteride 
was evident because of the appearance of ions at m~ z =278, 195, and 153; the 
intensity of these ions relative to the undeuterated ions showed that the total 
amount  of 6 and 7 was roughly equal to the amount  of 1 in the alkaloid 
mixture from this ant. 

Three minor alkaloidal components were also found in the Monomorium 
species included in this investigation. In extracts of M. near metoecus, M. 
viridum, and M. ebeninum, a minor component  (approximately 1-2% of the 
mixture) had a characteristic mass spectrum [281 (1%), 196(85), 154(100)] that 
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could be attributed to 2-hexyl-5-nonylpyrrolidine (3). In addition, small 
amounts of the N-methyl and analogs of pyrrolidines 1, and 2 (4 and 5) were 
detected. Their structures were suggested by their gas chromatographic 
behavior and their mass spectra. Confirmation of the structures of 4 and 5 was 
obtained by N-methylation of the extracts of a sample of M. near metoecus 
with formaldehyde and formic acid, which converted all of the N-H alkaloids 
present into their N-methyl analogs. 

With the exception of M. floricola, each species appeared to produce a 
characteristic venom fingerprint with no significant differences in alkaloidal 
composition being associated with different populations of the same species 
(e.g., M. min imum)  (Table 1). No alkaloids were detected in extracts of two 
populations of M. floricola whereas that from Bahia Honda Key, Florida 
(Table 1) contained a very small quantity of pyrrolidine 3, along with traces of 
several unidentified alkaloids. The venom of M. viridum was found to be 
especially distinctive in being the only one of the venoms studied that 
contained all of the dialkylpyrrolidines detected in these secretions. In 
addition, it and M. new sp. near minimum produce the only venom in which 
both pyrrolidines 1 and 2 are major constituents. Among the Monomorium 
species, the venom ofM. ebeninum was especially characteristic in containing 
two pyrrolines as major constituents; that of M. cyaneum was exceptional in 
producing the N-methylpyrrolidine 5 as a major venomous alkaloid. 

Since M. near metoecus was readily available, samples of these ants were 
analyzed in order to determine the approximate amount of alkaloid produced 
by each ant. The extracts from five or ten individuals macerated in a known 
volume of solvent were compared to a standard solution of pyrrolidine 2 by 
gas chromatography. Seven replicates of this comparison indicated that each 
M. near metoecus worker contained between 0.5 #g and 2.0 ~zg of alkaloids. 

DISCUSSION 

M. ebeninum and the native North American species of Monomorium 
appear to have limited biosynthetic capacities in that they produce only trans 
isomers of 2,5-dialkylpyrrolidines possessing C6 and C9 side chains. The most 
characteristic compound produeed by these ants, pyrrolidine 1, which has not 
been previously detected as a natural product, appears to be the only known 
example of a diunsaturated pyrrolidine synthesized by animals. While 
terminally unsaturated side chains on 2,5-dialkylpyrrolidines have been 
previously reported as being produced by Monomorium species (Jones et al., 
1980; Ritter and Persoons, 1975; Ritter et al., 1975), and the synthesis of one 
of these compounds has been described (Ritter and Stein, 1978), this is the first 
report of experimental evidence for this assignment. The technique of 
methoxymercuration-demercuration produced the dimethoxy-N-heptafluoro- 
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butyramide derivative of natural and synthetic alkaloid 1 on a microscale. 
Figure 1 depicts the mass spectrum of this compound from the major venom 
component of M. minimum (Douglas Co., Kansas), and Figure 2 shows the 
molecular fragments that can be assigned to this spectrum. The base peak at 
m/z  = 59 (CH3CHOCH3) § indicates incorporation of the methoxyl groups at 
the penultimate carbon atoms of the side chains. There is no evidence for the 
presence of methoxyl groups at any other site on the molecule. An analogous 
fragmentation pattern was also observed for the monomethoxy-N-hepta- 
fluorobutyramide derivative of pyrrolidine 2, which again indicated a 
terminal double bond. 

Since oxymercuration reactions proceed to give mostly Markovnikov 
addition of the hydroxyl species (Brown and Geoghegan, 1970), it is not 
surprising that no observable terminal methoxylation occurred. The Mono- 
morium unsaturated pyrrolidines thus contain only terminal double bonds, 
similar to the unsaturated pyrrolidines reported in M. pharaonis (Ritter et al., 
1975, 1980). 

Synthesis by an unambiguous route confirms the above structural 
assignments for pyrrolidines 1 and 2 (Scheme 1). This synthetic methodology 
also permits assignment of stereochemistry of the alkyl groups about the 
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pyrolidine ring since both c/s and trans isomers are formed (Jones et al., 
1980) having different gas chromatographic retention times but identical mass 
spectra. Comparison of the natural and synthetic alkaloids shows that in every 
case, the later-eluting trans isomer is produced by the M o n o m o r i u m  species 
listed in Table 1. 

Since it has been shown that 1-pyrrolines such as 6 and 7 can be formed as 
artifacts in GC-MS instruments (Fales et al., 1980), their appearance in trace 
amounts is always somewhat suspect. On the other hand, reduction of the 
extract of M. ebeninum with sodium borodeuteride shows that the 1- 
pyrrolines 6 and 7 make up at least half of the alkaloid mixture in this species. 
The allylic cleavage ions and McLafferty rearrangement ions that characterize 
these compounds arise from previously described fragmentation pathways 
(Pedder et al., 1976; Fales et al., 1980). 

The minor constituents of these alkaloidal mixtures, pyrrolidines 3, 4, 
and 5, serve to further characterize the venom mixtures from each Mon-  

omor ium species. 2-Hexyl-5-nonylpyrrolidine 3 is immediately identifiable 
from its mass spectral fragmentation pattern which is characteristic of other 
2,5-dialkylpyrrolidines (Jones et al., 1980). The N-methylpyrrolidines, on the 
other hand, have mass spectral fragmentation patterns identical with their 
parent pyrrolidines 1 and 2, with the c~-cleavage and parent ions increased by 
14 mass units (Figure 3). Computer-constructed, selected ion chromatographs 
of these compounds show symmetrical peaks, whereas the parent pyrrolidines 
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FIG. 3. N-Methylpyrrolidines 4 and 5 from M. viridum. 
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show distinctly unsymmetrical peaks (OV-IO1), presumably because of 
interactions of the active hydrogen on the nitrogen with the column substrate. 
The symmetrical shape of the peaks for these compounds tends to exclude the 
possibility that the compounds are dialkyl or dialkenyl piperidines. In 
addition, their mass spectra are essentially identical to those of the N- 
methylpyrrolidines prepared from a sample of  natural Monomorium pry- 
rolidines by N-methylation. Since there is so little of 4 and 5 present, there is 
no direct evidence that the position of their double bonds is terminal. However, 
the fact that several species of Monomorium that were examined contain 
these N-methyl analogs in exactly the same relative proportions as pyrrolidines 
1 and 2 in their venoms, suggests that perhaps N-methylation is a terminal 
biosynthetic process, so it would be unlikely that the compounds differ in the 
location of their double bonds. 

From a chemotaxonomic standpoint, these Monomorium venoms 
would appear to possess at least a modicum of value. All apparent species that 
were analyzed produce distinctive venoms in terms of their qualitative and 
quantitative compositions. For example, M. viridum is the only species that 
produces all the dialkylpyrrolidines detected in these venoms, being further 
distinguished by synthesizing both the diunsaturated and monounsaturated 
compounds, 1 and 2, as major constituents. The venom of the closely related 
species M. near metoecus is almost as qualitatively rich as that ofM. viridum, 
differing only in the absence of the N-methyl compound 4. The only 
pyrrolidine-producing species lacking the diunsaturated pyrrolidine 1, M. 
cyaneum, is especially distinctive in producing significant amounts of the 
N-methyl pyrrolidine 5 (Table I). 

Even though relatively few Monomorium (Monomorium) species have 
been analyzed, there appears to be a considerable amount  of variation in the 
chemistry of the venoms synthesized by different species. Although the 
venoms of native North American species in this subgenus contain only 
variations on 2-hexyl-5-nonylpyrrolidine, that of M. pharaonis contains a 
diversity of other nitrogen heterocycles which include pyrrolidine 2, a major 
component in the venoms of the Monomorium species analyzed in this 
investigation. In addition, the venom of 34. pharaonis contains 2,5-dialkyl- 
pyrrolidines with different side-chain lengths, as concomitants of dialkyl- 
indolizidines (Ritter et al., 1975). 

The dialkylpyrrolidines are probably utilized as repellents for ants in 
interspecific contexts. H611dobler (1973) demonstrated that M. pharaonis can 
utilize its venom as a powerful repellent while plundering brood from the nests 
of other species. This plundering modus vivendi is characteristic of thief ants 
in the genus Solenopsis, many of which produce dialkylpyrrolidines in their 
venoms (Jones et al., 1979, 1980). It has been recently demonstrated that the 
thief ant S. fugax produces 2-butyl-5-heptylpyrrolidine in its poison gland, 
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utilizing this compound as a venom mace while stealing brood from the nests 
of foreign ant species (Blum et al., 1980). It appears that the dialkylpyrrolidines 
synthesized by Monomorium species are also utilized to repel other species of 
ants in competitive situations involving the acquisition of food. One of us 
(J.T.) has observed workers of 34. ebeninum and 31. floricola effectively 
repelling other species of ants by utilizing their venomous secretions. The 
biochemical evolution of alkaloidal repellents may have enabled these 
diminutive species to exploit sociality in a way that would not have been 
otherwise possible. 

Note Added in Proof--As this manuscript was going to press, we had the opportunity to 
examine two other Monomorium species. M. minutum (San Sebastian, Spain) was found to 
contain only pyrrolidines 1 and 2in approximately a 20:I ratio. M. carbonarium (Key Largo, 
Florida) was found to contain only pyrrolidine 1. None of the other alkaloids listed in Table 1 
were detected in these species. 
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