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FOREWOR
The A C S SY M P O S I U M SERIES was founded in 1974 to provide 

a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
IN CH E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub­
mitted by the authors in camera-ready form. Papers are re­
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

Those who have followed the pheromone field know that there have been 
great strides forward in virtually every aspect of pheromone technology, 

especially in the past decade. Aside from the biological aspects of the prob­
lem, which are not directly addressed here, substantial progress has been 
made in isolation, identification, analysis and synthesis of pheromones, 
and—most important and recently—in actual applications of insect phero­
mones to solve difficult pest-control problems. 

Although much of th
erated by the urgent demands from scientists and the public that phero­
mones be explored as a means of minimizing pesticide contamination of 
our food, fiber, wildlife, and the environment generally, interest has been 
heightened by a number of concurrent developments: 

1. new and improved techniques and methods for isolating and 
identifying ever-decreasing amounts of pheromones; 

2. actual identifications, or more complete identifications, of phero­
mones, especially those of important insect pests; 

3. novel syntheses, including asymmetric ones, that were devised 
following the finding of optically active pheromones; 

4. research findings and subsequently demonstrations showing that 
pheromones can be a safe and viable alternative to insecticides, or at least, 
a means of reducing insecticide use through integrated pest-management 
techniques; 

5. and, most important, the entry into the market of commercial 
firms that have developed improved formulations and pheromone prod­
ucts and introduced new and unique equipment to make the use of phero­
mones practical in many instances. 

Despite these advances, most pheromone workers will agree that the 
pheromone field is only beginning to blossom and that there are many 
questions requiring answers before the full rewards of this technology can 
be realized. T o respond to some of these questions and to bring the record 
up to date, we invited leading scientists from the United States and else­
where to share their latest findings, advances, and thoughts in their respec­
tive fields of pheromone technology. Thus, this volume contains their 
papers, which were presented at the Symposium on Chemistry and Appli ­
cations of Insect Pheromone Technology at a national meeting of the 
American Chemical Society in 1981. Previous symposia were held in 

ix 
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1969 and 1975, the latter published as Symposium Series No. 23, "Pest 
Management with Insect Sex Attractants." 

Because progress in pheromone technology has involved the coordi­
nated effort of a wide variety of disciplines, it is anticipated that the subject 
matter in this volume may be useful to organic, analytical, agricultural, 
environmental and micro chemists, biochemists, entomologists, pest control 
operators, chemical manufacturers and formulators, insect physiologists, 
agriculture extension workers, life scientists, ecologists, university person­
nel (chemists, entomologists, zoologists, agronomists), state and federal 
government officials dealing with agriculture or the environment, and engi­
neers designing specialized equipment. With continued cooperation of the 
various disciplines, we can be optimistic about pheromones becoming 
important pest-control tools in the future. 

B A R B A R A A. L E O N H A R D T 

U.S. Department of Agriculture 
Beltsville, Maryland 

M O R T O N B E R O Z A 

Silver Spring, Maryland 

March 1, 1982 
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1 
Analysis of Chemical Communications Systems 
of Lepidoptera 

J. H. TUMLINSON, R. R. HEATH, and P. E. A. TEAL 

U.S. Dept. of Agriculture, Agricultural Research Service, Insect Attractants, 
Behavior, and Basic Biology Research Laboratory, Gainesville, F L 32604 

Recent research has shown that the pheromone medi
ated behavior of lepidopterou
plex . The chemica  component  pheromone
usua l ly simple molecules, but complex mixtures i n v o l v ­
ing permutations of geometry, f u n c t i o n a l i t y , and chain 
length are often required to elicit the complicated 
behavioral reper to i re that eventual ly culminates i n 
mating. To e lucidate the chemical and behavioral 
aspects of th i s communications system, we have used a 
combination of methods inc lud ing collection of the vol-
atiles emitted by the female, analys is by high r e s o l u ­
tion capillary gas chromatography (GC), and the sequen­
tial and temporal analys is of the male's behavioral 
response to the pheromone blend and components there­
of . New liquid phases and state of the art techniques 
have been developed for capillary GC to separate all 
the components of a pheromone blend. With these 
methods the chemical communication systems of H e l i o t h i s 
virescens (F . ) and H. subflexa (Gn.) have been analyzed 
and ce r t a in aspects have been e luc ida ted . 

Numerous i n v e s t i g a t i o n s of the pheromone communication 
systems of L e p i d o p t e r a have been conducted d u r i n g the l a s t two 
decades, p r o b a b l y because L e p i d o p t e r a are u b i q u i t o u s phytopha­
gous p e s t s and because, s u p e r f i c i a l l y , t h e i r pheromones and 
r e l a t e d b e h a v i o r appear s i m p l e . Most of these i n v e s t i g a t i o n s 
have i n v o l v e d the chemical i d e n t i f i c a t i o n of the pheromone or 
pheromone b l e n d o b t a i n e d from the females and subsequent e v a l u a ­
t i o n of s y n t h e s i z e d pheromones t o determine whether o r not they 
"work" as t r a p b a i t s f o r males, o r communication d i s r u p t a n t s i n 
the f i e l d . However, i n the l a s t f i v e y e a r s t h e r e has been a 
growing body of evidence t h a t l e p i d o p t e r a n pheromones and phero­
mone mediated b e h a v i o r i s much more complex than f i r s t be­
l i e v e d . I t i s now c l e a r t h a t i n f o r m a t i o n r e g a r d i n g the che m i c a l 
c o m p o s i t i o n of the pheromone and the pheromone e l i c i t e d b e h a v i o r 

This chapter not subject to U.S. copyright. 
Published 1982 American Chemical Society. 
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2 INSECT P H E R O M O N E TECHNOLOGY 

i s incomplete f o r most s p e c i e s . Thus, m o n i t o r i n g systems 
employing pheromone b a i t e d t r a p s do not always g i v e c o n s i s t e n t 
r e s u l t s , r e p r e s e n t a t i v e of p o p u l a t i o n d e n s i t i e s , and r e d u c t i o n 
or mating below the economic t h r e s h o l d i s o f t e n d i f f i c u l t t o 
a c h i e v e by communication d i s r u p t i o n w i t h the pheromones t h a t 
have been i d e n t i f i e d f o r a s p e c i e s . The development of 
e f f e c t i v e p r a c t i c a l i n s e c t c o n t r o l systems based on the use o f 
semiochemicals w i l l depend on the development of a thorough 
knowledge and u n d e r s t a n d i n g of the c h e m i c a l communications 
systems of these i n s e c t s . 

F o r these reasons we d e c i d e d t o conduct an i n - d e p t h study of 
the c h e m i c a l communication systems of c e r t a i n l e p i d o p t e r a n spe­
c i e s . We chose to f i r s t i n v e s t i g a t e H e l i o t h i s v i r e s c e n s (F.) 
( L e p i d o p t e r a : Noctuidae) because i t i s an important economic 
pest and because of ou  p r e v i o u  e x p e r i e n c  w i t h i t { I )  A d d i
t i o n a l l y , males of t h i
s u b f l e x a (Gn.J females  produc  h y b r i 2). 
T h i s phenomenon i s the b a s i s of g e n e t i c s t r a t e g i e s f o r c o n t r o l 
of H. v i r e s c e n s . I t a l s o p r o v i d e s an o p p o r t u n i t y t o study the 
p r o d u c t i o n and p e r c e p t i o n of pheromones by h y b r i d s . 

Our i n i t i a l g o a l was t o a c c u r a t e l y d e f i n e the c h e m i c a l com­
p o s i t i o n of the pheromone produced by H. v i r e s c e n s females and 
to a n a l y z e and d e s c r i b e the male b e h a v i o r e l i c i t e d by the phero­
mone and components t h e r e o f . U l t i m a t e l y we p l a n t o d e l i n e a t e 
the c h e m i c a l communication systems of both s p e c i e s and to ana­
l y z e pheromone p r o d u c t i o n and male b e h a v i o r of h y b r i d s and back-
c r o s s e s . H o p e f u l l y the r e s u l t s of the l a t t e r p a r t of the i n ­
v e s t i g a t i o n w i l l p r o v i d e u s e f u l c o r r e l a t i o n s w i t h b i o c h e m i c a l 
g e n e t i c i n v e s t i g a t i o n s b e i n g conducted on these h y b r i d s by o t h e r 
s c i e n t i s t s . 

Thus f a r our i n v e s t i g a t i o n s have been focused on the c h r o ­
matographic a n a l y s i s of pheromones produced and e m i t t e d by f e ­
males and a n a l y s i s of male b e h a v i o r evoked by these pheromones. 
The methods developed t o conduct these i n v e s t i g a t i o n s , u s i n g H. 
v i r e s c e n s and H. s u b f l e x a as models, are presented here. These 
methods are d i r e c t l y a p p l i c a b l e to s i m i l a r i n v e s t i g a t i o n s of 
o t h e r s p e c i e s . 

C a p i l l a r y Gas Chromatography 

A l t h o u g h , w i t h a few e x c e p t i o n s , the c h e m i c a l components of 
l e p i d o p t e r a n pheromones are simple m o l e c u l e s , complex m i x t u r e s 
t h a t i n c l u d e permutations of geometry, f u n c t i o n a l i t y , and c h a i n 
l e n g t h are o f t e n produced and e m i t t e d by females. A n a l y s i s of 
these pheromones r e q u i r e s a system capable of s e p a r a t i n g com­
pounds d i f f e r i n g i n geometry and p o s i t i o n of an o l e f i n i c bond 
and r e s o l v i n g the m i x t u r e s produced by the females. A d d i t i o n ­
a l l y , s e n s i t i v i t y s u f f i c i e n t t o d e t e c t nanogram or s m a l l e r 
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1. TUMLINSON E T A L . Chemical Communications Systems 3 

q u a n t i t i e s of these compounds i s r e q u i r e d t o a n a l y z e the phero­
mone produced by o n l y one o r a few females. The o n l y method 
ha v i n g the c a p a b i l i t i e s r e q u i r e d f o r these a n a l y s e s i s c a p i l l a r y 
GC w i t h h i g h r e s o l u t i o n g l a s s or f u s e d - s i l i c a columns. T h i s 
method has the added advantage t h a t the c a p i l l a r y columns can be 
coupled to a mass spectrometer and a g r e a t amount of i n f o r m a t i o n 
c o n c e r n i n g the i d e n t i t y of each e l u t e d compound can be ob­
t a i n e d . The mass s p e c t r a l d a t a p l u s r e t e n t i o n i n d i c e s of a com­
pound on two o r t h r e e c a p i l l a r y columns t h a t s e p a r a t e compounds 
based on d i f f e r e n t c h a r a c t e r i s t i c s p r o v i d e complete and a c c u r a t e 
i d e n t i f i c a t i o n of most compounds. 

The r e s o l u t i o n (Rs) of compounds on c a p i l l a r y GC columns i s 
a f u n c t i o n of the column e f f i c i e n c y (N e f f e c t i v e ) , the a b i l i t y 
o f the s t a t i o n a r y phase to se p a r a t e the compounds ( s e p a r a t i o n 
f a c t o r , a ) , and the r a t i f th f tim  th  compound
spend i n the s t a t i o n a r
i n the c a r r i e r gas phas  ( p a r t i t i o , k ' )
two compounds can be d e f i n e d by the e q u a t i o n : 

Rs = 1/4 (a-1) ( k' ) N 1 / 2 

WJ ( k ' + l ) 

Improvements i n r e s o l u t i o n on a c a p i l l a r y column a f t e r i t has 
been prepared can be made o n l y by the adjustment of r e t e n t i o n 
tim e, which a l t e r s the p a r t i t i o n r a t i o of the compounds, and by 
the o p t i m i z a t i o n of the c a r r i e r gas used. I n c r e a s e s i n r e t e n ­
t i o n time which r e s u l t i n a p a r t i t i o n r a t i o of g r e a t e r than 5 
a f f o r d v ery l i t t l e improvement i n r e s o l u t i o n and are done at the 
expense of a n a l y s i s time. S i m i l a r l y , the use of n i t r o g e n i n ­
stead of h e l i u m as a c a r r i e r gas r e s u l t s i n an i n c r e a s e i n r e s o ­
l u t i o n of 1.14 at the expense of d o u b l i n g the a n a l y s i s time. 

The g r e a t e s t change i n r e s o l u t i o n of components i s o b t a i n e d 
through the use of a s t a t i o n a r y phase t h a t r e s u l t s i n an i n ­
crease i n the s e p a r a t i o n f a c t o r (a) (see l a t e r ) . The amount 
of r e s o l u t i o n r e q u i r e d i s dependent on the need t o a n a l y z e and 
q u a n t i t a t e minor components t h a t e l u t e c l o s e t o a major com­
ponent of the pheromone b l e n d . F i g u r e 1 shows the e f f e c t t h a t 
the r e d u c t i o n i n column e f f i c i e n c y (peak B ) , and the i n t r o d u c ­
t i o n of peak asymmetry (peak C) have on the s e p a r a t i o n of a 1% 
minor component e l u t i n g b e f o r e and a f t e r a major component 
peak. The a c c u r a t e d e t e r m i n a t i o n of the 1% component peak which 
i s p o s s i b l e i n F i g u r e 1A i s s e v e r e l y l i m i t e d i n IB and 1C. The 
d e t e c t i o n of a 10% component ( F i g u r e ID) i s s t i l l p o s s i b l e w i t h 
the reduced column e f f i c i e n c y . A column coated w i t h a s t a t i o n ­
ary phase t h a t improves a by ca. 0.01 as i l l u s t r a t e d i n F i g u r e 
IE i s capable of p r o v i d i n g an adequate d e t e r m i n a t i o n of IZ 
components even at reduced column e f f i c i e n c y . 

The s e p a r a t i o n s of A7- and A 9 - t e t r a d e c e n - l - o l a c e t a t e s 
on 4 c a p i l l a r y columns coated w i t h d i f f e r e n t s t a t i o n a r y phases 
are compared i n F i g u r e 2. The nonpolar OV-1 phase and the 
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P - C L C H O L . C I N N . 
25M L I Q U I D C R Y S T A L 

S P - 2 3 4 0 (25 M1 
HIGH P O L A R I T Y 

CW-20M (50 M) 
MEDIUM P O L A R I T Y 

O V - 1 (50M) 
NON POLAR 

Z&E 7 - 1 4 : A C 2 : 1 Z&E 9 - 1 4 : A C 2 : 1 

Figure 2. Separation of (Z)- and (E)-7-tetradecen-l-ol acetate (Z & E7-14:Ac) 
and (Z)- and (E)-9-tetradecen-l-ol acetates (Z & E9-14:Ac) on four different 
stationary phases on capillary columns. The OV-1 and Carbowax 20M (CW-20M) 
are coated on fused silica and the SP-2340 and p-chlorocholesteryl cinnamate on 

glass. 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



6 INSECT PHEROMONE TECHNOLOGY 

medium p o l a r i t y Carbowax 20M are c o m m e r c i a l l y a v a i l a b l e 
(Hewlett-Packard) fused s i l i c a c a p i l l a r y columns. The u s e f u l ­
ness of these h i g h l y e f f i c i e n t (N e f f e c t i v e ) fused s i l i c a 
columns i s s e v e r e l y l i m i t e d because the s e p a r a t i o n f a c t o r , a, 
on Carbowax 20M and OV-1 i s i n s u f f i c i e n t t o r e s o l v e most p o s i ­
t i o n a l and g e o m e t r i c a l isomers found i n the pheromone blends o f 
l e p i d o p t e r a n i n s e c t s . The h i g h p o l a r i t y phases c o n t a i n i n g l a r g e 
amounts of cyano groups such as SP-2340 (Supelco) and S i l a r 
IOC ( A p p l i e d S c i e n c e ) p r o v i d e good r e s o l u t i o n of many p o s i ­
t i o n a l and g e o m e t r i c a l isomers of mono-unsaturated compounds 
found i n l e p i d o p t e r a n i n s e c t s (3). These h i g h p o l a r i t y c a p i l ­
l a r y columns are c o m m e r c i a l l y a v a i l a b l e . S u p e r i o r r e s o l u t i o n o f 
the g e o m e t r i c a l isomers of mono and d i u n s a t u r a t e d compounds i s 
o b t a i n e d w i t h l i q u i d c r y s t a l phases, a l t h o u g h the s e p a r a t i o n of 
p o s i t i o n a l isomers i s compromised as the double bond p o s i t i o n 
approaches the middle o
p a r i s o n of the s e p a r a t i o n
d e c e n - l - o l a c e t a t e s on the l i q u i d c r y s t a l and cyano phase c a p i l ­
l a r y columns i s shown i n F i g u r e 3. The E-isomers e l u t e p r i o r to 
Z-isomers from the cyano phase (SP-2340). However, on the 
l i q u i d c r y s t a l column, the Z-isomers e l u t e f i r s t when the o l e -
f i n i c bond i s near the middle of the c h a i n . As the double bond 
i s moved toward the hydrocarbon end of the c h a i n Z and E l l - 1 4 : A c 
c o - e l u t e and then the e l u t i o n o r d e r r e v e r s e s f o r Z_ and 
E12-14:Ac. The use of both the l i q u i d c r y s t a l columns and the 
cyano columns, combined w i t h mass s p e c t r a l data on compounds 
e l u t e d from these columns, o f f e r s the most p o w e r f u l a n a l y t i c a l 
procedure a v a i l a b l e f o r the i d e n t i f i c a t i o n of compounds l i k e 
those found i n l e p i d o p t e r a n b l e n d s . S i n c e use of l i q u i d c r y s t a l 
c a p i l l a r y columns f o r the s e p a r a t i o n of a l i p h a t i c o l e f i n i c 
i n s e c t pheromones i s a recent development, some d i s c u s s i o n of 
t h e i r p r o p e r t i e s i s w o r t h w h i l e . 

The use of a l i q u i d c r y s t a l as a GC s t a t i o n a r y phase was 
f i r s t r e p o r t e d i n 1963 ( 4 ) . The a p p l i c a t i o n of ordered phases 
to pheromone r e s e a r c h d i d not occur u n t i l 1978 when L e s t e r 
r e p o r t e d the s e p a r a t i o n of conjugated dienes w i t h d i e t h y l - 4 , 4 ' -
azoxydicinnamate (a smectic l i q u i d c r y s t a l ) on packed columns 
(_5). Subsequently we coated c h o l e s t e r y l cinnamate (a c h o l e s -
t e r i c l i q u i d c r y s t a l ) on c a p i l l a r y columns which r e s u l t e d i n 
c o u p l i n g the s e p a r a t i n g power of the l i q u i d c r y s t a l phases w i t h 
the h i g h r e s o l v i n g c a p a b i l i t y of w a l l - c o a t e d open t u b u l a r 
columns (6^). S e v e r a l l i q u i d c r y s t a l p r o p e r t i e s must be con­
s i d e r e d when u s i n g t h i s type of phase i n GC (7^* As i l l u s t r a t e d 
i n F i g u r e 4, the use of a l i q u i d c r y s t a l such as c h o l e s t e r y l 
cinnamate below the temperature r e q u i r e d f o r l i q u i f i c a t i o n of 
the phase i s of no u t i l i t y . At i t s mesophase t r a n s i t i o n 
temperature (temperature r e q u i r e d f o r the phase t o go from 
c r y s t a l l i n e to ordered l i q u i d ) , which i s c a . 158°C f o r c h o l e s ­
t e r y l cinnamate, good s e p a r a t i o n of the g e o m e t r i c a l isomers of 
t e t r a d e c e n - l - o l a c e t a t e i s observed. I n c r e a s e i n the tempera­
t u r e of the phase to i t s i s o t r o p i c p o i n t (temperature at which 
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25M SP-2340 
HIGH POLARITY 

P-CL CHOL. CINNAMATE 
LIQUID CRYSTAL 

Figure 3. Separation of the (Z)- and (E)-isomers of tetradecen-l-ol acetates on 
SP-2340 and p-chlorocholesteryl cinnamate liquid crystal capillary columns. The 

ratio of Z : E is 2:1 in each set. 
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l i q u i d c r y s t a l becomes unordered) r e s u l t s i n decreased r e t e n t i o n 
time (k') observed w i t h i s o t r o p i c phases. The decrease of the 
alignment of the l i q u i d c r y s t a l m o lecules as the temperature 
approaches the i s o t r o p i c p o i n t a l s o r e s u l t s i n decreased a, 
e f f e c t i v e p l a t e s , and r e s u l t a n t r e s o l u t i o n . I f the l i q u i d 
c r y s t a l phase i s f i r s t r a i s e d t o i t s mesophase t r a n s i t i o n temp­
e r a t u r e and then g r a d u a l l y c o o l e d ( s u p e r c o o l i n g , F i g u r e 4 ) , then 
d e c r e a s i n g the temperature below the mesophase t r a n s i t i o n p o i n t 
imparts a h i g h e r degree of alignment to the l i q u i d c r y s t a l mole­
c u l e s . As w i t h an i s o t r o p i c phase, r e t e n t i o n time i n c r e a s e s . 
The more ordered phase a l s o demonstrates i n c r e a s e d a, e f f e c ­
t i v e p l a t e s , and a r e s u l t a n t improved r e s o l u t i o n . A p l o t of 
temperature of the l i q u i d c r y s t a l v s . k 1 , a, N/m, and r e s u l ­
t a n t r e s o l u t i o n i s shown i n F i g u r e 5. The use of l i q u i d c r y s t a l 
phases at temperatures above t h e i r mesophase t r a n s i t i o n tempera
t u r e d r a m a t i c a l l y d e t e r i o r a t e
i s t i c s ; however, the s e p a r a t i o n
w i t h i s o t r o p i c phases l i k e OV-1 and Carbowax 20M. S u p e r c o o l i n g 
l i q u i d c r y s t a l phases below t h e i r mesophase t r a n s i t i o n tempera­
t u r e s r e s u l t s i n i n c r e a s e d performance at the expense of 
i n c r e a s e d r e t e n t i o n time of the compounds. A decrease of 20°C 
below the mesophase t r a n s i t i o n temperature r e s u l t s i n a c a . 
1 . 5 - f o l d i n c r e a s e i n r e s o l u t i o n , compared w i t h t h a t o b t a i n e d a t 
the c r y s t a l ' s mesophase temperature, which i s e q u i v a l e n t t o 
i n c r e a s i n g column l e n g t h 2 - f o l d . Although temperature c o n s i d e r ­
a t i o n s appear cumbersome when u s i n g l i q u i d c r y s t a l phases, the 
s e p a r a t i o n s shown i n F i g u r e 6 p r o v i d e the j u s t i f i c a t i o n f o r 
u s i n g such phases i n pheromone r e s e a r c h . The d i e t h y l - 4 , 4 ' -
azoxydicinnamate phase used i n F i g u r e 6 was f i r s t d e s c r i b e d by 
Dewar {S) and r e c e n t l y by L e s t e r (5) f o r s e p a r a t i n g pheromones 
on packed columns. While t h i s phase cannot be recommended 
because i t i s t h e r m a l l y u n s t a b l e and cannot be used on c a p i l l a r y 
columns f o r long p e r i o d s at h i g h temperatures, i t does demon­
s t r a t e the p o t e n t i a l s e p a r a t i o n s p o s s i b l e u s i n g l i q u i d c r y s t a l 
phases. I n v e s t i g a t i o n s are i n progress at our l a b o r a t o r y t o 
develop phases t h a t combine the r e s o l v i n g power of the azoxy-
cinnamate phase w i t h the temperature s t a b i l i t y of c h o l e s t e r y l 
cinnamate phases. 

Having determined t h a t the h i g h p o l a r i t y cyano phase and the 
l i q u i d c r y s t a l phase p r o v i d e the best s e p a r a t i o n of the com­
pounds l i k e l y to be found as components of the pheromone bl e n d 
of H. v i r e s c e n s and H. s u b f l e x a , we a n a l y z e d a complex m i x t u r e 
of p o s i t i o n a l and g e o m e t r i c a l isomers of 16 carbon aldehydes, 
a l c o h o l s , and a c e t a t e s on these two columns ( F i g u r e 7 ) . As 
noted e a r l i e r , the e l u t i o n o r d e r of Z- and E-isomers i s o p p o s i t e 
on the two phases. Aldehydes e l u t e f i r s t on both phases. The 
a l c o h o l s are r e t a i n e d more than the a c e t a t e s on the h i g h 
p o l a r i t y cyano phase, but the e l u t i o n o r d e r of a l c o h o l s and ace­
t a t e s i s r e v e r s e d on the l i q u i d c r y s t a l phase. While n e i t h e r 
phase separated a l l of the s y n t h e t i c m i x t u r e , the combination o f 
s e p a r a t i o n s o b t a i n e d on both columns enabled us t o pursue the 
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Figure 4. Effect on the separation of isomers on a liquid crystal column (20 m 
cholesteryl cinnamate) when increasing column temperature to mesophase transition 
temperature and beyond (left), and then gradually cooling (right) below mesophase 
transition. Peaks represent, in increasing retention time, hexadecane, heptadecane, 

(Z)-, and (E)-9-tetradecen-l-ol acetate. 
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Figure 5. Effect on k' (a), a (b), N / m (1000) (c), and R (d) jor (Z)- and (E)-9-
tetradecen-l-ol acetate of increasing ( ) and decreasing ( ) the temperature 

of a cholesteryl cinnamate liquid crystal column. 
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Figure 6. Separation of various compounds on a 20 m X 0.25 mm glass capillary 
column coated with diethyl-4y4f-azoxydicinnamate. 
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Figure 7. Separation of a mixture of 16 carbon compounds on a liquid crystal and 
a cyanosilicon capillary column. S above a peak indicates the saturated compound. 
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i d e n t i f i c a t i o n of the components of the pheromone blend of H. 
v i r e s c e n s and H. s u b f l e x a . 

Pheromone E x t r a c t i o n and A n a l y s i s 

The most common method of o b t a i n i n g the pheromone from a 
l e p i d o p t e r a n female i s to c l i p the l a s t few segments of the 
abdomen from the female's body and e x t r a c t t h i s abdominal t i p 
w i t h an o r g a n i c s o l v e n t . Other methods i n c l u d e washing the body 
or p a r t s of the body w i t h s o l v e n t . N a t u r a l l y , a v a s t number of 
compounds i n a d d i t i o n t o the pheromone components are e x t r a c t e d 
by these methods and must be separated. T h i s r e q u i r e s a s e r i e s 
of chromatographic p u r i f i c a t i o n s monitored by a b i o a s s a y t o 
o b t a i n the " a c t i v e " compounds. The b i o a s s a y , depending on i t s 
d e s i g n , may d i s c r i m i n a t  f o  a g a i n s t c e r t a i  component f 
the pheromone. Thus, t h i
t i o n of o n l y p a r t of th  component  pheromone

In an e a r l i e r i n v e s t i g a t i o n of the H. v i r e s c e n s sex phero­
mone we i d e n t i f i e d two compounds, ( Z ) - l l - h e x a d e c e n a l and ( Z ) - 9 ~ 
t e t r a d e c e n a l i n a r a t i o of 16:1, r e s p e c t i v e l y , from e t h e r washes 
of c a l l i n g female bodies (JL). These compounds were a l s o i d e n t i ­
f i e d as H. v i r e s c e n s sex pheromones by R o e l o f s ejt ad. ( 9 ) . How­
ever, f i e l d e v a l u a t i o n of crude e x t r a c t s and s y n t h e s i z e d phero­
mone l e d us to s p e c u l a t e t h a t o t h e r pheromone components might 
be p r e s e n t . Subsequently K l u n et a l . (J-0) i d e n t i f i e d seven com­
ponents i n the o v i p o s i t o r r i n s e s of H. v i r e s c e n s females by cap­
i l l a r y GC. Our a n a l y s i s of H. v i r e s c e n s o v i p o s i t o r washes by 
methods s i m i l a r to Klun's gave r e s u l t s c o n s i s t e n t w i t h h i s 
d a t a . The seven components and the r e l a t i v e amounts found were: 
t e t r a d e c a n a l (14:A1) ( 1 . 6 ) , ( Z ) - 9 - t e t r a d e c e n a l (Z9-14:A1) ( 2 ) , 
hexadecanal (16:A1) ( 9 . 5 ) , (Z)-7-hexadecenal (Z7-16:A1) ( 1 ) , 
(Z)-9-hexadecenal (Z9-16:A1) ( 1 . 3 ) , ( Z ) - l l - h e x a d e c e n a l 
(Z11-16:A1) (81.4), and ( Z ) - l l - h e x a d e c e n o l (Z11-16:0H) ( 3 . 2 ) . 

A lthough the female's pheromone glands would be expected t o 
c o n t a i n many compounds i n a d d i t i o n t o the pheromone, e x t r a c t i o n 
of these g l a n d s , e x c l u s i v e of o t h e r t i s s u e s , should p r o v i d e more 
ac c u r a t e i n f o r m a t i o n r e g a r d i n g pheromone p r o d u c t i o n and com­
p o s i t i o n than p r e v i o u s methods of e x t r a c t i o n . Thus a h i s t o ­
l o g i c a l study of the l i k e l y s i t e s o f pheromone p r o d u c t i o n i n 
t e r m i n a l abdominal segments of female H. v i r e s c e n s was conducted 
(_11) • Two m o r p h o l o g i c a l l y d i s t i n c t areas of g l a n d u l a r t i s s u e 
were r e v e a l e d — the most e x t e n s i v e s i t u a t e d i n the i n t e r s e g ­
mental membrane (ISM) between abdominal segments 8 and 9 + 1 0 . 
A second area of g l a n d u l a r t i s s u e was found throughout the d o r ­
s a l v a l v e s (DV). When these two g l a n d u l a r s i t e s were e x c i s e d 
s e p a r a t e l y and e x t r a c t e d w i t h e t h e r , b e h a v i o r a l a n a l y s e s (see 
l a t e r ) of H. v i r e s c e n s male responses i n d i c a t e d both glands con­
t a i n e d a c t i v e m a t e r i a l s . However, n e i t h e r e x t r a c t was as e f f e c ­
t i v e as the whole o v i p o s i t o r e x t r a c t i n e l i c i t i n g the complete 
sequence of male r e p r o d u c t i v e b e h a v i o r ( 1 1 ) . 
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C a p i l l a r y GC a n a l y s e s on SP-2340 and OV-101 columns of the 
e x t r a c t s of the DV and the ISM i n d i c a t e d d i s t i n c t d i f f e r e n c e s i n 
the c o n t e n t s of these two g l a n d u l a r s i t e s . The DV c o n t a i n e d 
predominantly the 14-carbon aldehydes w h i l e the ISM c o n t a i n e d 
p r i m a r i l y the 16-carbon compounds. Contamination of e i t h e r s i t e 
by s m a l l q u a n t i t i e s of m a t e r i a l from the o t h e r i s l i k e l y because 
of the d i f f i c u l t y i n e x c i s i n g the i n d i v i d u a l g l a n d s . However, 
th e r e were d i s t i n c t d i f f e r e n c e s i n c o n t e n t s of pheromone com­
ponents i n the two s i t e s . Although the s i g n i f i c a n c e of t h i s 
f i n d i n g i s not c l e a r at t h i s time, i t should be noted t h a t the 
14-carbon aldehydes have not been found i n o t h e r H e l i o t h i s 
s p e c i e s and Z9-14:A1 i s a major f a c t o r i n s e p a r a t i n g H. 
v i r e s c e n s and H. zea ( 1 2 ) . 

The presence of a compound i n a g l a n d u l a r e x t r a c t does not 
assure i t s e m i s s i o n i n t o the a i r as a pheromone component
Furthermore, the r e l a t i v
gland may d i f f e r c o n s i d e r a b l
g l a n d . There are s e v e r a l r e p o r t s i n the l i t e r a t u r e t h a t c o n f i r m 
t h i s (13,14). Thus, to i d e n t i f y the pheromone a c c u r a t e l y , we 
must determine what compounds an i n s e c t emits and the r a t i o s of 
the e m i t t e d compounds. The o n l y way t o determine t h i s i s t o 
c o l l e c t and a n a l y z e the pheromone e m i t t e d by a " c a l l i n g " 
female. Furthermore, we should a n a l y z e d i r e c t l y the c o l l e c t e d 
m a t e r i a l s i n c e f u r t h e r p u r i f i c a t i o n may change the c o n t e n t s or 
component r a t i o s of the pheromone. 

The method d e s c r i b e d by Grob and Zurcher (JJ>) i n which a 
very s m a l l amount of c h a r c o a l i s used t o c o l l e c t v o l a t i l e com­
pounds has been m o d i f i e d s l i g h t l y by P. S. Beevor and coworkers> 
T r o p i c a l Products I n s t i t u t e , London (1_6) t o c o l l e c t pheromones 
from i n s e c t s . We have adapted and f u r t h e r m o d i f i e d t h i s 
method. B r i e f l y , i t c o n s i s t s of a s m a l l c h a r c o a l f i l t e r p r e ­
pared by s e a l i n g 3-5 mg of c h a r c o a l between two 325-mesh s t a i n ­
l e s s s t e e l f r i t s i n a 6 mm (O.D.), 3.7 mm (I.D.) Pyrex tube 
( F i g u r e 8 ) . T h i s f i l t e r i s then p l a c e d at the e x i t end of an 
a e r a t i o n chamber, and a i r i s drawn through the a e r a t i o n appa­
r a t u s at a f l o w r a t e of 2.5 l i t e r s / m i n . When a e r a t i o n i s com­
p l e t e , the f i l t e r i s r i n s e d w i t h s i x a l i q u o t s (15-20 y l ) of 
d i s t i l l e d d i chloromethane; the combined a l i q u o t s are concen­
t r a t e d t o about 5-10 y l by g e n t l y warming, and i s o o c t a n e o r 
another s o l v e n t of c h o i c e f o r a n a l y s i s by c a p i l l a r y GC w i t h 
s p l i t l e s s i n j e c t i o n i s added. 

E v a l u a t i o n of t h i s system w i t h standards (Table I ) i n d i c a t e d 
t h a t most 14- and 16-carbon aldehydes, a c e t a t e s , and a l c o h o l s 
c o u l d be recovered w i t h good e f f i c i e n c y . R e c o v e r i e s v a r y w i t h 
c o n d i t i o n s , and thus i t i s necessary t o c a l i b r a t e an apparatus 
w i t h standards under the exact c o n d i t i o n s t o be used w i t h 
i n s e c t s . For example, l a r g e r diameter a e r a t i o n chambers reduce 
the e f f i c i e n c y of c o l l e c t i o n because of the g r e a t e r s u r f a c e area 
of g l a s s a v a i l a b l e t o adsorb the pheromone and lower wind v e l o ­
c i t i e s f o r a g i v e n f l o w r a t e . T h e r e f o r e , the s m a l l e s t a e r a t i o n 
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chamber c o n s i s t e n t w i t h the s i z e and c a l l i n g b e h a v i o r of an 
i n s e c t should be used. N e v e r t h e l e s s , r e l i a b l e r e s u l t s can be 
o b t a i n e d when c o l l e c t i n g pheromone w i t h t h i s system. A d d i t i o n ­
a l l y , i f care i s taken t o use pure s o l v e n t s , c l e a n g l a s s w a r e , 
and f i l t e r e d incoming a i r , pheromones can be c o l l e c t e d w i t h 
minimal background i m p u r i t i e s t h a t i n t e r f e r e w i t h a n a l y s e s . 

A n a l y s i s of the v o l a t i l e pheromone c o l l e c t e d from c a l l i n g 
female H. v i r e s c e n s i s not y e t complete. However, p r e l i m i n a r y 
r e s u l t s i n d i c a t e t h a t 14:A1 and Z9-14:A1 are e m i t t e d i n g r e a t e r 
q u a n t i t i e s , r e l a t i v e t o Z11-16:A1, than are present i n the 
g l a n d . Thus our data suggest t h a t the t r u e e m i t t e d pheromone of 
H. v i r e s c e n s females may c o n s i s t predominantly of 14:A1, 
Z9-14:A1, 16:A1, and Z11-16:A1. 

Percent of standard compounds recovered from c h a r c o a l 
f i l t e r when ca. 0.5 yg of each was a l l o w e d to 

evaporate from a s t a i n l e s s s t e e l p l a n c h e t i n the 
v o l a t i l e c o l l e c t i o n apparatus. 

Compound % Recovered (no. r e p l i c a t e s ) 

Z9-14:0H 81 + 3 (2) 
Z9,E12-14:OH 67 + 5 (2) 
Z11-16:0H 57 + 6 (6) 
Z9-14:Ac 83 + 6 (2) 
Z 9 , E l l - 1 4 : A c 86 + 0 (2) 
Z9,E12-14:Ac 86 + 2 (2) 
Z l l - 1 6 : A c 61 + 10 (6) 
Z9-14:A1 78 + 6 (4) 
Z11-16:A1 69 + 9 (6) 
Z11,Z13-16:A1 82 + 3 (2) 

R e c e n t l y , c o n s i d e r a b l e emphasis has been p l a c e d on the con­
t r o l of H. v i r e s c e n s by g e n e t i c s t r a t e g i e s . The b a s i s of t h i s 
approach l i e s i n the p r o d u c t i o n of s t e r i l e male h y b r i d s from 
matings between H. v i r e s c e n s males and females of a r e l a t e d spe­
c i e s , H. subf l e x a (.2). Subsequent matings of H. v i r e s c e n s males 
w i t h h y b r i d o r b a c k c r o s s h y b r i d females produces s t e r i l e males 
and f e r t i l e b a c k c r oss h y b r i d females. O b v i o u s l y , the success of 
a c o n t r o l program based on t h i s s t r a t e g y would depend h e a v i l y on 
the a b i l i t y of H. v i r e s c e n s males t o l o c a t e and mate w i t h back-
c r o s s h y b r i d females. S i n c e these s p e c i e s are r e p r o d u c t i v e l y 
i s o l a t e d i n the f i e l d d e s p i t e sympatric d i s t r i b u t i o n s and o v e r ­
l a p p i n g mating p e r i o d s and because i n t e r s p e c i f i c matings are 
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d i f f i c u l t t o o b t a i n i n the l a b o r a t o r y , i t seemed l o g i c a l t h a t 
r e p r o d u c t i v e i s o l a t i o n might be a f f e c t e d by d i s p a r a t e sex phero­
mones. Thus, we deemed i t important t o ana l y z e and d e f i n e the 
pheromonal communication system of H. s u b f l e x a and e v e n t u a l l y we 
w i l l a n alyze pheromone p r o d u c t i o n and pheromone mediated 
b e h a v i o r of h y b r i d s and bac k c r o s s e s of these two s p e c i e s . 

The a n a l y s e s of the H. s u b f l e x a o v i p o s i t o r e x t r a c t s (17) 
r e v e a l e d e i g h t major components c o i n c i d i n g i n r e t e n t i o n times on 
SP-2340 and p - c h l o r o c h o l e s t e r y l cinnamate c a p i l l a r y columns 
( F i g u r e 9) w i t h 16:A1, Z9-16:A1, Z11-16:A1, ( Z ) - 7 - h e x a d e c e n - l - o l 
a c e t a t e , (Z7-16:Ac), ( Z ) - 9 - h e x a d e c e n - l - o l a c e t a t e (Z9-16:Ac), 
( Z ) - l l - h e x a d e c e n - l - o l a c e t a t e , ( Z l l - 1 6 : A c ) , Z9-16:0H, and 
Z11-16:0H. S e v e r a l o t h e r peaks were a l s o v a r i a b l y present b u t , 
when p r e s e n t , each composed l e s s than 1% of the t o t a l m i x t u r e . 
Mass s p e c t r a l data confirmed the i d e n t i t y of the major com
ponents. 

The d i f f e r e n c e s i
between H. v i r e s c e n s and H. s u b f l e x a are d i s t i n c t . H. s u b f l e x a 
c o n t a i n s a c e t a t e s of 16-carbon a l c o h o l s not found i n H. 
v i r e s c e n s and does not c o n t a i n the 14-carbon aldehydes which 
appear to be unique t o H. v i r e s c e n s among H e l i o t h i s s p e c i e s 
s t u d i e d thus f a r . I t w i l l be i n t e r e s t i n g to see what blends the 
h y b r i d s of these s p e c i e s produce and r e l a t e t h i s t o data from 
i n v e s t i g a t i o n s of the g e n e t i c s of t h i s h y b r i d i z a t i o n . 

B e h a v i o r a l A n a l y s i s 

The u l t i m a t e g o a l of any pheromone b i o a s s a y i s to d e f i n e 
t h a t p a r t i c u l a r blend of pheromone components which induces the 
r e c e i v e r to perform a sequence of b e h a v i o r s i n d i s t i n g u i s h a b l e 
from t h a t performed d u r i n g i n t e r - o r g a n i s m i c communication. 
T y p i c a l l y , such a n a l y s e s are conducted under l a b o r a t o r y c o n d i ­
t i o n s thereby e n a b l i n g the c o n t r o l of such v a r i a b l e s as l i g h t , 
h u m i d i t y , temperature, and i n s e c t e x p e r i e n c e , a l l of which have 
marked e f f e c t s on i n s e c t performance. However, such a r t i f i c i a l 
c o n t r o l s make i t v i r t u a l l y i m p o s s i b l e t o d e s i g n a l a b o r a t o r y 
b i o a s s a y i n which an i n s e c t w i l l respond to a semiochemical 
blend i n the same f a s h i o n t h a t i t would i n n a t u r e . Hence, the 
f i r s t step i n the assessment of the b e h a v i o r a l e f f e c t s e l i c i t e d 
by a semiochemical blend i s a c r i t i c a l a n a l y s i s of i n t e r -
o r ganismic communication from which b e h a v i o r a l c r i t e r i a can be 
s e l e c t e d f o r use i n f u r t h e r s t u d i e s . 

The b e h a v i o r a l responses of males of H. v i r e s c e n s and H. 
s u b f l e x a to semiochemicals have been of c o n s i d e r a b l e i n t e r e s t to 
us f o r reasons a l r e a d y mentioned. Two assay systems were 
employed to anal y z e both p r e c o u r t s h i p and c l o s e - r a n g e c o u r t s h i p 
b e h a v i o r s ( 1 8 ) . The f i r s t , used i n the a n a l y s i s of male a c t i ­
v a t i o n , o r i e n t a t i o n , and i n i t i a l a n a l y s i s of c o u r t s h i p i n t e r ­
a c t i o n s , c o n s i s t e d of a 1.5 x 0.5 x 0.5-m p l e x i g l a s s wind t u n n e l 
through which a i r was p u l l e d at a consta n t r a t e . I n our i n i t i a l 
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Figure 9. Analysis of H. subflexa ovipositor extract (1.5 female equivalent) on 
66 m SP-2340 (A) and 30 m cholesteryl cinnamate capillary columns (B). S indi­

cates the saturated compound. 
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s t u d i e s , females were p l a c e d i n the upwind end of the t u n n e l , 
and i n d i v i d u a l males were lowered i n t o the a i r s t r e a m 10 cm from 
the downwind end. Male b e h a v i o r s were monitored and recorded on 
audio c a s s e t t e tapes. 

In the second assay, c l o s e - r a n g e c o u r t s h i p i n t e r a c t i o n s were 
observed i n a 20 x 10 x 10-cm p l e x i g l a s s cage. Groups of t h r e e 
to f i v e females were p l a c e d i n the chamber d u r i n g the photophase 
p r e c e d i n g each t e s t , and males were r e l e a s e d i n d i v i d u a l l y d u r i n g 
the scotophase when females had been observed c a l l i n g f o r a 
5-min p e r i o d . Behaviors were recorded on v i d e o tape. 

The b e h a v i o r a l responses of male H. v i r e s c e n s to c o n s p e c i f i c 
females i n these assay systems are d e s c r i b e d i n d e t a i l by T e a l 
et a l . (_18). A n a l y s i s of these responses a l l o w e d c a l c u l a t i o n of 
the s t a t i s t i c a l p r o b a b i l i t y of a b e h a v i o r a l event o c c u r r i n g and 
enabled the s e l e c t i o n of b e h a v i o r d i  th t f 
e x t r a c t s o b t a i n e d from d i f f e r e n
sequence of b e h a v i o r s performe y
response t o the pheromone produced by c a l l i n g H. v i r e s c e n s f e ­
males and the p r o b a b i l i t y of each t r a n s i t i o n o c c u r r i n g are g i v e n 
i n F i g u r e 10. T h i s f i g u r e a l s o shows the response of males t o 
e x t r a c t s o b t a i n e d from d i f f e r e n t pheromone gland s i t e s and to 
the v o l a t i l e s c o l l e c t e d from c a l l i n g females. 

Although the sequence of b e h a v i o r s performed by males i n 
response t o c a l l i n g females and the whole o v i p o s i t o r e x t r a c t are 
e s s e n t i a l l y the same, th e r e i s a much h i g h e r p r o b a b i l i t y t h a t a 
male w i l l complete the sequence when responding t o a female. 
T h i s r e s u l t s from a s i g n i f i c a n t l y g r e a t e r p r o b a b i l i t y t h a t a 
male w i l l e n t e r i n t o t a x i s i n response to a female, which subse­
q u e n t l y leads t o i n c r e a s e d p r o b a b i l i t i e s of p e r f o r m i n g f u r t h e r 
b e h a v i o r s . O b v i o u s l y , t h e r e are d i f f e r e n c e s between the blends 
r e l e a s e d by c a l l i n g females and those e x t r a c t e d from the whole 
o v i p o s i t o r (see e a r l i e r c h e m i c a l a n a l y s e s ) . A d d i t i o n a l l y , the 
response to e i t h e r the ISM o r DV i s incomplete a l t h o u g h the 
response t o the combined ISM and DV (whole o v i p o s i t o r ) i s com­
p l e t e . T h i s i s c o n s i s t e n t w i t h the r e s u l t s of the chem i c a l 
a n a l y s i s (see e a r l i e r ) which i n d i c a t e d t h a t each gland s i t e p r o ­
duced o n l y p a r t of the t o t a l pheromone b l e n d . 

The v o l a t i l e blend c o l l e c t e d from c a l l i n g females e l i c i t s 
responses h a v i n g p r o b a b i l i t i e s i n t e r m e d i a t e between those p e r ­
formed i n response to c a l l i n g females and whole o v i p o s i t o r 
e x t r a c t s . However, the v o l a t i l e b l e n d t e s t e d was not c o r r e c t e d 
f o r the d i f f e r e n t i a l r e c o v e r i e s of the v a r i o u s pheromone com­
ponents (see e a r l i e r ) and when c o r r e c t e d may i n c r e a s e the proba­
b i l i t i e s of b e h a v i o r s o c c u r r i n g c o n s i d e r a b l y . Nonetheless, a 
f i e l d t r a p p i n g study u s i n g Pherocon 1C s t i c k y t r a p s b a i t e d 
w i t h t h r e e Conrel® b l a c k f i b e r s i n d i c a t e d t h a t the v o l a t i l e 
b l e n d was a s i g n i f i c a n t l y b e t t e r t r a p l u r e than were e i t h e r the 
blend i d e n t i f i e d by K l u n et a l . (10) or the standard " v i r e l u r e " 
b l e n d (I) (Table I I ) . Hence, t h i s method of c o l l e c t i n g phero­
mone may be the most a c c u r a t e way to o b t a i n the " t r u e " b l end 
e m i t t e d by the female. When the chem i c a l a n a l y s i s of t h i s 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



20 INSECT PHEROMONE TECHNOLOGY 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



1. TUMLINSON E T A L . Chemical Communications Systems 21 

m a t e r i a l i s complete, i t w i l l be i n t e r e s t i n g t o observe the 
b e h a v i o r of males to s y n t h e t i c blends t h a t correspond i n 
c o m p o s i t i o n to the v a r i o u s blends o b t a i n e d by d i f f e r e n t methods 
of e x t r a c t i o n and c o l l e c t i o n . H o p e f u l l y we can then determine 
the r o l e t h a t each component p l a y s i n e l i c i t i n g the sequence of 
b e h a v i o r a l events. A d d i t i o n a l l y , we should be a b l e to put 
t o g e t h e r a s y n t h e t i c blend of compounds t h a t w i l l be h i g h l y 
e f f e c t i v e i n t r a p p i n g w i l d males i n the f i e l d . 

As i n d i c a t e d e a r l i e r H. s u b f l e x a has r e c e n t l y become the 
s u b j e c t of numerous pest c o n t r o l s t u d i e s due t o the p o t e n t i a l 
f o r p o p u l a t i o n c o n t r o l ot H. v i r e s c e n s by a s t e r i l e h y b r i d 
r e l e a s e program. However, these two s p e c i e s m a i n t a i n r e p r o ­
d u c t i v e i s o l a t i o n d e s p i t e b r o a d l y o v e r l a p p i n g ranges and i n t e r ­
s e c t i n g r e p r o d u c t i v e p e r i o d s . Hence, b a r r i e r s to i n t e r s p e c i f i c 
gene f l o w are most l i k e l  du  t  d i f f e r e n c e  i  t h e i  r e s p e c t i v
sex pheromone communicatio
t h e r e are c o n s i d e r a b l e  pheromon  glan
t e n t s of each. 

TABLE 11 
Trap captures of male H. v i r e s c e n s i n s t i c k y t r a p s 
over 56 days u s i n g t h r e e C o n r e l f i b e r d i s p e n s e r s 

l e a . 8 ng/min r e l e a s e r a t e ) . 

S y n t h e t i c b l e n d a Male t r a p c a p t u r e s 

K l u n b l e n d : 14:A1 (1.6) + Z9-14:A1 (2) + 
16:A1 (9.5) + Z7-16:A1 (1) + 
Z9-16:A1 (1.3) + Z l l - 1 6 : A 1 (81.4) + 
Z11-16:0H (3.2) + 1% BHT C 10 

" V i r e l u r e " : Z9-14:A1 (1) + 
Z11-16:A1 (16) + 1% BHT 50 

V o l a t i l e b l e n d : 14:A1 (24) + 
Z9-14:A1 (16) + 16:A1 (12) + 
Z11-16:A1 (48) + 1% BHT 111 

aNumbers i n parentheses i n d i c a t e r e l a t i v e amounts of 
each component. 

^Mean d a i l y t r a p c a p t u r e s were s i g n i f i c a n t l y d i f f e r e n t 
f o r a l l three blends at a 0.05 l e v e l u s i n g Duncan's 
M u l t i p l e Range Test . 

CBHT = 2 , 6 - d i - ^ - b u t y l - 4 - m e t h y l p h e n o l . 
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T h e r e f o r e , f i e l d t r a p p i n g t e s t s were conducted i n F l o r i d a i n 
1980 t o study the e f f e c t i v e n e s s of s y n t h e t i c blends i n c a p t u r i n g 
H. s u b f l e x a males and t o assess the s p e c i e s s p e c i f i c i t y of the 
pheromones of H. s u b f l e x a , H. v i r e s c e n s and H. zea. 

The s y n t h e t i c b l e n d i d e n t i c a l i n c o m p o s i t i o n t o the H. 
s u b f l e x a gland e x t r a c t (see e a r l i e r ) f o r m u l a t e d i n e i t h e r p o l y ­
e t h y l e n e v i a l s (30 mg of m i x t u r e ) or on f i l t e r paper (75 ng) was 
as e f f e c t i v e i n c a p t u r i n g males as e i t h e r females o r gland 
e x t r a c t s i n cone t r a p s ( 1 9 ) . A d d i t i o n a l l y , o n l y H. s u b f l e x a 
males were c a p t u r e d , w h i l e t r a p s i n the same f i e l d s b a i t e d w i t h 
H. v i r e s c e n s or H. zea females o r s y n t h e t i c blends (10) a l s o 
c a p t u r e d o n l y c o n s p e c i f i c males. 

S t u d i e s t o assess the e f f e c t s of d e l e t i n g components of the 
H. s u b f l e x a blend were conducted w i t h s t i c k y t r a p s which r e q u i r e 
the responding male to land t  b  c a p t u r e d  Landin  i  a l s
p r e r e q u i s i t e f o r mating
removal of e i t h e r the aldehyd
p l e t e l y e l i m i n a t e t r a p c a p t u r e . While the whole s y n t h e t i c b l e n d 
was as e f f e c t i v e as v i r g i n females i n cone t r a p c a p t u r e s , a s i g ­
n i f i c a n t decrease i n c a p t u r e s r e l a t i v e to females was noted when 
the whole blend was employed i n s t i c k y t r a p s . F u r t h e r , c o n s i d e r ­
a b l y more males were capture d i n s t i c k y t r a p s when the a l c o h o l s 
were d e l e t e d , s u g g e s t i n g t h a t the a l c o h o l s may a c t as an i n h i b i ­
t o r t o l a n d i n g . T h i s i s a l s o supported by v i s u a l o b s e r v a t i o n s i n 
the f i e l d . However, the rubber septa used as pheromone d i s ­
pensers i n these t e s t s have been found t o r e l e a s e monounsaturated 
a l c o h o l s at a c o n s i d e r a b l y h i g h e r r a t e than the c o r r e s p o n d i n g 
aldehydes. F u r t h e r , subsequent t e s t i n g u s i n g C o n r e l f i b e r s i n d i ­
c a t ed t h a t the a l c o h o l s do not i n h i b i t l a n d i n g when dispensed i n 
the i d e n t i f i e d r a t i o . T h e r e f o r e , i t appears t h a t the a l c o h o l s 
are i n h i b i t o r y o n l y when dispensed at r a t i o s f a r above those 
found w i t h i n the g l a n d . 

A l t h o u g h many aspects of both the male and female r e p r o ­
d u c t i v e b e h a v i o r s of H. s u b f l e x a are s i m i l a r t o those of H. 
v i r e s c e n s , s m a l l d i f f e r e n c e s do e x i s t (_11 ,_18). F l i g h t t u n n e l 
s t u d i e s of the s e m i o c h e m i c a l l y induced b e h a v i o r a l i n t e r a c t i o n s 
between H. s u b f l e x a and H. v i r e s c e n s i n d i c a t e d t h a t males of the 
two s p e c i e s respond q u i t e d i f f e r e n t l y t o the n a t u r a l l y r e l e a s e d 
sex pheromone of the o t h e r s p e c i e s . 

T h i r t e e n of the 20 male H. s u b f l e x a r e l e a s e d i n t o the phero­
mone plume c r e a t e d by c a l l i n g H. v i r e s c e n s females e x h i b i t e d 
a c t i v a t i o n b e h a v i o r s i n c l u d i n g wing f a n n i n g , a m b u l a t i o n , and 
g e n i t a l exposure. However, o n l y one male ente r e d t a x i s up the 
plume and none were s u c c e s s f u l i n l o c a t i n g females. R e s u l t s of a 
study u s i n g one female e q u i v a l e n t of the H. v i r e s c e n s pheromone 
gland e x t r a c t were s i m i l a r , but t h e r e was a s l i g h t decrease i n 
the number of H. s u b f l e x a males t h a t became a c t i v e and none 
entered t a x i s . 
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24 INSECT PHEROMONE TECHNOLOGY 

The b e h a v i o r a l r e p e r t o i r e e x h i b i t e d by male H. v i r e s c e n s i n 
response t o the pheromone b l e n d produced by c a l l i n g H. s u b f l e x a 
females was q u i t e d i s t i n c t from t h a t d e s c r i b e d above. The 
m a j o r i t y (90%) of the i n i t i a l l y i n a c t i v e male H. v i r e s c e n s f l e w 
d u r i n g these t e s t s and, i n f a c t , the p r o b a b i l i t y of undergoing 
t a x i s toward c a l l i n g H. s u b f l e x a females was not s i g n i f i c a n t l y 
d i f f e r e n t from t h a t found i n c o n s p e c i f i c mating s t u d i e s . How­
eve r , o n l y 75% of the responding males landed and approached H. 
s u b f l e x a females w h i l e 93% performed these b e h a v i o r s i n con-
s p e c i f i c s t u d i e s . F u r t h e r , the p r o b a b i l i t y of i n t e r s p e c i f i c 
mating was o n l y 15%. R e s u l t s of experiments u s i n g one FE of the 
H. s u b f l e x a sex pheromone gland e x t r a c t were c o n s i d e r a b l y d i f ­
f e r e n t from t e s t s i n which c a l l i n g females were used. In f a c t , 
none of the H. v i r e s c e n s males ente r e d t a x i s up the plume. T h i s 
suggests t h a t the ble n d of compounds r e l e a s e d from the e x t r a c t 
was q u i t e d i f f e r e n t fro

The blend of pheromon
s u b f l e x a female gland e x t r a c t s has two components i n common w i t h 
3.' v i r e s c e n s , Z9-16:A1 and Z11-16:A1 and t h r e e not found i n H. 
v i r e s c e n s , ( Z ) - 7 - h e x a d e c e n - l - o l a c e t a t e (Z7-16:Ac), (Z)-9-hexa-
d e c e n - l - o l a c e t a t e (Z9-16:Ac) and ( ^ ) - l l - h e x a d e c e n - l - o l a c e t a t e 
( Z l l - 1 6 : A c ) . F i e l d s t u d i e s (Table 111) i n d i c a t e t h a t at the 
very l e a s t , the two aldehydes p l u s Z l l - 1 6 : A c are of 
importance to the capt u r e of male H. s u b f l e x a . Hence, the 
absence of these t h r e e a c e t a t e components from the H. v i r e s c e n s 
pheromone ( 1 0 ) , and d i f f e r e n t r a t i o s of Z9-16:A1 t o Z11-16:A1 
proba b l y account f o r the semiochemical i s o l a t i o n between H. 
s u b f l e x a males and H. v i r e s c e n s females. However, the r e l e a s e 
of pheromone components by female H. v i r e s c e n s such as 14:A1 and 
Z9-14:A1 may be d i s o r i e n t i n g t o male H. s u b f l e x a and cannot be 
d i s c a r d e d as a p o s s i b l e mechanism f o r r e p r o d u c t i v e i s o l a t i o n . 

I t appears t h a t s e m i o c h e m i c a l l y imparted r e p r o d u c t i v e i s o l a ­
t i o n between H. v i r e s c e n s males and H. s u b f l e x a females r e s u l t s 
from the r e l e a s e o f a pheromone blend t h a t does not p r o v i d e a 
s t i m u l u s of s u f f i c i e n t magnitude t o induce a h i g h percentage o f 
the males to l a n d and subsequently e n t e r i n t o c o u r t s h i p . Chem­
i c a l l y , t h i s may r e s u l t from the d i s t i n c t r a t i o of Z9-16:A1 t o 
Z11-16:A1 produced by female H. s u b f l e x a , and the probable ab­
sence of both 14:A1 and Z9-14:A1 from the H. s u b f l e x a b l e n d . 
However, because a number of males do perform c o u r t s h i p be­
h a v i o r s a f t e r c o n t a c t i n g the female, d i s p a r i t i e s between the 
pheromone blends of H. v i r e s c e n s and H. s u b f l e x a are not s o l e l y 
r e s p o n s i b l e f o r r e p r o d u c t i v e i s o l a t i o n . Rather, i t seems t h a t 
both the pheromone bl e n d and the females' a b i l i t y t o escape from 
c o u r t i n g males f u n c t i o n as major i n p u t s t o r e p r o d u c t i v e i s o l a ­
t i o n . 
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2 
Some Aspects of the Synthesis of Insect Sex 
Pheromones 

CLIVE A. HENRICK, ROBERT L. CARNEY, and RICHARD J. ANDERSON 

Zoecon Corporation, Chemical Research Department, Palo Alto, CA 94304 

Considerable progress has been made over the past 
decade in the a p p l i c a t i o f insec  pheromone
to pest con t ro l
cations of pheromones have expanded, the demand for 
l a rger quan t i t i e s of c e r t a i n of these compounds has 
increased, but many of the published syntheses 
cannot readily be ca r r i ed out on a ki logram sca l e . 
We have ex tens ive ly inves t iga ted a l t e r n a t i v e synthet ic 
methods for the preparat ion of pheromones in high 
stereochemical p u r i t y . In t h i s paper we discuss some 
of the practical aspects of the la rger scale synthesis 
(l00g to ki logram quant i t i es ) of insec t sex pheromones 
wi th emphasis on the types of compounds that are of 
p o t e n t i a l use in a g r i c u l t u r e . 

R e c e n t l y s e v e r a l e x c e l l e n t r e v i e w s have appeared which 
d e s c r i b e v a r i o u s a s p e c t s o f pheromone s y n t h e s i s ( 1 - 7 ) . A l t h o u g h 
many e l e g a n t syntheses o f pheromones have been p u b l i s h e d , few 
of these r o u t e s a r e s u i t a b l e f o r p r o d u c i n g k i l o g r a m q u a n t i t i e s . 
E f f i c i e n t s y n t h e s i s of these compounds depends on d e v e l o p i n g 
u n c o m p l i c a t e d s y n t h e t i c r o u t e s and s i m p l e p u r i f i c a t i o n p r o c e d u r e s . 

P u r i f i c a t i o n 
The c h e m i c a l and s t e r e o c h e m i c a l p u r i t i e s o f s y n t h e t i c 

pheromones a r e o f t e n o f c r i t i c a l importance f o r t h e i r use i n 
survey and m o n i t o r i n g t r a p s (_2,5). The problems a s s o c i a t e d w i t h 
i n h i b i t o r s r e q u i r e s , i n g e n e r a l , t h a t the s y n t h e t i c p r o d u c t s have 
h i g h c h e m i c a l p u r i t y . The f a c t t h a t a p r e c i s e m i x t u r e of geomet­
r i c a l isomers i s u s u a l l y e s s e n t i a l i f the s y n t h e t i c m a t e r i a l i s 
to be an e f f e c t i v e a t t r a c t a n t i n the f i e l d r e q u i r e s t h a t the syn­
t h e t i c r o u t e g i v e a product o f r e p r o d u c i b l e and p r e d i c t a b l e 
s t e r e o c h e m i c a l c o m p o s i t i o n . 

0097-6156/82/0190-0027$09.50/0 
© 1982 American Chemical Society 
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28 INSECT PHEROMONE TECHNOLOGY 

One o f the s i m p l e s t methods of p u r i f i c a t i o n i n v o l v e s 
c r y s t a l l i z a t i o n o f s y n t h e t i c i n t e r m e d i a t e s (and sometimes o f 
the pheromone i t s e l f ) a t low temperature. T h i s t e c h n i q u e has 
been e x t e n s i v e l y used i n the p u r i f i c a t i o n o f f a t t y a c i d s ( 8 , 9 ) . 
L i k e u n s a t u r a t e d f a t t y a c i d s , many of the r e l a t e d a l c o h o l s 
a r e v e r y i n s o l u b l e i n hydrocarbon s o l v e n t s a t low temperature. 
We r o u t i n e l y p u r i f y i n t e r m e d i a t e s and p r o d u c t s , when a p p l i c a b l e , 
by low temperature c r y s t a l l i z a t i o n from pentane or hexane, u s i n g 
a vacuum-jacketed g l a s s f i l t e r s i m i l a r to the one d e s c r i b e d by 
S chlenk ( 8 ) . Q u a n t i t i e s o f m a t e r i a l r a n g i n g from one gram to 
s e v e r a l hundred grams can be c o n v e n i e n t l y and e f f i c i e n t l y p u r i f i e d 
by t h i s method. 

Another p o w e r f u l p u r i f i c a t i o n method, a p p l i c a b l e to l a r g e r 
s c a l e work, i n v o l v e s the use o f urea i n c l u s i o n complexes. These 
c r y s t a l l i n e c l a t h r a t e s , i n which the "guest 1 1 m o l e c u l e s a r e en­
trapped w i t h i n c a v i t i e
have been used f o r many
of f a t t y a c i d s (9,10) and more r e c e n t l y i n pheromone p u r i f i c a t i o n 
(11-14). We have made e x t e n s i v e use o f urea c l a t h r a t i o n over 
the p a s t t e n y e a r s and have found the t e c h n i q u e to be a v a l u a b l e 
a i d i n p u r i f i c a t i o n . I n g e n e r a l , f o r s t r a i g h t - c h a i n a l i p h a t i c 
compounds, the urea i n c l u s i o n complexes form p r e f e r e n t i a l l y 
w i t h the s a t u r a t e d analogues, f o l l o w e d by the _E u n s a t u r a t e d 
analogues and then by the c o r r e s p o n d i n g isomers. For example, 
a commercial sample o f ( Z ) - 9 - t e t r a d e c e n - l - o l c o n t a i n i n g 3% t e t r a -
d e c a n o l and 7% ( _ E ) - 9 - t e t r a d e c e n - l - o l can be p u r i f i e d by s e l e c t i v e 
c l a t h r a t i o n of b o t h t e t r a d e c a n o l and the ( _ E ) - o l e f i n . The 
i n c l u d e d m a t e r i a l s can be r e a d i l y r e c o v e r e d by treatment w i t h 
w ater. Complex f o r m a t i o n i s a l s o i n f l u e n c e d by the s k e l e t a l 
s t r u c t u r e and by the n a t u r e of the t e r m i n a l f u n c t i o n a l group. 
D i f f e r e n t p o l a r t e r m i n a l groups can s u b s t a n t i a l l y a f f e c t the 
s e l e c t i v i t y o f c l a t h r a t e f o r m a t i o n ( 1 4 ) . 

S e v e r a l c h e m i c a l p u r i f i c a t i o n t e c h n i q u e s can be used to 
s e p a r a t e and _E isomers. For example, attempted s e p a r a t i o n o f 
I and I I ( F i g u r e 1; components of the sex pheromone of the r e d 
bollworm moth, D i p a r o p s i s castanea) by chromatography on s i l i c a 
gel-AgN0~ g i v e s o n l y p a r t i a l r e s o l u t i o n . However, treatment 
o f a m i x t u r e w i t h l i q u i d s u l f u r d i o x i d e a t -20° f o l l o w e d by 
chromatography on F l o r i s i l to remove the u n r e a c t e d Z isomer 
g i v e s the 1 , 4 - c y c l o - a d d i t i o n product I I I . T h e r m o l y s i s of the 
s u l f o l e n e I I I o c c u r s s t e r e o s p e c i f i c a l l y (15) to g i v e the _E 
d i e n e I i n h i g h y i e l d and 99+% p u r i t y ( 1 6 ) . The Z isomer i s 
o b t a i n e d by t r e a t i n g a m i x t u r e w i t h excess t e t r a c y a n o e t h y l e n e 
i n t e t r a h y d r o f u r a n (THF) a t room temperature which s e l e c t i v e l y 
r e a c t s w i t h the 12 d i e n e . Chromatography of the p r o d u c t on 
F l o r i s i l e nables the s e p a r a t i o n of the Z isomer I I from the 
D i e l s - A l d e r adduct of the E isomer I ( 1 6 ) . We have o f t e n used 
t h i s l a t t e r t e c h n i q u e . For example, treatment o f a m i x t u r e of 
E>E and _Z,_E conjugated d i e n e isomers w i t h t e t r a c y a n o e t h y l e n e 
s e l e c t i v e l y removes the E,_E isomer as i t s D i e l s - A l d e r adduct (see 
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OAc 

A = A V W ° A c 

III 

Figure 1. Separation of two components of the pheromone of the red bollworm 
moth. 
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30 INSECT PHEROMONE TECHNOLOGY 

a l s o r e f s _17 and 18) . S e l e c t i v e urea c l a t h r a t i o n can a l s o be used 
to remove the EyE isomer from a m i x t u r e o f conjugated d i e n e s or to 
remove the _E isomer from a m i x t u r e o f conjugated enynes (e.g. 1 2 ). 

Hydrogenation o f A c e t y l e n e s 

One v e r y u s e f u l method of o l e f i n s y n t h e s i s i n v o l v e s the 
i n t r o d u c t i o n o f an a c e t y l e n e , d i y n e , or enyne group i n t o a 
mole c u l e f o l l o w e d by semihydrogenation o r r e d u c t i o n of the 
t r i p l e b o n d ( s ) . For the p r e p a r a t i o n o f a Z o l e f i n one of the 
most con v e n i e n t methods i s the p a r t i a l s e l e c t i v e c a t a l y t i c 
h y d r o g e n a t i o n o f an i s o l a t e d a l k y n e over L i n d l a r c a t a l y s t 
[Pd-CaCOg-PMOAc^] i n the presence of s y n t h e t i c q u i n o l i n e ( 1 9 ) . 
Semihydrogenation i s p o s s i b l e because the a c e t y l e n e group adsorbs 
v e r y s t r o n g l y to the c a t a l y s t s u r f a c e  The o l e f i n product i s 
p r o t e c t e d from subsequen
from the c a t a l y s t s u r f a c
l a t t e r has been consumed, f u r t h e r r e a c t i o n of the o l e f i n i s 
p o s s i b l e . The s u p e r i o r i t y o f c o r r e c t l y prepared L i n d l a r c a t a l y s t 
i s due to i t s r e l a t i v e i n a c t i v i t y f o r e i t h e r h y d r o g e n a t i o n or 
s t e r e o i s o m e r i z a t i o n of Z o l e f i n s . Non-polar s o l v e n t s such as 
pentane o r hexane a r e p r e f e r a b l e to a l c o h o l s f o r these 
h y d r o g e n a t i o n s . When the r e a c t i o n i s c a r r i e d out a t room 
temperature, the product c o n t a i n s 1.5-4% o f the c o r r e s p o n d i n g 
_E isomer. A t h i g h e r temperatures, e s p e c i a l l y i n a l c o h o l i c 
s o l v e n t s , the percentage o f the E isomer can be as h i g h as 5-10%. 
We found t h a t i f the h y d r o g e n a t i o n of the a l k y n e over L i n d l a r 
c a t a l y s t ( poisoned by s y n t h e t i c q u i n o l i n e ) i s c a r r i e d out a t lower 
temperatures (-10 to -30°) i n pentane, hexane, o r hexane-THF, 
the r e s u l t i n g o l e f i n c o n t a i n s ̂ 0 . 5% o f the c o r r e s p o n d i n g _E 
isomer ( 2 ) . A s i m i l a r o b s e r v a t i o n has been r e c e n t l y r e p o r t e d 
by R o s s i and coworkers (_3, 20) . We have a l s o found w i t h L i n d l a r 
c a t a l y s t o r w i t h q u i n o l i n e - p o i s o n e d palladium-on-barium s u l f a t e , 
t h a t the s m a l l amount of _E isomer t h a t i s produced, i s formed 
throughout the r e a c t i o n ( 2 ) . The E:Z isomer r a t i o i n the o l e f i n 
p r o d u c t i s n e a r l y c o n s t a n t d u r i n g the hy d r o g e n a t i o n but the 
r a t i o does i n c r e a s e a f t e r the a l k y n e i s consumed. I t has been 
p r e v i o u s l y r e p o r t e d , w i t h p a l l a d i u m c a t a l y s t s i n g e n e r a l , t h a t 
the f o r m a t i o n of IS o l e f i n o c c u r s v i a r e - a d s o r p t i o n and isomer-
i z a t i o n o f the Z o l e f i n and t h a t the s t e r e o m u t a t i o n of the Z o l e f i n 
o c c u r s o n l y i n the presence o f hydrogen and i s not a major problem 
u n t i l most of the a c e t y l e n e has been consumed (19c,21). Our 
o b s e r v a t i o n s suggest t h a t the E o l e f i n can a l s o be formed d u r i n g 
the h y d r o g e n a t i o n o f the a l k y n e by e i t h e r n o n - s t e r e o s p e c i f i c 
h y d r o g e n a t i o n or,more l i k e l y , b y i s o m e r i z a t i o n of the newly-formed 
Z o l e f i n on the c a t a l y s t s u r f a c e b e f o r e the d e s o r p t i o n takes p l a c e . 

I n o r d e r to m i n i m i z e the i s o m e r i z a t i o n to E o l e f i n and the 
o v e r - r e d u c t i o n , i t i s a d v i s a b l e to use the s m a l l e s t p r a c t i c a l r a t i o 
of c a t a l y s t t o s u b s t r a t e . Even w i t h the L i n d l a r c a t a l y s t , a h i g h 
c a t a l y s t t o a c e t y l e n e r a t i o can r e s u l t i n a r a p i d Z to E isomer-
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i z a t i o n o f the o l e f i n a f t e r the disappearance of the a c e t y l e n e 
(2 2 a ) . The presence o f the s m a l l amount of q u i n o l i n e as a p o i s o n 
i s advantageous f o r s e l e c t i v i t y but the success of the L i n d l a r 
c a t a l y s t i s even more dependent on the p o i s o n i n g by l e a d a c e t a t e . 
Use o f p a l l a d i u m - o n - c a l c i u m c a r b o n a t e , even i n the presence o f 
s y n t h e t i c q u i n o l i n e , u s u a l l y g i v e s v e r y poor r e s u l t s (e.g. r e f 23). 
R e p r o d u c i b i l i t y of c a t a l y s t p r e p a r a t i o n can be a problem. We have 
found t h a t the a c t i v i t y and s t e r e o s e l e c t i v i t y o f the L i n d l a r 
c a t a l y s t can v a r y even among batches purchased from the same 
manufacturer. Thus, i t i s b e s t to t e s t each b a t c h o f c a t a l y s t 
f o r b o t h a c t i v i t y and s e l e c t i v i t y p r i o r t o i t s use. * A l s o i t i s 
u s u a l l y n e c e s s a r y t o b e g i n w i t h pure a l k y n e to preve n t t o t a l 
p o i s o n i n g o f the c a t a l y s t . 

A l t e r n a t i v e c a t a l y s t s such as palladium-on-barium s u l f a t e 
( p o i s o n e d by s y n t h e t i c q u i n o l i n e ) (24)  "P-2" n i c k e l b o r i d
( w i t h e t h y l e n e d i a m i n e )
can be used i n p l a c e o  c a t a l y s t ,
s e l e c t i v e h y d r o g e n a t i o n o f t r i p l e bonds t o Z o l e f i n s proceeds 
w i t h the g r e a t e s t s t e r e o s e l e c t i v i t y w i t h L i n d l a r c a t a l y s t . 
P a l l a d i u m - o n - b a r i u m s u l f a t e ( i n e t h a n o l w i t h q u i n o l i n e ) can g i v e 
c o n s i d e r a b l e o v e r - r e d u c t i o n and i s o m e r i z a t i o n t o the E isomer 
(2 2 a ) . Use o f "P-2" n i c k e l b o r i d e as the c a t a l y s t a t room 
temperature u s u a l l y g i v e s c a . 2% o f the E isomer (e.g. 2 3 ). 
I n c o n t r a s t t o L i n d l a r c a t a l y s t we have found t h a t the hyd r o ­
g e n a t i o n of an a l k y n e over e t h y l e n e d i a m i n e - p o i s o n e d "P-2" n i c k e l 
b o r i d e o r q u i n o l i n e - p o i s o n e d palladium-on-barium s u l f a t e always 
g i v e s a minor amount of the s a t u r a t e d hydrocarbon i n a d d i t i o n 
to the o l e f i n . The r a t i o of s a t u r a t e d hydrocarbon t o o l e f i n 
(about 0.01) a l s o i s n e a r l y c o n s t a n t throughout the h y d r o g e n a t i o n 
u n t i l t h e a l k y n e i s consumed, and then i t i n c r e a s e s . F u r t h e r 
r e a c t i o n o f the a l k e n e on the c a t a l y s t s u r f a c e b e f o r e d e s o r p t i o n 
would e x p l a i n t h e se r e s u l t s . 

P a r t i a l h y d r o g e n a t i o n o f s k i p p e d 1,4-diynes o r 1,4-enynes 
over L i n d l a r c a t a l y s t proceeds s t e r e o s e l e c t i v e l y i n h i g h y i e l d 
( e . g . 2 6 ) , but the p a r t i a l h y d r o g e n a t i o n of t r i p l e bonds which 
a r e conjugated w i t h double o r t r i p l e bonds p l a c e s h i g h demands 
on the c a t a l y s t . W i t h these compounds one does n o t , i n g e n e r a l , 
observe a prominent break i n the r a t e o f hydrogen uptake a t the 
co m p l e t i o n o f semihydrogenation. M i x t u r e s a r e u s u a l l y o b t a i n e d 
c o n t a i n i n g 40% of the d e s i r e d c onjugated d i e n e (2,27-29). 

An a l t e r n a t i v e method t o the s e l e c t i v e semihydrogenation 
o f an i n t e r n a l a l k y n e i n v o l v e s h y d r o b o r a t i o n w i t h a s t e r i c a l l y 
h i n d e r e d reagent (e.g. d i s i a m y l b o r a n e ) , and p r o t o n o l y s i s o f the 
v i n y l b o r a n e i n t e r m e d i a t e w i t h a c a r b o x y l i c a c i d t o g i v e the Z 
a l k e n e ( 3 0 ) . T h i s method u s u a l l y g i v e s good y i e l d s of o l e f i n s 
(^98% Z isomer) and can even be a p p l i e d s u c c e s s f u l l y t o the 
r e d u c t i o n o f polymer-bound a l k y n e s to polymer-bound Z a l k e n e s 
( 3 1 ) . F or non-conjugated a l k y n e s we p r e f e r t o use h y d r o g e n a t i o n 
over L i n d l a r c a t a l y s t a t low temperature because of i t s g r e a t e r 
s t e r e o s e l e c t i v i t y and convenience but f o r conjugated d i y n e s and 
enynes t h i s h y d r o b o r a t i o n - p r o t o n o l y s i s method i s v a s t l y s u p e r i o r . 
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R e d u c t i o n of A c e t y l e n e s 
The p r e p a r a t i o n of pure i s o l a t e d E o l e f i n s i s r e a d i l y 

a ccomplished by the r e d u c t i o n of an a l k y n e w i t h m e t a l l i c 
sodium o r l i t h i u m i n l i q u i d ammonia (27,32). T h i s r e a c t i o n i s 
p r e f e r a b l y c a r r i e d out by the a d d i t i o n of the a l k y n e i n an e t h e r 
t o a m i x t u r e o f sodium ( o r l i t h i u m ) i n l i q u i d ammonia a t -30°. 
The a l t e r n a t i v e r e v e r s e a d d i t i o n procedure can g i v e i n c o m p l e t e 
r e d u c t i o n o f the a l k y n e ( 3 3 ) . An i n c r e a s e i n the r a t i o of 
l i q u i d ammonia t o a l k y n e ( 3 4 ) , the a d d i t i o n of c o - s o l v e n t s ( 2 3 ) , 
the use of l i t h i u m r a t h e r than sodium, o r the use of a h i g h e r 
temperature i n an a u t o c l a v e a r e a d v i s a b l e f o r the r e d u c t i o n of 
h i g h m o l e c u l a r weight a l k y n e s t o overcome s o l u b i l i t y problems 
which can a l s o r e s u l t i n in c o m p l e t e r e d u c t i o n . The r e s u l t i n g 
o l e f i n i s u s u a l l y v e r y pure E isomer c o n t a i n i n g no d e t e c t a b l e 

isomer. Use o f an a l c o h o
a c c e l e r a t e the r e d u c t i o n
a minor amount o f t h e Z isomer. Polymer-bound a l k y n e s can not be 
s u c c e s s f u l l y reduced w i t h sodium i n l i q u i d ammonia ( 3 5 ) . 

Conjugated 12,12 d i e n e s cannot be p r e p a r e d , i n g e n e r a l , by 
the r e d u c t i o n o f conj u g a t e d d i y n e s w i t h sodium o r l i t h i u m i n 
l i q u i d ammonia ( 3 6 ) . A l s o the r e d u c t i o n o f 1,4-diynes ( i n the 
absence o f added a l c o h o l ) i s o f t e n accompanied by, o r preceded 
by, b a s e - c a t a l y z e d i s o m e r i z a t i o n to a compound w i t h c o n j u g a t e d 
u n s a t u r a t i o n , which i s then reduced t o the monoene l e v e l ( 2 7 ) . 
However, one can s u c c e s s f u l l y reduce a 1,4-diyne o r an ( E ) - l , 4 -
enyne i n good y i e l d t o the c o r r e s p o n d i n g ( E , E ) - l , 4 - d i e n e w i t h 
sodium ( o r l i t h i u m ) i n l i q u i d ammonia-THF i n the presence of t e r t -
b u t y l a l c o h o l (2,37). R e d u c t i o n of a 3 - a l k y n - l - o l such as IVa 
( F i g u r e 2) w i t h sodium i n l i q u i d ammonia-THF i s not c o m p l e t e l y 
s t e r e o s e l e c t i v e and the pro d u c t i s r e p o r t e d t o c o n t a i n 2-4% of 
the 3Ẑ  isomer ( 2 3 ) . However, r e d u c t i o n of the c o r r e s p o n d i n g 
t e t r a h y d r o p y r a n y l e t h e r IVb proceeds, i n our hands, w i t h h i g h 
s t e r e o s e l e c t i v i t y t o the 3E,13Z^ isomer Vb. ( c f . r e f 23). 
( E ) - O l e f i n s can a l s o be prepared s t e r e o s e l e c t i v e l y i n h i g h 
y i e l d by the slow r e a c t i o n of the c o r r e s p o n d i n g i s o l a t e d a l k y n e 
w i t h a l a r g e excess of l i t h i u m aluminum h y d r i d e (LAH) i n 
diglyme a t 140° (20b,38). 

R e d u c t i o n of an a l k y n e w i t h MgH^-CuI o r MgHp-CuOtert-Bu 
i n THF a t -78° i s r e p o r t e d t o g i v e the ( Z ) - a l k e n e i n good y i e l d 
w i t h v e r y h i g h s t e r e o s e l e c t i v i t y ( 3 9 ) . R e d u c t i o n of the t r i p l e 
bond i n a conj u g a t e d enyne w i t h a l a r g e excess of a c t i v a t e d 
powdered z i n c i n aqueous n-propanol proceeds w i t h Z s t e r e o ­
s e l e c t i v i t y (28,40). We have found t h a t ( E ) - l l - t e t r a d e c e n - 9 - y n -
l - o l i s reduced under these c o n d i t i o n s t o ( 9 Z , l l E ) - 9 , l l - t e t r a -
d e c a d i e n - l - o l w i t h l e s s than 0.1% c o n t a m i n a t i o n by o t h e r i s o m e r s . 
However, t h i s method appears s u i t e d o n l y t o s m a l l s c a l e work 
because o f the l a r g e excess of z i n c r e q u i r e d . 
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Figure 2. Reduction of a 3-alkyn-l-ol and its THP ether. 
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( 9 Z , 1 2 E ) - 9 , 1 2 - T e t r a d e c a d i e n - l - y l A c e t a t e (XIV) 
The compound XIV o c c u r s w i d e l y as a component of l e p i d o p t -

erous sex pheromones, e s p e c i a l l y of p e s t s of s t o r e d g r a i n and 
d r i e d f r u i t (2_) . The s y n t h e s i s d i s c u s s e d below i s an example 
o f the p r e p a r a t i o n of a " s k i p p e d " or " m e t h y l e n e - i n t e r r u p t e d " 
1,4-diene. I t i s i m p o r t a n t to have pure XIV f o r pheromone s t u d i e s 
s i n c e the o t h e r s t e r e o i s o m e r s can a c t as i n h i b i t o r s o f the 
b e h a v i o r a l response i n some s p e c i e s . 

Most of t h e p u b l i s h e d syntheses of XIV have been p r e v i o u s l y 
summarized ( 2 ) . One o f the more p r a c t i c a l l a r g e - s c a l e syntheses 
of XIV i n h i g h p u r i t y i s the one o u t l i n e d i n F i g u r e s 3 and 4, 
w h i c h i s based on an e a r l i e r s y n t h e s i s by Jacobson and co-workers 
(41; see a l s o 20b). Thus the d i o l i s c o n v e r t e d t o t h e bromohydrin 
VI by r e a c t i o n w i t h aqueous HBr i n a two-phase system  The crude 
p r o d u c t i s p u r i f i e d by c o n v e r s i o
n o n - v o l a t i l e b o r a t e e s t e
the 1,8-dibromooctane by d i s t i l l a t i o n . A f t e r h y d r o l y s i s of the 
b o r a t e any r e s i d u a l d i o l i s removed by e x t r a c t i o n w i t h w ater. 
The bromohydrin i s then q u a n t i t a t i v e l y c o n v e r t e d t o the THP e t h e r , 
w h i c h i s added t o LiCECH-ethylenediamine complex i n d i m e t h y l 
s u l f o x i d e t o g i v e V I I i n v e r y h i g h y i e l d . No p u r i f i c a t i o n i s 
r e q u i r e d i n e i t h e r of these s t e p s . A s h o r t e r s y n t h e s i s of 
9 - d e c y n - l - o l (IX) was s u b s e q u e n t l y developed. An a c e t y l e n e 
" z i p p e r " i s o m e r i z a t i o n (42) w i t h s o d i o - l , 3 - d i a m i n o p r o p a n e i s 
used t o c o n v e r t e i t h e r 3 - d e c y n - l - o l ( V I I I ) o r 2 - d e c y n - l - o l i n t o 
t h e t e r m i n a l a l k y n o l IX. B o t h of these s t a r t i n g a l k y n o l s a r e 
c o m m e r c i a l l y a v a i l a b l e and the s a v i n g i n l a b o r i s advantageous 
f o r moderate s c a l e p r o d u c t i o n . 

One u s e f u l method f o r p r e p a r i n g (E)-1,4-enynes i n v o l v e s 
the cuprous s a l t - c a t a l y z e d c o u p l i n g of 1-alkynylmagnesium h a l i d e s 
w i t h a l l y l i e h a l i d e s i n e t h e r o r THF ( 4 3 ) . We u t i l i z e d ( F i g u r e 4) 
the c o u p l i n g o f l - c h l o r o - 2 - b u t e n e i n THF i n the presence of 
d i l i t h i u m t e t r a c h l o r o c u p r a t e , w i t h the G r i g n a r d reagent prepared 
from V I I ( w i t h E t M g C l ) , which g i v e s the ( E ) - l , 4 - e n y n e a l c o h o l X I I , 
mp. 19°, i n 65% y i e l d a f t e r h y d r o l y s i s of the p r o t e c t i n g group and 
p u r i f i c a t i o n (see below) . The crude product of the c o u p l i n g 
r e a c t i o n c o n s i s t s of a m i x t u r e of the a l l y l i c isomers X, XI and 
X I I i n the r a t i o o f 7.5:7.5:85, r e s p e c t i v e l y , under these 
c o n d i t i o n s . The i s o m e r i c c o m p o s i t i o n of the p roduct appears t o be 
s i m i l a r i r r e s p e c t i v e of the i s o m e r i c c o m p o s i t i o n of the s t a r t i n g 
a l l y l i c c h l o r i d e ( c f . 44, 45). Thus t e c h n i c a l c r o t y l c h l o r i d e 
from A l d r i c h Chemical Company [ c o n t a i n i n g 59% ( E ) - l - c h l o r o - 2 -
butene, 11% of the (Z)-isomer and 30% of 3 - c h l o r o - l - b u t e n e ] i s 
used w i t h o u t p u r i f i c a t i o n . However, the r a t i o of isomers i s i n ­
f l u e n c e d somewhat by the r e a c t i o n c o n d i t i o n s . The s t r a i g h t c h a i n 
isomers a r e f a v o r e d over X by a lower r e a c t i o n temperature, the 
use of c h l o r i d e r a t h e r than bromide as the c o u n t e r i o n , and d i l u ­
t i o n of the r e a c t i o n m i x t u r e w i t h THF. However, p r a c t i c a l s c a l e -
up c o n s i d e r a t i o n s r e q u i r e t h a t the r e a c t i o n be run a t h i g h e r con-
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c e n t r a t i o n than the optimum r e q u i r e d f o r r e g i o s e l e c t i v i t y . The 
crude enyne X I I i s p u r i f i e d by f i l t r a t i o n through an e q u a l weight 
of s i l i c a g e l i n ether-hexane ( t o remove c a t a l y s t p o i s o n s which 
i n t e r f e r e w i t h the h y d r o g e n a t i o n step) f o l l o w e d by rep e a t e d 
c r y s t a l l i z a t i o n from hexane a t -30° t o remove the branched c h a i n 
isomer X and most o f the Z isomer X I . The eny n o l X I I i s then 
semihydrogenated over L i n d l a r c a t a l y s t i n hexane-THF a t 0° i n the 
presence o f q u i n o l i n e . C r y s t a l l i z a t i o n o f the prod u c t from hexane 
a t -60° and e s t e r i f i c a t i o n g i v e XIV i n h i g h p u r i t y (98.4% Z,E, 
1.5% Z,Z, 0.1% E,E, and <0.1% E,Z) [ t h i s 1,4-diene a u t o o x i d i z e s 
r a p i d l y i n a i r t o g i v e u n s t a b l e 1,3-diene h y d r o p e r o x i d e s ( 4 6 ) ; 
a n t i o x i d a n t s such as BHT o r N , N f - d i o c t y l - l , 4 - p h e n y l e n e d i a m i n e 
s h o u l d be added to suppress t h i s r e a c t i o n ( 2 ) ] . 

C a l i f o r n i a r e d s c a l e 
The C a l i f o r n i a r e

wide p e s t of c i t r u s t r e e s and the sex pheromone produced by the 
females has been i d e n t i f i e d as a m i x t u r e of the n o r s e s q u i t e r p e n e i d 
e s t e r s , 3 - m e t h y l - 6 - i s o p r o p e n y l - 9 - d e c e n - l - y l a c e t a t e (XV) and 
( Z ) - 3 - m e t h y l - 6 - i s o p r o p e n y l - 3 , 9 - d e c a d i e n - l - y l a c e t a t e (XVI) 
(47,48). We have prepared the o p t i c a l isomers o f the former (49) 
and the geometric and o p t i c a l isomers o f the l a t t e r (48) and 
b i o l o g i c a l e v a l u a t i o n s have demonstrated t h a t one isomer of each 
component i s s i g n i f i c a n t l y more a c t i v e than the o t h e r s ( 5 0 ) . Thus 
the n a t u r a l sex pheromone p r o b a b l y c o n s i s t s o f a m i x t u r e of 
(3j>,6R)-XV and (3Z,6R)-XVI ( F i g u r e 5 ) . F i e l d t e s t s have a l s o 
shown t h a t the compounds XV and XVI a r e i n d e p e n d e n t l y a t t r a c t i v e 
to males, and t h a t t h e r e i s no s y n e r g i s t i c e f f e c t when XV and 
XVI a r e combined. I n a d d i t i o n , the presence o f the i n a c t i v e 
s t e r e o i s o m e r s does not i n h i b i t the t r a p c a t c h o f males. Thus 
s y n t h e t i c compound f o r use i n m o n i t o r i n g t r a p s i n the f i e l d can be 
e i t h e r XV o r XVI and need not be s t e r e o c h e m i c a l l y pure. 

S i n c e i n i t i a l l y n e i t h e r the s t e r e o c h e m i s t r y o f the t r i s u b -
s t i t u t e d double bond nor the a b s o l u t e c o n f i g u r a t i o n o f component 
XVI was known, we prepared a l l f o u r of the p o s s i b l e geometric and 
o p t i c a l isomers s t a r t i n g from e i t h e r (S)-(+)-carvone ( F i g u r e 6) 
or ( R ) - ( - ) - c a r v o n e , and o n l y the 3Z^6R isomer was found t o be 
a t t r a c t i v e t o the males ( 4 8 ) . T h i s i s not a p r a c t i c a l r o u t e to 
XVI; a s h o r t e r s y n t h e s i s o f racemic XVI was sub s e q u e n t l y p u b l i s h e d 
by S t i l l and M i t r a ( 5 1 ) . 

For f i e l d a p p l i c a t i o n s , we n o r m a l l y use component XV as a 
m i x t u r e w i t h i t s b i o l o g i c a l l y l e s s a c t i v e s t e r e o i s o m e r s . Our most 
p r a c t i c a l r o u t e ( F i g u r e 7) to m a t e r i a l s u i t a b l e f o r commercial use 
produces a m i x t u r e which i s o n l y p a r t i a l l y e n r i c h e d i n the Ŝ  
isomer a t C-3 (52; see a l s o 53). Commercially a v a i l a b l e ( S ) - ( - ) -
c i t r o n e l l o l o f moderate o p t i c a l p u r i t y ( c a . 75% e n a n t i o m e r i c 
e x c e s s ; 54) i s used as the s t a r t i n g m a t e r i a l . The c o p p e r ( I ) c a t ­
a l y z e d a d d i t i o n of 3-butenylmagnesium c h l o r i d e t o 6,7-epoxy-

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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XV (3S,6R) XVI (3Z.6R) 

Figure 5. Components of the pheromone of the California red scale. 
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c i t r o n e l l y l 2,2-dimethylpropanoate g i v e s , i n 80% y i e l d , the 
hydroxy e s t e r d i a s t e r e o m e r s X V I I , which a r e then c o n v e r t e d to XV 
i n 60% y i e l d as shown i n F i g u r e 7. We have a l s o found t h a t i t i s 
unnecessary t o remove the i n a c t i v e t e t r a s u b s t i t u t e d o l e f i n i c 
i m p u r i t y X V I I I ( p r e s e n t i n ca. 20%) from the f i n a l p r oduct f o r 
i t t o be e q u a l l y e f f e c t i v e i n f i e l d t e s t s ( 5 0 ) . 

San J o s e s c a l e 
The San J o s e s c a l e , Q u a d r a s p i d i o t u s p e r n i c i o s u s , i s a s e r i o u s 

worldwide p e s t o f deciduous f r u i t t r e e s . The pheromone has 
been shown t o be a three-component m i x t u r e of 7-methy1-3-
m e t h y l e n e - 7 - o c t e n - l - y l propanoate ( X I X ) , 0 Z)-3,7-dimethyl-2,7-
o c t a d i e n - l - y l propanoate ( X X ) , and the c o r r e s p o n d i n g ( E ) - i s o m e r 
XXI (55, 56, 57) ( F i g u r e 8 ) . Greenhouse and f i e l d b i o a s s a y s have 
shown t h a t XIX, XX, an
male San J o s e s c a l e an
e q u a l a t t r a c t a n c y (55,57). I n t e r e s t i n g l y , n e r y l and g e r a n y l 
propanoate a r e i n a c t i v e . 

We have prepared t h e components XIX and XX by s e v e r a l r o u t e s 
(56,57). Our f i r s t s y n t h e s i s ( F i g u r e 9) u t i l i z e d the a d d i t i o n 
o f a common organocopper reagent t o a l k y n e s u b s t r a t e s t o p r e p a r e 
b o t h components ( 5 6 ) . A b e t t e r r o u t e t o XX i s shown i n F i g u r e 10. 
The d i a n i o n of p r o p y n o i c a c i d i s a l k y l a t e d w i t h XXII and the 
r e a c t i o n m i x t u r e i s quenched w i t h m e t h y l i o d i d e t o g i v e the m ethyl 
a l k y n o a t e . Conjugate a d d i t i o n o f l i t h i u m d i m e t h y l c u p r a t e then 
g i v e s X X I I I , which i s c o n v e r t e d t o XX as b e f o r e . The y i e l d from 
t h i s r o u t e i s h i g h e r and the procedure i s s i m p l e r . 

A more d i r e c t approach t o XIX t h a t can be r e a d i l y s c a led-up 
i s o u t l i n e d i n F i g u r e 11 ( 5 7 ) . R e a c t i o n of the d i a n i o n of 
3 - m e t h y l - 3 - b u t e n - l - o l w i t h the bromide XXIV g i v e s the a l c o h o l 
XXV i n one s t e p . Subsequent e s t e r i f i c a t i o n and p u r i f i c a t i o n 
g i v e s XIX i n 40% y i e l d from 3 - m e t h y l - 3 - b u t e n - l - o l [the s y n t h e s i s 
o f t h e t h i r d component XXI i s d e s c r i b e d by Anderson jet. a l . ( 5 7 ) ] . 

1 , 4 - D i s u b s t i t u t e d 1,3-Dienes 
Conjugated d i e n e s have been i d e n t i f i e d as components of the 

sex pheromones of many l e p i d o p t e r o u s s p e c i e s ( 2 - 7 ) . Here 
we would l i k e t o make a few comments on some of the b e t t e r 
s y n t h e t i c methods f o r t h e i r p r e p a r a t i o n . 

(Z,Z)-1,3-Dienes. The (Z,_Z)-isomers can be c o n v e n i e n t l y 
prepared i n h i g h s t e r e o c h e m i c a l p u r i t y e i t h e r from d i h y d r o b o r a t i o n 
o f the c o r r e s p o n d i n g c o n j u g a t e d d i y n e w i t h d i c y c l o h e x y l b o r a n e 
f o l l o w e d by p r o t o n o l y s i s of the i n t e r m e d i a t e organoborane or from 
h y d r o b o r a t i o n ( w i t h d i s i a m y l b o r a n e ) - p r o t o n o l y s i s of the c o r r e s ­
ponding (Z)-enyne ( 6 0 ) . As d i s c u s s e d above, the p a r t i a l h ydro­
g e n a t i o n of such conjugated d i y n e s and enynes over L i n d l a r c a t ­
a l y s t i s a much i n f e r i o r a l t e r n a t i v e t h a t u s u a l l y g i v e s m i x t u r e s 
c o n t a i n i n g ^ 4 0 % o f the d e s i r e d (_Z,Z)-1,3-diene. The r e q u i r e d 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
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XXI 

Figure 8. Components of the pheromone of the San Jose scale. 
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conjugated unsymmetrical d i y n e i s u s u a l l y prepared by the C a d i o t -
Chodkiewicz c o u p l i n g r e a c t i o n between the a p p r o p r i a t e l y sub­
s t i t u t e d 1-alkyne and 1-bromo-l-alkyne i n the presence of c a t ­
a l y t i c amounts of cuprous s a l t s and amines ( 6 1 ) . Two s a t i s f a c t o r y 
a l t e r n a t i v e s y n t h e t i c r o u t e s t o unsymmetrical 1,3-diynes, one 
p r o c e e d i n g through d i c y c l o h e x y l m e t h y l t h i o b o r a n e (62) and the o t h e r 
through disiamylmethoxyborane ( 6 3 ) , a r e a v a i l a b l e . 

F i g u r e 12 shows a t y p i c a l p r e p a r a t i o n from our l a b o r a t o r y 
of a (Z,Z)-1,3-diene v i a the conjugated d i y n e . F i g u r e 13 o u t l i n e s 
one of our syntheses (64) of (11Z,13Z)-11,13-hexadecadien-l-al 
(XXVI), a component of the sex pheromone of the n a v e l orangeworm, 
Amyelois t r a n s i t e l l a ( 6 5 ) , which proceeds through the (Z)-enyne. 
The compound XXVI has a l s o r e c e n t l y been prepared i n h i g h 
s t e r e o c h e m i c a l p u r i t y v i a the conjugated d i y n e by us ( F i g u r e 14) 
and by Sonnet and Heath ( 6 6 )

(E,Z)-1,3-Dienes. S e v e r a
now a v a i l a b l e f o r the s y n t h e s i s of u n s y m m e t r i c a l l y s u b s t i t u t e d 
conjugated (JE,Z.)-dienes and examples of these have been r e c e n t l y 
d i s c u s s e d i n d e t a i l (2,6,7,67). S e v e r a l of the more p r a c t i c a l 
r o u t e s i n v o l v e the p r e p a r a t i o n of an ( E ) - l , 3 - e n y n e i n t e r m e d i a t e 
f o l l o w e d by h y d r o b o r a t i o n - p r o t o n o l y s i s . For example, F i g u r e s 15 
(68) and 16 (69) o u t l i n e two o f our r o u t e s t o (7E,9Z)-7,9-dodeca-
d i e n - l - y l a c e t a t e ( X X I X ) , the sex pheromone of the European grape­
v i n e moth, L o b e s i a b o t r a n a ( 7 0 ) . Both of these r o u t e s depend on 
the s y n t h e s i s of the key i n t e r m e d i a t e ( E ) - 7 - d o d e c e n - 9 - y n - l - o l 
(XXVIII) (m.p. c a . -10° to -15°) which can be r e a d i l y p u r i f i e d 
to >99.5% p u r i t y by c r y s t a l l i z a t i o n from pentane o r hexane 
a t -35°. S e l e c t i v e h y d r o b o r a t i o n of the t r i p l e bond of the 
(E)-enyne w i t h 1 e q u i v of d i s i a m y l b o r a n e f o l l o w e d by p r o t o n o l y s i s 
of the v i n y l b o r a n e i n t e r m e d i a t e w i t h a c e t i c a c i d g i v e s the 
r e q u i r e d 7E,9_Z di e n e i n h i g h s t e r e o c h e m i c a l p u r i t y . 

The s t e r e o s e l e c t i v e procedure o u t l i n e d i n F i g u r e 15 i s based 
on the work of N e g i s h i ^ t . a l . ( 7 1 ) . The o v e r a l l y i e l d (from 
XXVII) o f pure X X V I I I was o n l y c a . 20% and a l t h o u g h the conver­
s i o n of XXVII to the THP o f X X V I I I i s c a r r i e d out i n one p o t , the 
r e a c t i o n i s d i f f i c u l t to f o l l o w and i s not p r a c t i c a l on a l a r g e 
s c a l e . N e g i s h i and Abramovitch (72) have prepared XXIX i n 
c o n s i d e r a b l y h i g h e r y i e l d by a m o d i f i c a t i o n of t h i s method but i n 
our hands the much l e s s s t e r e o s e l e c t i v e r o u t e o u t l i n e d i n 
F i g u r e 16 i s p r e f e r a b l e f o r l a r g e s c a l e s y n t h e s i s . The C l a i s e n 
rearrangement r e a c t i o n of l - h e p t e n - 4 - y n - 3 - o l (XXX) w i t h t r i e t h y l 
o r t h o a c e t a t e i s not c o m p l e t e l y s t e r e o s e l e c t i v e and g i v e s XXXI as 
a m i x t u r e o f E:Z isomers i n t h e r a t i o of ca. 4:1. I t i s not 
n e c e s s a r y t o s e p a r a t e isomers a t t h i s s tage s i n c e c r y s t a l l i z a t i o n 
of the crude a l c o h o l X X V I I I from pentane a t -35° r e a d i l y a f f o r d s 
m a t e r i a l o f 99+% p u r i t y i n >60% o v e r a l l y i e l d from XXXII. 

R e c e n t l y a new s t e r e o s e l e c t i v e method f o r the s y n t h e s i s of 
( E , Z ) - l , 3 - d i e n e s has been developed by Z w e i f e l and B a c k l u n d (73) 
which proceeds through a l i t h i u m d i c y c l o h e x y l [ ( E ) - 1 - a l k e n y l l -

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
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Figure 15. Synthesis of (7E,9Z)-7,9-dodecadien-l-yl acetate (XXIX). 
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( 1 - a l k y n y l ) b o r a t e as the i n t e r m e d i a t e . T h i s method a f f o r d s 
t h e d i e n e d i r e c t l y w i t h o u t the f o r m a t i o n of an enyne and hence 
e l i m i n a t e s the h y d r o b o r a t i o n - p r o t o n o l y s i s s t e p i n F i g u r e 15. 
T h i s method i s v e r y u s e f u l f o r s y n t h e s i s of such compounds 
on a moderate s c a l e . We have a p p l i e d i t t o the p r e p a r a t i o n 
of a number of (_Z,_E)- and (E,Z)-1,3-dienes i n c l u d i n g the 
pheromone o f L o b e s i a b o t r a n a , ( X X I X ) . 

F o r example, i n F i g u r e 17 t h i s r o u t e i s a p p l i e d t o the 
p r e p a r a t i o n of ( 1 0 E , 1 2 Z ; ) - 1 0 , 1 2 - t e t r a d e c a d i e n - l - y l a c e t a t e 
(XXXVI). The c o n v e r s i o n o f the t e r m i n a l a c e t y l e n e X X X I I I t o the 
( E , Z ) - d i e n o l i s c a r r i e d out i n Tone p o t 1 . The key s t e p i n t h i s 
r o u t e i n v o l v e s the treatment of the a t e complex XXXIV w i t h a 
s u i t a b l e e l e c t r o p h i l i c reagent such as t r i - n - b u t y l t i n c h l o r i d e , 
which ind u c e s the p r e f e r e n t i a l m i g r a t i o n of the ( E ) - a l k e n y l 
group ( w i t h r e t e n t i o n of c o n f i g u r a t i o n ) from boron t o the 
a d j a c e n t a l k y n y l carbo
Presumably i n i t i a l c o m p l e x a t i o
t r i p l e bond o c c u r s , f o l l o w e d by i n t r a m o l e c u l a r t r a n s f e r of the 
( E ) - a l k e n y l group. The e l e c t r o p h i l e must be capable of g i v i n g 
an i n t e r m e d i a t e such as XXXV which can undergo p r o t o n o l y s i s under 
m i l d c o n d i t i o n s . P r o t o n o l y s i s of b o t h the v i n y l carbon-boron and 
c a r b o n - t i n bonds of the r e s u l t i n g i n t e r m e d i a t e XXXV w i t h excess 
a c e t i c a c i d a f f o r d s the c o r r e s p o n d i n g E9Z d i e n e i n moderate to 
good y i e l d . Boron t r i f l u o r i d e e t h e r a t e can a l s o be used as the 
e l e c t r o p h i l e i n the f o r m a t i o n of the organoboron i n t e r m e d i a t e 
( c f . XXXV) from the p r e c u r s o r XXXIV (73) but i n our hands 
t r i - n - b u t y l t i n c h l o r i d e u s u a l l y g i v e s g r e a t e r s t e r e o s e l e c t i v i t y 
and h i g h e r y i e l d s . S i n c e the i n t e r m e d i a t e s f o r t h i s s y n t h e t i c 
r o u t e a r e two t e r m i n a l a l k y n e s , the geometry of the product i s 
r e v e r s e d by r e v e r s i n g the o r d e r i n which the a l k y n e s a r e used. 
Thus, the 0E,_Z)- and the c o r r e s p o n d i n g ( Z ^ E ) - d i e n e isomers a r e 
bo t h a v a i l a b l e from the same i n t e r m e d i a t e s . T h i s method i s 
r e p o r t e d t o f a i l when the a t e complex c o n t a i n s a ( Z ) - 1 - a l k e n y l 
group ( 7 3 ) . I n N e g i s h i ' s procedure ( c f . F i g u r e 15),use of i o d i n e 
as the e l e c t r o p h i l e r e s u l t s i n s e l e c t i v e i n t r a m o l e c u l a r t r a n s f e r 
of the ( E ) - 1 - a l k e n y l group t o the t r i p l e bond but i n t h i s case the 
r e s u l t i n g organoboron i n t e r m e d i a t e undergoes e l i m i n a t i o n of 
R 2 B I t o g i v e the (E)-enyne ( 7 1 ) . 

The method i n F i g u r e 17 o f t e n g i v e s a product which c o n t a i n s 
t r a c e s o f the c o r r e s p o n d i n g (E,|0-diene. T h i s isomer can be 
s e l e c t i v e l y removed from the CE,J2)-isomer, as d e s c r i b e d above, 
by f o r m a t i o n o f i t s D i e l s - A l d e r adduct w i t h excess t e t r a c y a n o ­
e t h y l e n e i n t e t r a h y d r o f u r a n f o l l o w e d by chromatography on s i l i c a 
g e l ( c f . 17,18) . A l t e r n a t i v e l y , the (E,_E)-isomer can be removed 
i n many cases by t h e s e l e c t i v e f o r m a t i o n o f i t s c r y s t a l l i n e u r e a 
i n c l u s i o n complex i n methanol ( c f . 1 3 ). 

CE,Z)-1,3-Dienes can a l s o be r e a d i l y p r e p a r e d , w i t h r e a s o n ­
a b l e s t e r e o s e l e c t i v i t y , by r o u t e s i n v o l v i n g the W i t t i g r e a c t i o n 
but t h e s e have been r e c e n t l y e x t e n s i v e l y reviewed (2>.6>7) and 
t h e r e f o r e w i l l n o t be d i s c u s s e d here. 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 
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(E,E)-1,3-Dienes. The pheromone produced by the female 
c o d l i n g moth, L a s p e y r e s i a pomonella,has been shown to be (8E,10E)-
8 , 1 0 - d o d e c a d i e n - l - o l ( X X X V I I I ) , (74,75). The v a r i o u s s y n t h e t i c 
r o u t e s t o t h i s compound, which have been reviewed i n c o n s i d e r a b l e 
d e t a i l ( 2 ) , i l l u s t r a t e some of the methods a v a i l a b l e f o r the 
s y n t h e s i s of conjugated E9E d i e n e s ( 7 6 ) . Our p r e f e r r e d 
r o u t e to t h i s compound i s o u t l i n e d i n F i g u r e 18 ( 2 , 7 7 ) . 
Commercially a v a i l a b l e s o r b y l a l c o h o l ( c o n t a i n i n g 75% of the 
E9E isomer) i s a c e t y l a t e d and the a c e t a t e i s coupled w i t h the 
G r i g n a r d reagent XXXVII i n the presence of d i l i t h i u m t e t r a c h l o r o -
c u p r a t e (0.2%) i n ether-THF a t -20°. T h i s c o u p l i n g o c c u r s r e g i o -
s e l e c t i v e l y w i t h no s i g n i f i c a n t a l l y l i c rearrangement o r change 
i n the s t e r e o c h e m i c a l p u r i t y of the d i e n e system. A f t e r p r e ­
l i m i n a r y p u r i f i c a t i o n , the product i s c r y s t a l l i z e d from pentane 
a t -10° t o g i v e a £40% o v e r a l
E9E isomer) . A h i g h e r
a c e t a t e i s used as t h e s t a r t i n g m a t e r i a l . R e c e n t l y s e v e r a l o t h e r 
workers have p u b l i s h e d e s s e n t i a l l y the same r o u t e (78,79; see 
a l s o 80,^1) . 

An e x c e l l e n t , g e n e r a l procedure f o r the s t e r e o s e l e c t i v e 
s y n t h e s i s of conjugated _E,_E d i e n e s u t i l i z e s 1 - h a l o - l - a l k y n e s 
and t h e x y l b o r a n e ( 3 6 ) . We prepared the compound XXXX (which i s 
the E,,E isomer o f the L o b e s i a b o t r a n a pheromone XXIX) i n >98% 
s t e r e o c h e m i c a l p u r i t y by t h i s procedure ( F i g u r e 19). 

U s u a l l y , i t i s not n e c e s s a r y t o use a p a r t i c u l a r l y 
s t e r e o s e l e c t i v e r o u t e t o prepare s t r a i g h t c h a i n conjugated (J5,E)-
d i e n o l s such as XXXVIII and XXXIX. These compounds a r e , i n 
g e n e r a l , h i g h l y c r y s t a l l i n e , which a l l o w s t h e i r e f f i c i e n t 
s e p a r a t i o n from m i x t u r e s by low temperature c r y s t a l l i z a t i o n from 
a hydrocarbon solvent.. I n a d d i t i o n , any one of the f o u r con­
j u g a t e d d i e n e isomers ( o r any m i x t u r e of these isomers) can be 
r e a d i l y e q u i l i b r a t e d by h e a t i n g w i t h o u t s o l v e n t w i t h 1% by weight 
of b e n z e n e t h i o l a t 100° f o r 30 minutes (82) to g i v e a m i x t u r e 
c o n t a i n i n g ca. 60% of the E9E isomer. C r y s t a l l i z a t i o n of t h i s 
m i x t u r e from pentane a t low temperature u s u a l l y a f f o r d s the pure, 
c r y s t a l l i n e E,E isomer and a m i x t u r e o f isomers i n the mother 
l i q u o r which can be r e - e q u i l i b r a t e d . T h i s r e p e t i t i v e e q u i l i b ­
r a t i o n - c r y s t a l l i z a t i o n procedure a l l o w s the e f f i c i e n t c o n v e r s i o n 
of the o t h e r conjugated isomers t o the pure JE,_E isomer. 

Thus a l l f o u r g e o m e t r i c a l isomers o f 1 , 4 - d i s u b s t i t u t e d 
1,3-dienes can be r e a d i l y prepared s t a r t i n g from two t e r m i n a l 
a c e t y l e n e u n i t s . The Z9Z isomer i s a v a i l a b l e v i a C a d i o t -
Chodkiewicz c o u p l i n g (e.g. F i g u r e 1 2 ) ; b o t h the Z9E and E9Z 
isomers can be prepared v i a the procedure i n F i g u r e 17; and the 
E,E isomer can be i s o l a t e d from the e q u i l i b r a t i o n - c r y s t a l l i z a t i o n 
procedure d e s c r i b e d above. 
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Asymmetric synthese  d i rec ted toward const ruct io
of enantiomers of th
worm pheromones ar
subject of asymmetric synthesis as it is re la ted to the 
synthesis of insect sex pheromones i s presented. The 
labora tory ' s previous research with chiral pheromones 
is summarized (Japanese bee t le , white peach sca le , and 
lesser tea tortrix) before detailing synthet ic work on 
the pheromones of the aforementioned rootworm species . 
Throughout the course of the synthet ic e f f o r t , choles-
teric s ta t ionary phases for GLC have found use. Their 
superior ability to separate crucial diastereomeric 
intermediates for synthesis i s d e t a i l e d . 

S t e r e o c h e m i s t r y and asymmetric s y n t h e s i s are t o p i c s w i t h 
which chemists t r a d i t i o n a l l y have been concerned (.1) . In recent 
years t h e r e has been a v i r t u a l e x p l o s i o n of l i t e r a t u r e i n the 
area of asymmetric o r g a n i c s y n t h e s i s t h a t has f o r t u i t o u s l y p a r ­
a l l e l e d the i n c r e a s e d awareness of i n s e c t pheromone stereochem­
i s t r y . Many u s e f u l reviews of asymmetric s y n t h e s i s e x i s t (2, 3, 
4, 5>, 6>) and t h i s paper w i l l o n l y b r i e f l y d i r e c t the reader's 
a t t e n t i o n to examples of r e p o r t e d syntheses by type t h a t may be 
of p o t e n t i a l g e n e r a l use f o r pheromone s y n t h e s i s . I t should be 
c l e a r even to the c a s u a l reader t h a t t h i s f i e l d i s i n need o f 
almost annual review and c u r r e n t l i t e r a t u r e would have to be 
c o n s u l t e d i n the face of an o r i g i n a l problem i n s y n t h e s i s . 

Asymmetric S y n t h e s i s 

S i n c e the r e l a t i o n s h i p o f b i o l o g i c a l a c t i v i t y t o pheromone 
c o n f i g u r a t i o n can o n l y be assessed c o r r e c t l y i f "pure" compounds 
are made a v a i l a b l e , the r e s e a r c h e f f o r t must indeed seek to p r e ­
pare s t e r e o s p e c i f i c a l l y the s e v e r a l s t e r e o i s o m e r s i m p l i e d by 
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a g i v e n s t r u c t u r e (_7, £>, _9) . Most syntheses of c h i r a l phero­
mones to date have employed a c h i r a l s t a r t i n g m a t e r i a l . In such 
i n s t a n c e s the a b s o l u t e c o n f i g u r a t i o n of the product i s ensured; 
and p r o v i d i n g the e n a n t i o m e r i c excess of the s t a r t i n g m a t e r i a l 
i s known and a route t h a t does not compromise the s t e r e o c e n t e r s 
has been chosen, the c o n f i g u r a t i o n a l p u r i t y of the product i s 
a l s o p r e c i s e l y known. O f t e n , however, a u s e f u l c h i r a l s t a r t i n g 
m a t e r i a l may not be a v a i l a b l e n e c e s s i t a t i n g a c i r c u i t o u s r o u t e . 
A d d i t i o n a l l y , the c o n f i g u r a t i o n a l p u r i t y of a commercial m a t e r i ­
a l may not have been determined a b s o l u t e l y , i . e . , o n l y a maximum 
o p t i c a l r o t a t i o n i s recorded. The i n v e s t i g a t o r must then d e v i s e 
a method, perhaps at some stage of s y n t h e s i s , to determine 
e n a n t i o m e r i c p u r i t y . 

Faced w i t h these dilemmas one might c o n s i d e r a l t e r n a t i v e 
methods of g e n e r a t i n g asymmetry  These may be grouped a c c o r d i n g 
to whether d i a s t e r e o m e r i
Analogous types of r e s o l u t i o
each group. Thus d i a s t e r e o m e r i c compounds may be f r a c t i o n a l l y 
c r y s t a l l i z e d or separated by chromatographic means. On the 
o t h e r hand, t r a n s i e n t d i a s t e r e o m e r i c complexes formed by c h i r a l 
s t a t i o n a r y phases can a l s o a f f o r d chromatographic enantiomer 
s e p a r a t i o n (10, 11, 12). O c c a s i o n a l l y enantiomer r e s o l u t i o n i s 
achieved spontaneously by c r y s t a l l i z a t i o n ; an example has been 
g i v e n by S t i l l (JL3») i n h i s s y n t h e s i s of P e r i p l a n o n e - B , sex 
pheromone of the American cockroach. In a second b r o a d l y 
a p p l i c a b l e method, k i n e t i c r e s o l u t i o n v i a d i a s t e r e o m e r s may be 
achieved whenever one of a p a i r p r e f e r e n t i a l l y undergoes chemi­
c a l r e a c t i o n . S i m i l a r l y , enantiomers may themselves be k i n e t -
i c a l l y r e s o l v e d by p r e f e r e n t i a l r e a c t i o n w i t h a c h i r a l reagent 
— S h a r p l e s s has p o i n t e d out the unique c a p a c i t y f o r such 
methodology to p r o v i d e a b s o l u t e l y pure enantiomers w i t h e l e g a n t 
e x e m p l i f i c a t i o n ( 1 4 ) . The i n t e r c o n v e r s i o n of d i a s t e r e o m e r s v i a 
a s t e r e o c h e m i c a l l y l a b i l e c e n t e r i s sometimes an a i d to r e s o l u ­
t i o n , and d e r a c e m i z a t i o n u s i n g a c h i r a l reagent has a l s o been 
d e s c r i b e d ( 1 5 ) . F i n a l l y , i t i s p o s s i b l e to induce asymmetry i n 
a p r o c h i r a l molecule by r e a c t i o n w i t h a c h i r a l reagent, o r p e r ­
haps i n a c h i r a l s o l v e n t , or q u i t e commonly i n t r a m o l e c u l a r l y 
w i t h i n t i m a t e involvement of a p r e e x i s t i n g c h i r a l c e n t e r . The 
e n a n t i o m e r i c excess of the c r e a t e d c e n t e r i s determined by the 
d i f f e r e n c e i n f r e e e n e r g i e s of the two d i a s t e r e o m e r i c t r a n s i t i o n 
s t a t e s l e a d i n g to the p r o d u c t s . For a r e a c t i o n conducted at 
25°C, an enantiomer excess of 99%, i m p l i e s an energy d i f f e r e n c e 
of 3.1 k c a l / m o l . D e s p i t e the s t r i n g e n t nature of such a 
requirement, the d i f f i c u l t y i n i t s achievement, and the conse­
quent problem of f u r t h e r p u r i f i c a t i o n , t h i s l a s t method enjoys 
great p o p u l a r i t y . As some of these r e a c t i o n s adumbrate f u t u r e 
pheromone synt h e s e s , and we have employed some of t h i s c h e m i s t r y 
i n our own subsequently d e s c r i b e d e f f o r t s , they are enumerated 
below. 
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Reduction. S u c c e s s f u l asymmetric hydrogenations of o l e f i n 
double bonds mediated by c h i r a l phosphines have been r e p o r t e d 
(16) and the f a c t o r s c r u c i a l f o r e f f e c t i v e asymmetric i n d u c t i o n 
i n r e l a t e d systems have been d i s c u s s e d (L7, 1_8). These reduc­
t i o n s r e q u i r e f u n c t i o n a l i t y proximate to the double bond f o r any 
degree of success. 

N o n c a t a l y t i c r e d u c t i o n , p a r t i c u l a r l y f o r the c a r b o n y l group, 
has been more s u c c e s s f u l . Since Mosher (19) f i r s t d e s c r i b e d the 
p r o p e r t i e s of l i t h i u m aluminum h y d r i d e (LAH) m o d i f i e d by the 
c h i r a l a m i n o a l c o h o l , Darvon a l c o h o l ( F i g u r e 1 ) , numerous a d d i ­
t i o n a l examples and m o d i f i c a t i o n s have been p u b l i s h e d . Of 
p a r t i c u l a r value i s Brinkmeyer's o b s e r v a t i o n t h a t h i g h e n a n t i o ­
meric excesses may be o b t a i n e d u s i n g LAH-Darvon when the sub­
s t r a t e i s an alkynone (20). Reduction of t h i s t r i p l e bond p r o ­
v i d e s o p t i c a l l y a c t i v e
f i e d by e n a n t i o m e r i c a l l
employed i n syntheses of the pheromones of the Japanese b e e t l e 
and d r i e d bean b e e t l e ( 2_1). Another very u s e f u l reagent i s the 
borane formed from 9-BBN and a-pinene ( F i g u r e 1) (2 2 ) . Reduc­
t i o n of alkynones i s very s t e r e o s e l e c t i v e w i t h t h i s reagent, the 
reagent from (+)-a-pinene g e n e r a t i n g the R - a l k y n o l . The 
p i n a n y l borane has been employed i n a s y n t h e s i s of the sex 
pheromone of the Japanese b e e t l e ( 2 3 ) . 

E l e c t r o p h i l i c a d d i t i o n . The examples a v a i l a b l e succeed by 
v i r t u e o f f u n c t i o n a l i t y p l a c e d near the r e a c t i n g c e n t e r . In the 
i n s t a n c e s i l l u s t r a t e d ( F i g u r e 2) the h y d r o x y l group of an 
a l l y l i c a l c o h o l p a r t i c i p a t e s i n t i m a t e l y w i t h the e l e c t r o p h i l i c 
s p e c i e s to p r o v i d e an a b i l i t y t o d i s c r i m i n a t e the faces of a 
double bond (24, 2_5). The l a t t e r r e a c t i o n was employed i n a 
sequence e v e n t u a t i n g i n the sex pheromone of the gypsy moth, 
d i s p a r l u r e . 

E l e c t r o p h i l i c s u b s t i t u t i o n . A number of c h i r a l n u c l e o p h i l i c 
s p e c i e s have been d e s c r i b e d t h a t r e s u l t i n o p t i c a l l y a c t i v e a-
a l k y l aldehydes, ketones, a c i d s , and a c i d d e r i v a t i v e s upon 
a l k y l a t i o n and ( u s u a l l y ) subsequent h y d r o l y t i c cleavage. Enders 
p r o v i d e s a number of examples ( F i g u r e 3) one of which r e s u l t s i n 
the ant alarm pheromone, 4-methyl 3-heptanone (.26, 21). S t u d i e s 
by A. I . Meyers of the c h e m i s t r y of anions of c h i r a l o x a z o l i n e s 
( F i g u r e 4) were the f i r s t of the genre, however (28) • R e l a t e d 
r e a c t i o n s o f c h i r a l anions of metalloenamines and hydrazones 
(29, 30, 31) have i n common w i t h the a l k y l a t i o n o f o x a z o l i n e s 
m e t a l l a t e d a z a e n o l a t e i n t e r m e d i a t e s t h a t p r e d i s p o s e one face of 
an a z a e n o l a t e double bond to r e a c t i o n w i t h the e l e c t r o p h i l e . 
More r e c e n t l y a - C - m e t a l l a t e d amides of the c h i r a l amine, 
( 1 ) - e p h e d r i n e , have been d e s c r i b e d (32) ( F i g u r e 5) as a prepa­
r a t i o n f o r a - a l k y l a l k a n o i c a c i d s . In t h i s case the h y d r o x y l 
s u b s t i t u e n t has been suggested to produce a c h e l a t e d n u c l e o -
p h i l e . Analogous amides of p r o l i n o l can be s i m i l a r l y 
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Chiral Hydrides 

,C6H5 
1. LiAlH 4 + f r - C g H 5 

Ketone 

- N OH 

Darvon Alcohol 

OH H . 

Asym. Carbinol 

(19) 

822 ee (R) 

(20) 

6 2. I I + H B v 

(+)-a-Pinene 9-BBN 

C0H,t '^V/0 (Japanese beetle pheromone) 
8 17 H-

Figure 1. Noncatalytic asymmetric reduction (19, 20, 23). 
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CH-
H H 

3 0 (24) 

C 1 0 H 2 1 
V - ^ 0 H T 1 ( 0 P r )

91% ee 

•+ D i s p a r l u r e 

(25) 

Figure 2. A symmetric electrophilic addition (24,25). 
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OCH3 

Z : E -9 :1 ( R = C H 3 ) 

( 2 8 ) 

Figure 4. A Ikylation of anions derived from chiral oxazolines (2S). 

(32) 

Figure 5. A Ikylation of anions derived from amides of (\)-ephedrine (32). 
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a l k y l a t e d (33, 34) and an exa m i n a t i o n ^ o f the aminoenolate i n t e r ­
mediate by-NMR techniques r e v e a l e d a s i n g l e e n o l a t e s p e c i e s p r e ­
sumably Z ( F i g u r e 6) ( 3 3 ) . Moreover, a l k y l a t i o n o f p r o l i n o l 
(and ephedrine) amide anions i n which the h y d r o x y l f u n c t i o n i s 
p r o t e c t e d r e s u l t s i n i n d u c t i o n of asymmetry i n the o p p o s i t e 
sense. Some s p e c i f i c data i s p r o v i d e d below i n the d i s c u s s i o n 
o f our s y n t h e t i c work. A l k y l a t i o n s such as these set the stage 
f o r s y n t h e s i z i n g branched s i t e s i n pheromones. In a d d i t i o n , 
r e a c t i o n s w i t h 2-carbon and 3-carbon e l e c t r o p h i l e s have been 
employed to prepare a l k y l a t e d l a c t o n e s (35»). Other recent 
examples of the a l k y l a t i o n s o f c h i r a l e n o l a t e s , e x c l u s i v e of 
a l d o l c o n d e n s a t i o n s , are p r o v i d e d i n the f o l l o w i n g r e f e r e n c e s : 
(26-40). 

Syntheses of I n s e c t Se

Japanese b e e t l e . The s y n t h e s i s o f t h i s pheromone, (R,,Z)-5
(1-decenyl) dihydro-2(3H)-furanone ( F i g u r e 1 ) , I , has a l r e a d y 
been d e s c r i b e d and need not be repeated here (41). The R-ac i d 
was a key i n t e r m e d i a t e i n t h i s s y n t h e s i s ( F i g u r e 7 ) , and was 
o b t a i n e d by n i t r o s a t i o n of R-glutamic a c i d . The en a n t i o m e r i c 
g l u t a m i c a c i d s can be o b t a i n e d c o m m e r c i a l l y and i n h i g h p u r i t y 
a l t h o u g h o n l y the S > ~ i s o m e r i s r e l a t i v e l y i n e x p e n s i v e . No l e s s 
than seven pheromones have been s y n t h e s i z e d v i a the R and IS l a c ­
tone a c i d demonstrating the great v e r s a t i l i t y o f t h i s i n t e r ­
mediate and the u t i l i t y of g l u t a m i c a c i d as a c h i r a l s t a r t i n g 
m a t e r i a l ( 4 2 ) . 

The pure s y n t h e t i c R,_Z isomer was a powerful a t t r a c t a n t f o r 
male Japanese b e e t l e s i n f i e l d b i o a s s a y s , whereas the !S».?L isomer 
was a s t r o n g i n h i b i t o r . As l i t t l e as 1% of the S>,^-isomer 
i n h i b i t e d male response. 

White peach s c a l e . S e v e r a l s c a l e sex pheromones have now 
been e l u c i d a t e d ; each of them possesses an asymmetric c e n t e r and 
u s u a l l y a t r i s u b s t i t u t e d alkene l i n k w i t h i n an i s o p r e n o i d frame­
work (^43). The s t r u c t u r e of the white peach s c a l e pheromone, 
R,Z-II ( F i g u r e 8 ) , l e n t i t s e l f t o s y n t h e s i s w i t h another c h i r a l 
s t a r t i n g m a t e r i a l , namely limonene ( 4 4 ) . S e l e c t i v e o z o n l y s i s 
f o l l o w e d by workup w i t h d i m e t h y l s u l f i d e - m e t h a n o l p r o v i d e d a 
k e t o a c e t a l , I I I . W i t t i g m e t h y l e n a t i o n f o l l o w e d by h y d r o l y t i c 
cleavage o f the a c e t a l gave a dien a l d e h y d e , IV. Conversion of 
the aldehyde v i a the a c i d to an amide (45) w i t h e n a n t i o m e r i c a l l y 
pure a-methylbenzylamine p e r m i t t e d chromatographic assessment 
of the p u r i t y of the diene aldehyde (and the limonene). The 
r e q u i r e d R-isomer of the diene aldehyde was >98% ee. 

Altho u g h the t r i s u b s t i t u t e d o l e f i n i c l i n k a g e o f the phero­
mone c o u l d be f a s h i o n e d r e a d i l y i n a l e s s s e l e c t i v e manner f o l ­
lowed by HPLC p u r i f i c a t i o n , we sought a s t e r e o s e l e c t i v e route i n 
a d d i t i o n . S t i l l and M i t r a completed a s y n t h e s i s o f the 
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M E M = C H 2 0 C H 2 C H 2 0 C H 3 

Figure 6. Predominant configurations obtained by reaction of the chiral enolates 
of an amide of (S)-(—)-prolinol and its O-alkyl derivatives with ethyl iodide are 

shown. Final products are acid obtained by hydrolyzing the alkylated amide. 

Figure 7. Pheromones from R or S lactone acid for beetles: dermestids (y-capro-
lactone), Pityogenes chalcographus (L.), Japanese beetle (I, Fig. 1), ambrosia 

beetle, and lesser grain borer beetle; gypsy moths; and black-tailed deer. 
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C a l i f o r n i a red s c a l e pheromone u s i n g a ( 2 , 3 ) - s i g m a t r o p i c r e a r ­
rangement of a t i n - d e r i v e d methyl a l l y l e t h e r anion t h a t p r o ­
v i d e d the Z geometry a l s o r e q u i r e d f o r the white peach s c a l e 
pheromone ( 4 6 ) . We examined the SC00PY r e a c t i o n , a f a m i l y o f 
m o d i f i e d W i t t i g r e a c t i o n s employed i n i t i a l l y by Christmann and 
S c h l o s s e r f o r E - o l e f i n s ( 4 J ) . The b e t a i n e s d e r i v e d from 
r e a c t i o n s of R and S> dienealdehydes w i t h a s u i t a b l e 3-carbon 
c h a i n phosphorane ( F i g u r e 9) were deprotonated and a l l o w e d t o 
r e a c t w i t h methyl i o d i d e . H y d r o l y s i s of the products gave the 
E-alkenes (35% y i e l d of 97% E ) . The c o r r e s p o n d i n g Z^-alkenes 
were o b t a i n e d by an analogous sequence i n v o l v i n g e t h y l i d e n e t r i -
phenylphosphorane and e t h y l e n e o x i d e . T h i s sequence p r o v i d e d 
the Z - h o m o a l l y l i c s t r u c t u r e s i n a d i s a p p o i n t i n g 15% y i e l d (98% 
Z ) . 

Only the R,Z-stereoisome  e l i c i t l  fro  mal
white peach s c a l e , the o t h e
nor do they a f f e c t the a c t i v i t y  R,Z-isomer

L e s s e r tea t o r t r i x . A minor component of the sex pheromone 
b l e n d of t h i s moth i s 10-methyl-l-dodecanol a c e t a t e , V, ( F i g u r e 
10) ( 4 8 ) . M o r i has s y n t h e s i z e d the enantiomers; both compounds 
were c o n s t r u c t e d from ( R ) - ( + ) - c i t r o n e l l o l ( 49). The racemic 
t a r g e t compound was s y n t h e s i z e d by a l k y l a t i n g 10-undecenoic a c i d 
(as i t s d i a n i o n ) w i t h e t h y l i o d i d e ( 5 0 ) . Reduction of the 
c a r b o x y l to a methyl group was accomplished by standard p r o c e ­
dures. H y d r o b o r a t i o n of the o l e f i n i c l i n k w i t h d i s i a m y l b o r a n e 
and o x i d a t i v e workup y i e l d e d the primary a l c o h o l which was then 
a c e t y l a t e d to g i v e the racemic pheromone s t r u c t u r e . The o v e r a l l 
y i e l d from undecenoic a c i d was 40-45% w i t h o u t any e x t e n s i v e 
e f f o r t to o p t i m i z e . 

M o d i f i c a t i o n s to t h i s route were d e v i s e d to permit some 
l a t i t u d e i n o b t a i n i n g c o n f i g u r a t i o n a l l y b i a s e d p r o d u c t s . 
Undecenoic a c i d was converted to an amide of ( S l ) ~ ( ~ ) - p r o l i n o l 
( F i g u r e 11), V I . The MEM e t h e r of t h i s amide was prepared w i t h 
sodium hydride-THF f o l l o w e d by MEM-chloride. Other 0 - d e r i v a -
t i v e s were a l s o prepared, and a number of t r i a l a l k y l a t i o n s were 
conducted (LDA as base, e t h y l i o d i d e as a l k y l a t i n g a g e n t ) . I t 
was p o s s i b l e t o o b t a i n the amide w i t h a 76% b i a s i n the a c i d 
r e s i d u e f o r S > " " c o n f i g u r a t i o n when the h y d r o x y l group of the 
c h i r a l a u x i l i a r y was present as " O L i , " and a 74% R-ee was 
o b t a i n a b l e by a l k y l a t i n g the MEM d e r i v a t i v e . The MEM e t h e r l i n k 
was c l e a v e d w i t h ZnBr2, and h y d r o l y t i c cleavage of the pro-
l i n o l amides was then conducted i n a two-phase system composed 
of hexane and 2N HC1 under r e f l u x (4-6 h ) . F u r t h e r p u r i f i c a t i o n 
of the a l k y l a t e d p r o l i n o l amides by HPLC was a l s o a f f e c t e d , p r o ­
ducing ( a f t e r h y d r o l y s i s ) a - e t h y l a t e d a c i d s t h a t were 94-96% 
ee. These a c i d s were then transformed as p r e v i o u s l y d e s c r i b e d 
( F i g u r e 10). 
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Ph3P=CHCH2CH20THP + VI 
1) -78°C 

2) BuLi 

3) CH3I 
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R CH0 X 
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E-II 

1) -78°C 
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0" PPh 3 

\ 
0" 
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Figure 9. Use of betaine anions to construct a required trisubstituted homoallylic alcohol. 
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Figure 10. Synthesis of (+)-! O-methyl-1 -dodecanol acetate. 
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R I n d u c e d - C o n f i g u r a t i o n 

H S ,76% ee 

MEM R,74% ee 

Figure 11. A Iternative preparations of diastereomeric amides. 
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Western corn rootworm. The sex pheromone o f the western 
corn rootworm has been i d e n t i f i e d as 8-methyl-2-decanol propano­
ate (51), V I I ( F i g u r e 12). T h i s appears to be the f i r s t i d e n t i ­
f i c a t i o n w i t h i n the c o l e o p t e r a n f a m i l y Chrysomelidae. I n i t i a l l y 
we s y n t h e s i z e d the 2(R) , 8(R,S) and 2 ( S ) , 8(R,S) s t r u c t u r e s w i t h 
the s u p p o s i t i o n t h a t c h i r a l i t y at the oxygenated f u n c t i o n might 
be more c r u c i a l than at the hydrocarbon end of the mo l e c u l e . 
Moreover, i t p e r m i t t e d us to address q u e s t i o n s of asymmetric 
i n d u c t i o n i n g e n e r a t i n g the c o n f i g u r a t i o n at C-2. The f e a t u r e s 
of i n t e r e s t i n t h i s route are hydrogenation of h o m o a l l y l i c 
bromide, V I I I , a p p a r e n t l y u n c o m p l i c a t e d by h y d r o g e n o l y s i s , and 
p r e p a r a t i v e HPLC c o l l e c t i o n s of MTPA (52.) e s t e r s of the a l k y n o l s 
IX. Although such d e r i v a t i v e s are w e l l e s t a b l i s h e d f o r these 
purposes, the s a t u r a t e d d i a s t e r e o m e r s c o u l d not be e a s i l y 
p u r i f i e d . The H P L C - c o l l e c t e d d e r i v a t i v e  c o u l d b  hydrogenated 
as MTPA e s t e r s w i t h o u t c o m p l i c a t i o n

Reduction of akynone  a l k y n o l
p o t e n t i a l l y a very important r e a c t i o n f o r i n s e c t pheromone syn­
t h e s i s . A c c o r d i n g l y 8-methyl-3-decyn-2-one, X ( F i g u r e 13), a 
s y n t h e t i c p r e c u r s o r of the western corn rootworm pheromone, was 
s u b j e c t e d to r e d u c t i o n w i t h LAH m o d i f i e d by s e v e r a l c h i r a l 
a m i n o a l c o h o l s . Reductions w i t h Q ) - e p h e d r i n e (secondary amines 
appeared as y e t not to have been e x p l o i t e d as l i g a n d s ) were com­
pa r a b l e to those r e p o r t e d f o r Darvon (2 0 ) . Thus, LAH/lephedrine 
prepared as f i r s t d e s c r i b e d f o r LAH/Darvon (19) and al l o w e d t o 
r e a c t w i t h the alkynone at 25°C produced 68% ee ( R ) - a l k y n o l (88% 
r e d u c t i o n ) ; r e d u c t i o n at -100°C gave 80% ee (R) (70% reduc­
t i o n ) . Using these l a t t e r c o n d i t i o n s 2-octanone o n l y y i e l d e d 
10% ee. Reductions based on L i B H ^ ( a p p a r e n t l y a l s o not p r e ­
v i o u s l y r e p o r t e d ) were much poorer than LAH although one might 
have hoped t h a t the s h o r t e r bond l e n g t h s i n v o l v i n g boron would 
have i n t e n s i f i e d d i a s t e r e o m e r energy d i f f e r e n c e s i n the reduc­
t i o n t r a n s i t i o n complex. 

Optimum asymmetric r e d u c t i o n s o f alkynones p r e v i o u s l y had 
been ach i e v e d employing the c h i r a l legand i n a 2:1 r a t i o w i t h 
LAH. Dimeric l i g a n d s were s y n t h e s i z e d from (_1 )-ephedrine and 
(£)-(-)-prolinol and employed 1:1 w i t h LAH. The r e s u l t s ( u s i n g 
a 3-carbon b r i d g e ) have not been encouraging ( F i g u r e 13). 

We turned our e f f o r t s t o a s y n t h e s i s i n which a c h i r a l 
5-carbon u n i t would be coupled to a 6-carbon s t r u c t u r e b e a r i n g 
f u n c t i o n a l i t y p e r m i t t i n g r e s o l u t i o n . The 5-carbon fragment 
would c o n t a i n the hydrocarbon asymmetric c e n t e r (C-8 of V I I ) ; 
the o t h e r u n i t would p r o v i d e C-2. Commercially a v a i l a b l e 
(£0~2-methyl 1-butanol was determined to be >99% pure. How­
ev e r , the R - a l c o h o l ( a c i d , aldehyde, e t c . ) would have to be 
s y n t h e s i z e d . Asymmetric a l k y l a t i o n s of c h i r a l a - m e t a l l a t e d 
amides were performed, but the en a n t i o m e r i c excesses were not 
s u f f i c i e n t l y h i g h . In p a r t i c u l a r we noted t h a t a l k y l a t i o n s 
i n v o l v i n g a s h o r t c h a i n b i f u n c t i o n a l compound (e.g., 3-methoxy-
p r o p y l i o d i d e ) p r o v i d e d s l i g h t l y lower ee's than d i d the parent 
a l k y l i o d i d e . 
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Figure 12. Syntheses of 2(R), <5(R,Sj and 2(S), 8(R,S) structures. 
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(M) 
L A H / l - e p h e d r i n e ( 1 9 ) , 2 5 ° C 

- 1 0 0 ° C 

C - 2 c o n f i g u r a t i o n 

( R ) - 6 8 % ee 

( R ) - 8 0 % ee 

6 H 5 OH HO 
6 M 5 

L A H , T H F - E t h e r , M o s h e r ' s P r o c e d u r e A ^ 2 % ee ( S ) 

L A H , T H F - E t h e r , M o s h e r ' s P r o c e d u r e B ( 6 h ) 30% ee ( S ) 

OH H O ^ 

L A H , T H F - E t h e r , M o s h e r ' s P r o c e d u r e A 14% ee (R ) 

L A H , T H F - E t h e r , M o s h e r ' s P r o c e d u r e B ( 6 h ) 22% ee (R) 

Figure 13. Reductions of alky nones with some chiral hydrides. 
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R. Carney, o f Zoecon C o r p o r a t i o n , P a l o A l t o , C a l i f . , who i s 
c o l l a b o r a t i n g i n t h i s r e s e a r c h , developed a s y n t h e s i s of 96% ee 
( R ) - 2 - m e t h y l b u t y r i c a c i d from D - i s o l e u c i n e ( F i g u r e 14). Another 
approach t h a t i n v o l v e d HPLC p u r i f i c a t i o n of d i a s t e r e o m e r i c 
amides w i t h subsequent cleavage of the amide l i n k gave the 
R - a c i d i n 94% ee. 

The c h i r a l 5-carbon u n i t s were now i n hand as was a route 
t h a t would permit HPLC r e s o l u t i o n of C-2 s t e r e o i s o m e r s ( F i g u r e 
12); the s y n t h e s i s was concluded as o u t l i n e d i n F i g u r e 15. 

Southern corn rootworm. The s t r u c t u r e of the southern c o r n 
rootworm has been d e f i n e d as 10-methyl 2 - t r i d e c a n o n e , XI ( F i g u r e 
16) (53), A l k y l a t i o n of undecanoic a c i d w i t h n - p r o p y l bromide 
was f o l l o w e d by c o n v e r s i o n to the d i a s t e r e o m e r i c amides w i t h 
e i t h e r (S)~ or (R)-a-methylbenzylamin  t h a t had bee  p u r i f i e d 
p r e v i o u s l y by r e c r y s t a l l i z a t i o
r e s p e c t i v e l y . R e c r y s t a l l i z a t i o n
(4 was s u f f i c i e n t ) gave 32% y i e l d s of pure (>99.5%) d i a s t e r e o ­
mers ( F i g u r e 16). H y d r o x y e t h y l a t i o n l a b i l i z e d the amides toward 
h y d r o l y s i s . I t was convenient to i n t e r c e p t the aminoesters and 
reduce them w i t h LAH. The r e s u l t i n g c a r b i n o l s were than c a r r i e d 
forward i n standard manner to p r o v i d e the ketones. 

Analyses of S y n t h e t i c I n t e r m e d i a t e s 

Throughout t h i s r e s e a r c h we have made con s t a n t use of 
columns coated w i t h c h o l e s t e r i c phases (54-55). Thus, f o r 
example, asymmetric i n d u c t i o n i n amide a l k y l a t i o n s as w e l l as 
asymmetric r e d u c t i o n s of c a r b o n y l were c o n v e n i e n t l y judged 
e i t h e r on the product d i r e c t l y (amides) o r on any of s e v e r a l 
d e r i v a t i v e s of the product ( a l c o h o l s ) w i t h c h o l e s t e r y l cinnamate 
as a GLC s t a t i o n a r y phase. 

Many s t u d i e s of s e p a r a t i o n s , p r i m a r i l y by HPLC, have been 
r e p o r t e d w i t h a view to e s t a b l i s h i n g the mechanisms by which 
dia s t e r e o m e r s separate (56-58). Although s u b s t a n t i v e c r i t i c i s m 
has been o f f e r e d by way of demonstrated e x c e p t i o n s (4!5, 59), the 
p i c t u r e as q u a l i f i e d by P i r k l e (57) h o l d s w e l l f o r simple 
( o t h e r w i s e f u n c t i o n a l l y u n s u b s t i t u t e d ) amides and carbamates. 
B r i e f l y , s o l u t i o n conformations of amides and carbamates are as 
shown i n F i g u r e 17; the c e n t r a l f u n c t i o n a l group a c t s to c r e a t e 
a p l a n e , and the asymmetric c e n t e r s extend a l k y l ( a r y l ) r e s i d u e s 
to e i t h e r s i d e of t h a t plane. An e x p l a n a t i o n based on a com­
b i n a t i o n of s t e r i c b u l k and h y d r o p h o b i c i t y has been advanced to 
e x p l a i n HPLC e l u t i o n orders f o r carbamates. E l u t i o n o r d e r f o r 
GLC i s i n v e r t e d from t h a t of HPLC i n a l l i n s t a n c e s s t u d i e d , the 
l e a s t s o l u b l e ( f a s t e r e l u t i n g ) d i a s t e r e o m e r by GLC i s always the 
c i s o i d m o l e c u l e . The n o t a b l e e x c e p t i o n s are those compounds 
b e a r i n g a CF3 group at R|. 

Our primary i n t e r e s t , however, was to assess the r e l a t i v e 
s e p a r a t i o n e f f i c i e n c i e s of s e v e r a l l i q u i d phases versus 
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Figure 14. Alternative syntheses of the 5-carbon chiral unit, (R)-2-methylbutyric 
acid. 
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Figure 17. Solution conformers of diastereomeric amides and carbamates. Rx and 
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c h o l e s t e r y l para-chlorocinrtamate (CpCC), one of s e v e r a l 
c h o l e s t e r i c phases c u r r e n t l y under e v a l u a t i o n i n our l a b o r a ­
t o r y . As R], o r R2 were a r y l i n p r e v i o u s l y r e p o r t e d i n v e s t i ­
g a t i o n s , and our own i n v e s t i g a t i o n s r e q u i r e d s e p a r a t i o n s of 
amides b e a r i n g a l k l y s u b s t i t u e n t s , we prepared and a n a l y z e d a 
number of d i a s t e r e o m e r i c p a i r s i n which R| and R2 were 
simple a i k y l groups (6C»). The r e s u l t s (Tables I and I I ) show a 
c l e a r s u p e r i o r i t y of the l i q u i d c r y s t a l as a s t a t i o n a r y phase 
(columns A and B were of d i f f e r e n t f i l m t h i c k n e s s ) . Whatever 
the s e p a r a t i v e mechanisms may be i t appears t h a t ordered s t a ­
t i o n a r y phases are l i k e l y to demonstrate g r e a t e r s e n s i t i v i t y t o 
the m o l e c u l a r shape of the p r i n c i p a l s o l u t i o n conformers of a 
d i a s t e r e o m e r i c p a i r ( b a r r i n g , o b v i o u s l y , a d d i t i o n a l i n t e r a c t i o n 
p o t e n t i a l such as hydrogen bonding or r e p e l l a n c y born of hydro-
p h o b i c i t y , e t c . ) w i t h th  l i n e a  molecul f th  p a i  t
e l u t e l a s t ( h e r e, the t r a n s o i
the s e p a r a t i o n achieved  4-methy  3-heptano
d i a s t e r e o m e r s . 
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Grandisol and Lineatin Enantiomers 

4 

FRANCIS X. WEBSTER and ROBERT M. SILVERSTEIN 

State University of New York, College of Environmental Science and Forestry, 
Syracuse, NY 13210 

The synthesis of g rand iso l ( I ) and lineatin(II) 
is discussed. Grandiso
in the cotton boll
L i n e a t i n is the pheromone of Trypodendron l ineatum. 
The key intermediate, 3-methyl-5-oxo-3-cyclohexene-
1-carboxyl ic a c i d ( V ) , was resolved as the ( - ) -quin ine 
salt. A new approach to determining the optical 
pu r i t y of ca rboxy l ic acids is discussed. 

G r a n d i s o l ( I ) i s a component o f the a g g r e g a t i o n pheromone 
of the c o t t o n b o l l w e e v i l , Anthonomus g r a n d i s ( 1 ) , and i s p r e s e n t 
i n the hindgut o f s e v e r a l s p e c i e s o f male P i s s o d e s w e e v i l s ( 2 ) . 
L i n e a t i n ( I I ) i s the a g g r e g a t i o n pheromone o f the female ambrosia 
b e e t l e , Trypodendron l i n e a t u m (3>,4). S i n c e b o t h compounds share 
the same carbon s k e l e t o n , s y n t h e s i s schemes i n v o l v i n g s i m i l a r 
i n t e r m e d i a t e s may be c o n s i d e r e d , and t h i s paper d e s c r i b e s s e v e r a l 
approaches to s y n t h e s i z i n g the enantiomers o f I and I I . The 
importance of c o n s i d e r i n g e n a n t i o m e r i c c o m p o s i t i o n o f c h i r a l 
semiochemicals o f i n s e c t s has been d i s c u s s e d (5,j>) and s y n t h e t i c 
approaches have been reviewed ( 6 , 7 ) . 

Our concern w i t h the g r a n d i s o l enantiomers a r i s e s from our 
work w i t h the a g g r e g a t i o n pheromones o f s e v e r a l s p e c i e s of 
Pi s s o d e s w e e v i l s ( 2 ) . A l t h o u g h g r a n d i s o l ( I ) i s p r e s e n t 
( t o g e t h e r w i t h the c o r r e s p o n d i n g aldehyde, g r a n d i s a l ) i n the male 
hindgut and not i n the female, the s y n t h e s i z e d (racemic) com­
pounds d i d not reproduce the a t t r a c t i v i t y o f the males. We 
presume t h a t i t i s n e c e s s a r y to reproduce the e n a n t i o m e r i c 
c o m p o s i t i o n p r e s e n t i n the males. However, the s m a l l s p e c i f i c 
r o t a t i o n and the minute q u a n t i t i e s a v a i l a b l e o f g r a n d i s o l 
p r e c l u d e d d e t e r m i n a t i o n o f the o p t i c a l p u r i t y by o p t i c a l 
r o t a t i o n , and attempts to use a c h i r a l s h i f t reagent o r a c h i r a l 
d e r i v a t e f a i l e d presumably because the f u n c t i o n a l groups i s 
removed from the c h i r a l c e n t e r s . 

The Hobbs and Magnus procedure (Scheme 1) (8) y i e l d e d o n l y 
( + ) - g r a n d i s o l . A l t h o u g h M o r i ' s procedure (Scheme 2) (9) y i e l d e d 
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4. WEBSTER AND siLVERSTEiN Grandisol and Lineatin Enantiomers 89 

b o t h enantiomers, n e i t h e r enantiomer was b e t t e r than 80% 
o p t i c a l l y pure, and the o v e r a l l y i e l d was poor. The second 
s y n t h e s i s by M o r i and Tamada (Scheme 3) (10) r e s u l t e d i n an 
o p t i c a l p u r i t y o f 94%, but o n l y the (-)-enantiomer was o b t a i n e d . 
M o r i and Tamada (10) r e p o r t e d t h a t b o t h enantiomers (mixed w i t h 
the o t h e r pheromone components) showed eq u a l b i o l o g i c a l a c t i v i t y 
f o r the b o l l w e e v i l . I n most c a s e s , the a n t i p o d e (an a r t i f a c t ) 
of the n a t u r a l l y o c c u r r i n g enantiomer shows c o n s i d e r a b l y l e s s 
a c t i v i t y ( 4 ) . However, i n most o t h e r c h i r a l pheromone components, 
the f u n c t i o n a l group i s d i r e c t l y a t t a c h e d to the c h i r a l c e n t e r . 
P o s s i b l y the g r e a t e r d i s t a n c e between the f u n c t i o n a l group and 
the c h i r a l c e n t e r s o f g r a n d i s o l e x p l a i n t h e l a c k o f d i s c r i m i n a ­
t i o n , a l t h o u g h t h e much g r e a t e r d i s t a n c e i n trogodermal (11) d i d 
not i n t e r f e r e w i t h d i s c r i m i n a t i o n by s e v e r a l s p e c i e s o f Trogoder-
ma b e e t l e s . 

The e n a n t i o m e r i c c o m p o s i t i o
l i n e a t u m was not determined, but the s y n t h e s i z e d (racemic) 
m a t e r i a l was h i g h l y a c t i v e i n f i e l d t e s t s (13,14). M o r i e t a l . 
(Scheme 4) (15) and S l e s s o r e t a l . (Scheme 5) (16) s y n t h e s i z e d 
the l i n e a t i n enantiomers and r e p o r t e d s i m i l a r o p t i c a l p u r i t i e s , 
but because d i f f e r e n t s o l v e n t s were used, the o p t i c a l r o t a t i o n s 
cannot be compared. S i n c e the (+) enantiomer was a c t i v e i n f i e l d 
t e s t s ( 1 6 ) , we may assume t h a t i t i s the n a t u r a l l y o c c u r r i n g 
enantiomer; however the presence o f the a n t i p o d e cannot be r u l e d 
out. 

E x p l o r a t o r y S t u d i e s 

I n i t i a l l y , our work resembled M o r i ' s f i r s t s y n t h e s i s o f 
g r a n d i s o l (Scheme 2) ( 9 ) . Whereas M o r i p a r t i a l l y r e s o l v e d a k e t o 
a c i d c o n t a i n i n g a b i c y c l o [3.2.0] heptane s k e l e t o n , we attempted 
to r e s o l v e a keto a c i d c o n t a i n i n g a b i c y c l o [4.2.0] octane 
s k e l e t o n (compound I I I ) . The s y n t h e s i s o f the a c i d was s t r a i g h t ­
f o r w a r d (Scheme 6 ) : The c y a n o h y d r i n o f cyclohexanone was 
h y d r o l i z e d and e s t e r i f i e d , the α-hydroxy e s t e r was smoothly 
dehydrated w i t h t o s y l c h l o r i d e i n r e f l u x i n g p y r i d i n e . A l l y l i c 
o x i d a t i o n by chromic a n h y d r i d e i n a c e t i c a c i d y i e l d e d the d e s i r e d 
enone e s t e r i n 55% y i e l d . A l t h o u g h t h i s y i e l d c o u l d not be 
improved by v a r y i n g the c o n d i t i o n s , the s t a r t i n g m a t e r i a l c o u l d 
be r e c o v e r e d f o r r e c y c l i n g . P h o t o c y c l i z a t i o n of the product w i t h 
e t h y l e n e proceeded i n 98% y i e l d . The b i c y c l o k e t o - e s t e r was then 
h y d r o l y z e d to the d e s i r e d keto a c i d , I I I . 

The keto a c i d c o u l d not be r e s o l v e d as e a s i l y as i t was 
s y n t h e s i z e d . F ormation o f s a l t s w i t h v a r i o u s o p t i c a l l y pure 
bases i n v a r i a b l y y i e l d e d o i l s . K e t a l i z a t i o n of the k e t o e t h y l 
e s t e r w i t h e t h y l e n e g l y c o l f o l l o w e d by r e d u c t i o n w i t h l i t h i u m 
aluminum h y d r i d e and treatment w i t h Mosher's r e a g e n t , (+)-a-
m e t h o x y - a - t r x f l u o r o m e t h y l p h e n y l a c e t y l c h l o r i d e (17,18,19), gave a 
d i a s t e r e o m e r i c m i x t u r e (Scheme 7 ) , which u n f o r t u n a t e l y was not 
r e s o l v a b l e by HPLC. 
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S i n c e our a l t e r n a t i v e s a t t h i s p o i n t were o f a l e s s g e n e r a l 
n a t u r e , we m o d i f i e d our o r i g i n a l g o a l of s y n t h e s i z i n g the 
enantiomers of b o t h g r a n d i s o l and l i n e a t i n from a common p r e c u r ­
s o r . S i n c e we were i n v o l v e d w i t h the w h i t e p i n e w e e v i l , the 
s y n t h e s i s of g r a n d i s o l was g i v e n p r i o r i t y . T h e r e f o r e , we c l e a v e d 
the Mosher e s t e r s (MTPA e s t e r s ) , t o s y l a t e d the n e o p e n t y l type 
a l c o h o l (Scheme 8 ) , and r e d u c t i v e l y c l e a v e d the t o s y l a t e w i t h 
l i t h i u m aluminum h y d r i d e i n THF. The k e t a l moiety was removed i n 
a two-phase system y i e l d i n g the d e s i r e d c i s - b i c y c l i c ketone. 
Zûrflîfe et a l . (20) o b t a i n e d the same compound as an i n t e r m e d i a t e 
i n t h e i r s t e r e o s p e c i f i c s y n t h e s i s of racemic g r a n d i s o l . T h i s 
ketone was reduced a t -78° C w i t h l i t h i u m t r i - t e r t -
b u t o x y a l u m i n o h y d r i d e i n THF y i e l d i n g a s i n g l e ( p r o b a b l y c i s ) 
secondary a l c o h o l . However, the d i a s t e r e o m e r i c MTPA e s t e r s c o u l d 
not be r e s o l v e d by HPL
secondary OH group was d i r e c t l

Next, we i n v e s t i g a t e d the s y n t h e s i s of compound IV which 
might be used as a common i n t e r m e d i a t e i n the s y n t h e s i s o f b o t h 
pheromones. A l t h o u g h IV was never used f o r these purposes, our 
i n v e s t i g a t i o n l e d to some i n t e r e s t i n g r e s u l t s . E t h y l l e v u l i n a t e 
(Scheme 9) was brominated and dehydrobrominated i n a one-pot 
sequence ( 2 1 ) . The r e s u l t i n g enone was c o n v e r t e d i n t o the diene 
by treatment w i t h t r i m e t h y l s i l y l i o d i d e , formed i n s i t u from 
t r i m e t h y l s i l y l c h l o r i d e ( 2 2 ) , i n the presence of t r i e t h y l a m i n e . 
The d i e n e was i s o l a t e d by d i s t i l l a t i o n i n a non-aqueous work-up. 
The f o r m a t i o n o f a d i e n e from an a,β-unsaturated ketone seems a 
g e n e r a l r e a c t i o n . The d i e n e was heated w i t h m a l e i c a n h y d r i d e i n 
t o l u e n e y i e l d i n g a s i n g l e adduct. T h i s compound was brominated, 
the t r i m e t h y l s i l y l bromide formed was removed under vacuum, and 
dehydrobromination was c a r r i e d out i n p y r i d i n e . The a n h y d r i d e 
was heated w i t h water y i e l d i n g the d i a c i d ; t h i s compound spontan­
e o u s l y l o s t carbon d i o x i d e forming the d e s i r e d compound, IV. 
Note t h a t t h i s sequence y i e l d s o n l y one isomer. 

S i n c e the excess t r i m e t h y l s i l y l bromide was d i f f i c u l t to 
remove, an a l t e r n a t i v e sequence was i n v e s t i g a t e d (Scheme 1 0 ) . 
A f t e r b r o m i n a t i o n of the s i l y l e n o l e t h e r , the r e a c t i o n m i x t u r e 
was poured i n t o water to h y d r o l y z e b o t h the t r i m e t h y l s i l y l 
bromide and the a n h y d r i d e . On h e a t i n g t h i s bromoacid as b e f o r e , 
an unexpected compound was formed. T h i s can be r a t i o n a l i z e d as 
f o l l o w s : The r e a c t i o n proceeds from the e n o l form, and the 
mechanism i s f o r m a l l y 1,5 e l i m i n a t i o n o f hydrogen bromide w i t h 
concomitant l o s s of carbon d i o x i d e . The second d e c a r b o x y l a t i o n 
i s analogous to the one seen e a r l i e r , and would be expected of 
the a,(3-unsaturated ketone. 

S y n t h e s i s and R e s o l u t i o n o f the Common Key I n t e r m e d i a t e 

Keto a c i d V, a known compound, was used f o r the s y n t h e s i s 
of b o t h g r a n d i s o l and l i n e a t i n . The f i r s t s t e p o f the two s t e p 
s y n t h e s i s i s an ene r e a c t i o n (23,24) of i s o b u t y l e n e w i t h m a l e i c 
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Scheme 8. 
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Scheme 9. 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



INSECT PHEROMONE TECHNOLOGY 

Scheme 10. 
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a n h y d r i d e (Scheme 11). We were unable to r e p e a t the r e a c t i o n as 
r e p o r t e d (24) u n l e s s a s m a l l amount of hydroquinone was added. 
The p r o d u c t , m e t h a l l y l s u c c i n i c a n h y d r i d e , undergoes a c l e a n 
rearrangement i n hot p o l y p h o s p h o r i c a c i d to y i e l d enone a c i d V 
(25). 

Racemic V c o u l d not be r e s o l v e d w i t h p r i m a r y o p t i c a l l y 
a c t i v e bases presumably because they r e a c t e d i n a M i c h a e l f a s h i o n . 
Formation of the q u i n i n e s a l t and f i v e r e c r y s t a l l i z a t i o n s from a 
benzene/hexane m i x t u r e y i e l d e d an a c i d ( a f t e r h y d r o l y s i s ) whose 
s p e c i f i c r o t a t i o n was [ a ] j p - 4 7 0 . However, s i n c e the maximum 
s p e c i f i c r o t a t i o n i s unknown, an a b s o l u t e method of d e t e r m i n i n g 
o p t i c a l p u r i t y i s needed. The u s u a l method i s treatment w i t h an 
o p t i c a l l y pure d e r i v a t i z i n g reagent to form c o v a l e n t d i a s t e r e o -
mers, whose r a t i o can be determined by NMR o r chromatography. 

(-)-Quinine i s an o p t i c a l l
forms a d i a s t e r e o m e r i c
would be expected to show i n d i v i d u a l peaks f o r the d i a s t e r e o m e r s 
p r e s e n t . A 1 3 C NMR of the s a l t formed from 1 e q u i v a l e n t of 
q u i n i n e and 1 e q u i v a l e n t of racemic a c i d (V) r e v e a l e d two peaks 
f o r the carbon atom 3 to the c a r b o n y l group. The NMR (25.2 MHz) 
of the s a l t of the p a r t i a l l y r e s o l v e d a c i d ( F i g u r e 1) i n d i c a t e s 
t h a t the r a t i o of d i a s t e r e o m e r s i s a p p r o x i m a t e l y t h r e e to one 
( o p t i c a l p u r i t y ~ 7 5 % ) . As i s seen i n the e x p a n s i o n , o v e r l a p of 
peaks p r e c l u d e s p r e c i s e d e t e r m i n a t i o n of e n a n t i o m e r i c c o m p o s i t i o n , 
but a more p o w e r f u l i n s t r u m e n t s h o u l d c o m p l e t e l y r e s o l v e the two 
peaks. We a r e c u r r e n t l y i n v e s t i g a t i n g the g e n e r a l i t y o f t h i s 
p rocedure. 

S y n t h e s i s o f G r a n d i s o l 

The f i r s t s t e p i n the c o n v e r s i o n of enone a c i d V to g r a n d i ­
s o l i s f o r m a t i o n o f the c y c l o b u t a n e r i n g by i r r a d i a t i o n o f the 
a c i d i n the presence o f a c o n t i n u o u s f l o w of e t h y l e n e (Scheme 12). 
S i n c e the two c h i r a l c e n t e r s of g r a n d i s o l a r e formed i n t h i s 
r e a c t i o n , the p r o d u c t ( s ) of the r e a c t i o n must be a n a l y z e d c a r e ­
f u l l y . A p r i o r i , f o u r i s o m e r i c p r o d u c t s can be drawn: V I , V I I , 
V I I I , and IX. S i n c e two o f these p r o d u c t s have a t r a n s r i n g 
j u n c t i o n α to a ketone, they a r e u n s t a b l e and can be e p i m e r i z e d 
to the more s t a b l e c i s j u n c t i o n . Hence, a p a i r of isomers (VI 
and V I I o r V I I I and IX) i s a c c e p t a b l e because such a p a i r c o u l d 
be c o n v e r t e d i n t o a s i n g l e isomer. 

A n a l y s i s of the product r e v e a l e d t h a t two isomers were 
p r e s e n t . F i g u r e 2 reproduces the NMR of the c o r r e s p o n d i n g 
methyl e s t e r s ( d i m e t h y l s u l f a t e / p o t a s s i u m c a r b o n a t e / a c e t o n e ) . 
S i n c e the ketone c a r b o n y l (a) and a d j a c e n t b r i d g e carbon (b) 
a r e each r e p r e s e n t e d by two peaks, w h i l e the e s t e r c a r b o n y l (c) 
and the methoxy carbon (d) a r e each r e p r e s e n t e d by a s i n g l e peak, 
the m i x t u r e must c o n s i s t o f one o f the a c c e p t a b l e p a i r s mentioned 
above. 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



98 I N S E C T P H E R O M O N E T E C H N O L O G Y 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



4. WEBSTER AND SILVERSTEIN Grandisol and Lineatin Enantiomers 99 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



INSECT PHEROMONE TECHNOLOGY 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



4. WEBSTER A N D SILVERSTEIN Grandisol and Lineatin Enantiomers 101 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



102 INSECT P H E R O M O N E TECHNOLOGY 

The r e s t o f the s y n t h e s i s (Scheme 13) i s c o m p l e t e l y s t e r e o -
s p e c i f i c and most of the s t e p s a r e known ( 2 0 ) . The b i c y c l i c a c i d 
was o x i d a t i v e l y d e c a r b o x y l a t e d w i t h l e a d t e t r a a c e t a t e and copper 
a c e t a t e ( 2 1 ) . The r e s u l t i n g enone was a l k y l a t e d w i t h 
m e t h y l l i t h i u m g i v i n g a s i n g l e c r y s t a l l i n e a l l y l i c t e r t i a r y 
a l c o h o l . T h i s compound was c l e a v e d w i t h osmium t e t r o x i d e and 
sodium p e r i o d a t e . I n v e r s e a d d i t i o n of the W i t t i g reagent 
e f f e c t e d m e t h y l e n a t i o n i n 85% y i e l d . F i n a l l y , the a c i d was 
reduced w i t h l i t h i u m aluminum h y d r i d e to g r a n d i s o l . 

S y n t h e s i s of L i n e a t i n 

Scheme 14 o u t l i n e s the s y n t h e s i s t h a t we have developed f o r 
l i n e a t i n . P h o t o c y c l i z a t i o n w i t h aliène gave p r e d o m i n a n t l y one 
isomer (26,27), w h i c h ,
s i n g l e c r y s t a l l i n e compound
f o r c h i r a l i n d u c t i o n . The next s t e p i n the s y n t h e s i s i s the 
o x i d a t i v e d e c a r b o x y l a t i o n seen e a r l i e r i n the g r a n d i s o l s y n t h e s i s . 
O x i d a t i v e c l e a v a g e w i t h osmium t e t r o x i d e and sodium p e r i o d a t e 
y i e l d e d the t r i f u n c t i o n a l compound, which was c o n v e r t e d i n t o the 
c o r r e s p o n d i n g a c e t a l k e t a l e s t e r . T h i s e s t e r was a l k y l a t e d w i t h 
m e t h y l l i t h i u m and the k e t a l group was h y d r o l y z e d . A l t h o u g h the 
f o l l o w i n g r e d u c t i o n shown i n the scheme has not y e t been worked 
out , the p l a n i s designed to save one s t e p . I f the ketone can 
be reduced k i n e t i c a l l y w h i l e the h e m i a c e t a l remains i n t a c t , 
then the s y n t h e s i s i s v i r t u a l l y complete. However, i f the 
r e d u c t i o n i s u n s u c c e s s f u l , we s h a l l o x y d i z e the h e m i a c e t a l and 
reduce b o t h groups w i t h DIBAH. I n e i t h e r case, 4 , 6 , 6 - l i n e a t i n 
w i l l be formed by c l o s i n g the t h i r d r i n g w i t h a c i d c a t a l y s i s . 
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Recent Pheromone Research in the Netherlands 
on Muskrats and Some Insects 

F. J. RITTER, I. E. M. BRÜGGEMANN, J. GUT, and C. J. PERSOONS 

Netherlands Organization for Applied Scientific Research TNO, 
Delft, Netherlands 

The paper describes research on three pests , intro­
duced from Americ  in t  Europe  th  muskrat  Ondatr
z i b e t h i c u s , the
americana, and th  armyworm, Spodopter  exigua
Screening of a variety of muskrat lures in the field 
and in pens showed that extracts of the p repu t i a l 
glands of male muskrats were most attractive. GC/MS 
analys is proved that the composition of the musk i n 
these glands changes wi th season. The extracts con­
tain at leas t 13 macrocyclic ketones, the major ones 
of which are the (Z)-5 isomers of cycloheptadecenone 
and cyclopentadecenone, and the corresponding satu­
rated ketones. They are probably biogenetically 
re la ted to the fa t ty acids found to be present i n 
the same glands. 
The identification of periplanone-A, one of the two 
sex pheromones of the American cockroach, is repor t ­
ed. I t i s a sesquiterpenoid, C15H20O2, which r e a d i l y 
isomerizes to a more s table but biologically inac­
tive compound. The s t ructures of both compounds are 
deduced from spectroscopic data. Periplanone-A i s 
7-methylene-4- isopropyl-12-oxa- t r icyclo [4.4.2.01,5] 
-9-dodecene-2-one: 
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From females of the beet armyworm, Spodoptera exigua, 
the ( Z , E ) - and (Z ,Z)- te t radecadienyl acetates, the 
(Z) -9- and (Z)-11-tetradecenyl acetates and t e t r a -
decanyl acetate were i s o l a t e d and identified. Syn­
thetic mixtures of some of these components a t t r ac t 
male moths in field t e s t s . 

Mammalian Pheromones: An Ar e a N e g l e c t e d by A p p l i e d B i o l o g i s t s and 
P e s t i c i d e Chemists 

Legends and o l d h i s t o r i c a l r e c o r d s prove t h a t even i n a n c i e n t 
times man has shown i n t e r e s t i n odourous s e c r e t i o n s of a n i m a l s , 
such as the musk deer and the c i v e t , t o use i n p r e c i o u s perfumes. 
T h i s i s the main reason why chemists have a n a l y s e d , s y n t h e s i z e d 
and mimicked the components of these s e c r e t i o n s l o n g b e f o r e any 
i n s e c t pheromone was i s o l a t e

One may t h e r e f o r e
p a i d by s c i e n t i s t s t o the b e h a v i o u r a l r o l e , the c h e m i s t r y and the 
a p p l i c a t i o n of such mammalian che m i c a l s i g n a l s . 

T h i s p a r t l y can be a t t r i b u t e d to g r e a t e x p e r i m e n t a l d i f f i c u l ­
t i e s i n s t u d y i n g mammalian pheromones (J_) . Compared w i t h behav­
i o u r a l and p h y s i o l o g i c a l b i o a s s a y s used i n i n s e c t pheromone 
r e s e a r c h , r e l i a b l e , r e p r o d u c i b l e and s i g n i f i c a n t b i o a s s a y s f o r 
mammalian pheromones are har d to d e v i c e . Such assays are essen­
t i a l f o r chemists t o guide t h e i r i s o l a t i o n and i d e n t i f i c a t i o n and 
f o r b i o l o g i s t s t o determine the b i o l o g i c a l s i g n i f i c a n c e of a com­
pound f o r the be h a v i o u r of the a n i m a l . 

The r e a c t i o n of mammals to o l f a c t o r y s t i m u l i i s c e r t a i n l y 
much more i n f l u e n c e d by e x p e r i e n c e , e n v i r o n m e n t a l f a c t o r s and 
o t h e r sensory i n p u t s than i s the r e a c t i o n of i n s e c t s t o phero­
mones. Moreover, the same odour may se r v e d i f f e r e n t b e h a v i o u r a l 
f u n c t i o n s and these may be dependent on such v a r i a b l e s as season, 
age, e t c . . Even the word "pheromone" f o r c h e m i c a l s i g n a l s i n 
mammals has been q u e s t i o n e d (2). Although the o b j e c t i o n s were 
r e b u t t e d (3) the term i s today s t i l l a matter of c o n t r o v e r s y or 
at l e a s t d i s c u s s i o n ( 4 ) . 

Another reason f o r the r e l a t i v e l a c k o f i n t e r e s t i n mammalian 
pheromones l i e s i n the f a c t t h a t - a p a r t from the use i n p e r ­
fumes - o n l y one a c t u a l a p p l i c a t i o n of mammalian pheromones i s 
known so f a r . T h i s i s not i n c o n n e c t i o n w i t h a pest but w i t h a 
v e r y u s e f u l a n i m a l , the domestic p i g ( 5 ) . The s a l i v a and sweat 
glands of the s e x u a l l y aroused boar c o n t a i n two s t e r o i d s w i t h a 
musky s m e l l , Δ 1 6~androstenol and A 1 6 - a n d r o s t e n o n e . These are 
a c t u a l pheromones e m i t t e d by the male and e l i c i t i n g a c h a r a c t e r i s ­
t i c b e h a v i o u r i n the female. Sows i n heat r e a c t t o the scent o f 
these compounds by assuming a c h a r a c t e r i s t i c c o p u l a t i n g s t a n c e . 
The pheromone i s c o m m e r c i a l l y a v a i l a b l e as an a i d i n a r t i f i c i a l 
i n s e m i n a t i o n , t o show when a young sow i s i n o e s t r u s . 

The major p a r t o f mammalian pheromone r e s e a r c h , much of 
which i s mentioned i n re c e n t books and symposium pro c e e d i n g s 
(5-10) i s not d i r e c t e d t o any a p p l i c a t i o n . T r a p p e r s , however, 
have used mammalian s e c r e t i o n s i n t h e i r l u r e s l o n g b e f o r e the 
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term pheromone was c o i n e d , and the p o s s i b i l i t y of a p p l i c a t i o n of 
mammalian c h e m i c a l s i g n a l s has been suggested by s c i e n t i s t s l i k e 
C h r i s t i a n s e n and D i v i n g f o r c o n t r o l of s m a l l rodents (11) and 
by Marsh and Howard f o r c o n t r o l of r o d e n t s i n g e n e r a l (12). 
A l t h o u g h they p o s i t i v e l y e v a l u a t e the p o t e n t i a l i t i e s of these 
agents i n rodent c o n t r o l , the few p u b l i c a t i o n s i n t h i s a r e a r e l a t e 
r a t h e r t o l a b o r a t o r y experiments than t o a c t u a l a p p l i c a t i o n i n 
p e s t c o n t r o l . 

T h i s i s p a r t i c u l a r l y s u r p r i s i n g i n the case of common r a t s 
s i n c e we know t h a t the male p r e p u t i a l g l a n d c o n t a i n s a m i x t u r e of 
a l i p h a t i c a c e t a t e s which appears t o a c t as an a t t r a c t i v e sex 
pheromone to the female ( 1 3 ) . T h i s g l a n d a l s o appears t o have an 
i m p o r t a n t f u n c t i o n i n c o n s p e c i f i c c hemical communication i n mice. 
I t s weight i s i n v e r s e l y r e l a t e d to p o p u l a t i o n d e n s i t y (14) and i s 
l a r g e r i n dominant tha
these glands a t t r a c t femal
male f i g h t i n g b e h a v i o u r ( 1 7 )

Many o t h e r s k i n glands of mammals a l s o produce odourous 
s e c r e t i o n s t o which b e h a v i o u r a l f u n c t i o n s are a t t r i b u t e d : marking 
of t e r r i t o r i e s , r e c o g n i t i o n of s p e c i e s , of sex or i n d i v i d u a l s , 
e t c . . They may a l s o s e r v e i n f a m i l i a r i z a t i o n w i t h s t r a n g e s u r ­
roundings e.g. " g a i n i n g c o n f i d e n c e " as e x e m p l i f i e d by the behav­
i o r of r a b b i t s (_1_) . A r e c e n t r e v i e w on t h i s s u b j e c t i s g i v e n 
by M u l l e r - S c h w a r z e (18) . 
The Muskrat: A P o p u l a r Fur A n i m a l , A Nightmare i n The N e t h e r l a n d s 

I n most c o u n t r i e s i n the N o r t h e r n hemisphere the muskrat, 
Ondatra z i b e t h i c u s , i s m a i n l y a p p r e c i a t e d f o r i t s b e a u t i f u l musk-
r a t or "bisam" f u r . I t was f o r t h i s r eason t h a t i t was i n t r o d u c e d 
from America i n t o C z e c h o s l o v a k i a and o t h e r European c o u n t r i e s 
e a r l y i n the 20th c e n t u r y . I n the N e t h e r l a n d s , however, i t i s now 
a major p e s t , damaging the banks o f the many c a n a l s and d i k e s , 
so v i t a l f o r a c o u n t r y l y i n g l a r g e l y below sea l e v e l . T h i s t h r e a t 
i s e v i d e n t from the schematic drawing of F i g u r e 1. 

In the b e g i n n i n g of World War I I the r a t s invaded the N e t h e r ­
l a n d s , which f o r b r e v i t y , I w i l l c a l l H o l l a n d , a l t h o u g h t h i s i s a 
p a r t o f the N e t h e r l a n d s i n which t h i s rodent i s s t i l l r a r e . 
U n l i k e the German army, however, the muskrat f i r s t c r o s s e d the 
B e l g i a n , and l a t e r the German b o r d e r . Between 1950 and the p r e s e n t 
day the muskrat has c o n s t a n t l y expanded i t s t e r r i t o r y and i t now 
o c c u p i e s the l a r g e r p a r t o f the c o u n t r y , i n s p i t e of c o n s t a n t 
t r a p p i n g by government-employed p r o f e s s i o n a l t r a p p e r s . 

T h e r e f o r e the Dutch government d e c i d e d to look f o r a l t e r n a ­
t i v e methods t o s t o p and c o n t r o l the i n t r u d e r , and our r e s e a r c h 
group was asked t o l o o k i n t o the p o s s i b i l i t i e s of u s i n g phero­
mones or any o t h e r semiochemicals. 

There i s a v a s t l i t e r a t u r e about the muskrat. A r e v i e w by 
Hoffmann (19) mentions 6858 r e f e r e n c e s , 1669 of which came from 
the USSR. Not a l l of these sources are r e a d i l y a v a i l a b l e , but from 
t r a n s l a t e d t i t l e s and from the E n g l i s h and German l i t e r a t u r e i t 
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seems t h a t l i t t l e has been p u b l i s h e d about c h e m i c a l communication 
i n muskrats. 

I l l - d e f i n e d c o n c o c t i o n s have f o r c e n t u r i e s been used t o l u r e 
muskrats i n the USA, but we have looked i n v a i n f o r p u b l i s h e d d a t a 
which prove the e f f e c t i v e n e s s o f these l u r e s . Only one v e r y b r i e f 
statement by W i l l i a m s (20) about the e f f e c t i v e n e s s of a d d i t i o n of 
"muskrat s c e n t " t o c a r r o t - b a i t e d t r a p s was found i n the J o u r n a l 
of W i l d l i f e Management of 1951. A t a b l e showed t h a t the "average 
t r a p p i n g s u c c e s s " i n c r e a s e d from 23.6 t o 42.8%, but the two s e r i e s 
of experiments ( c o n t r o l s and s c e n t e d c a r r o t s ) were not made s i m u l ­
t a n e o u s l y , so these r e s u l t s h a r d l y prove the a t t r a c t a n c y of the 
s c e n t . 

One of our f i r s t t a r g e t s was t h e r e f o r e to f i n d out whether 
or not a t t r a c t i o n by muskrat musk or any o t h e r t r a d i t i o n a l l u r e 
can be demonstrated. T h i  i n i t i a l l  i n v e s t i g a t e d b  a p p l y i n
t r a p p i n g methods n o r m a l l
done i n c o l l a b o r a t i o n w i t  e x p e r i e n c e  t r a p p e r g
v a r i e t y of l u r e s . 
Methods f o r F i e l d - T r a p p i n g Muskrats 

I n H o l l a n d the muskrat u s u a l l y l i v e s i n burrows i n dams, 
d i k e s and banks of the c a n a l s and l a k e s , as d e p i c t e d i n F i g u r e 1. 
The "muskrat houses" or " w i n t e r h u t s " , well-known i n the USA, are 
r e l a t i v e l y r a r e i n H o l l a n d . They are u s u a l l y found i n wetlands 
and marshes where no d i k e s are a v a i l a b l e . They a r e conspicuous 
and r e l a t i v e l y easy t o f i n d . T h i s i s not the case w i t h the b u r ­
rows i n the banks and d i k e s . The e n t r a n c e s are below water l e v e l 
and can o n l y be observed when the l e v e l drops. E x p e r i e n c e d t r a p ­
pers have, however, a v a r i e t y of c l u e s t o d e t e c t the presence o f 
an e n t r a n c e , e.g. by swimming t r a i l s , o r heaps of sand removed 
from the burrows. 

I n H o l l a n d , the use of p o i s o n e d b a i t s which c o u l d k i l l o t h e r 
w i l d l i f e , and ground t r a p s which would not k i l l the animal imme­
d i a t e l y , a r e p r o h i b i t e d . The d e v i c e s most o f t e n used a r e : 
- b a i t e d t r a p s , a f l o a t on r a f t s , i n which apples are o f t e n used 

as b a i t , 
- "Conibear t r a p s " , p l a c e d a t the e n t r a n c e below the water s u r f a c e , 
- metal hoop-nets, e i t h e r p l a c e d at the e n t r a n c e of a burrow or 

at the i n t e r c o n n e c t i o n o f waterways or under a b r i d g e o r , 
a c c o r d i n g to a r e c e n t l y developed t e c h n i q u e , i n "fake entrances", 
made of p l a s t i c tubes o r p i p e s ( F i g u r e 2 ) , 

- a v a r i e t y of f l o a t i n g " v a l v e - t r a p s " or o t h e r c o n t r a p t i o n s , 
u s u a l l y b a i t e d w i t h a p p l e s . 

A number of f i e l d t e s t s u s i n g such methods were made i n o r d e r 
to s c r e e n a v a r i e t y of l u r e s , e i t h e r o b t a i n e d through the h e l p of 
P r o f . M u l l e r - S c h w a r z e of New York S t a t e U n i v e r s i t y i n S y r a c u s e , 
w i t h whom we c o l l a b o r a t e , o r made by o u r s e l v e s from c o l l e c t e d 
glands or c o m m e r c i a l l y a v a i l a b l e f r a g r a n c e s . 
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Figure 2. Top: Scheme of 4 rafts with baited traps and 24 funnel traps placed in 
"artificial burrows" at the Berkel on the German border. Bottom: Funnel trap in 
plastic pipe placed below the water surface. Λ scented cork is stuck fust above 
the trap. Results of 2 series of experiments with such traps are shown in Figures 

3 and 4. 
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R e s u l t s of F i e l d T e s t s w i t h Muskrat Lures 
F i e l d t e s t s were made at a v a r i e t y of l o c a t i o n s near the 

German or B e l g i a n b o r d e r and i n an a r e a between r i v e r s , south of 
the Rhine. 

I n t h i s paper we cannot sum up a l l the r e s u l t s , many of which 
were i n c o n c l u s i v e . We a t t r i b u t e the l a t t e r t o an i n s u f f i c i e n t 
number of muskrats i n the t e s t a r e a ( a p a r t from t r a p p i n g , no 
r e l i a b l e method was a v a i l a b l e to e s t i m a t e the s i z e of the p o p u l a ­
t i o n ) or to the l a c k of a t t r a c t i v e n e s s of the l u r e s i n mid-summer, 
o u t s i d e the mating or m i g r a t i o n season. We have to s t r e s s , t h e r e ­
f o r e , t h a t the f o l l o w i n g r e s u l t s must be c o n s i d e r e d as p r e l i m i n a r y 
ones and are a s e l e c t i o n of o n l y those r e s u l t s which seem t o be 
s t a t i s t i c a l l y s i g n i f i c a n t . 

The most c o n v i n c i n g evidence of the e f f e c t i v e n e s s of some 
l u r e s was o b t a i n e d at th
Germany and H o l l a n d . Her
f i c i a l e n t r a n c e s , i n which funnel-shaped t r a p s were p l a c e d 
( F i g u r e 2 ) . I n the s l o p e of the bank 24 h o l e s were dug i n which 
pi p e s w i t h t r a p s were p l a c e d . Three d i f f e r e n t l u r e s were t e s t e d 
i n s i x f o l d a g a i n s t an e q u a l number of c o n t r o l s . I n a d d i t i o n , 4 
f l o a t i n g t r a p s , b a i t e d w i t h a p p l e s , and the same l u r e s were 
t e s t e d . F i v e drops of l u r e were a p p l i e d t o c o r k s p l a c e d on s t i c k s 
above the f u n n e l t r a p s and s i m i l a r c o r k s were used on the r a f t s . 
At l e a s t once a week the t r a p s were checked and f r e s h drops of 
l u r e s a p p l i e d . The r e s u l t s w i t h the f u n n e l s are shown i n F i g u r e 3. 
The samples t e s t e d were: 
A. Scent g l a n d e x t r a c t s of male muskrats, caught i n March i n the 

same v i c i n i t y but somewhat more to the N o r t h (the p r o v i n c e of 
D r e n t h e ) . The two batches t e s t e d (26 and 29 i n F i g u r e 3) were 
o b t a i n e d by c e n t r i f u g a t i o n of homogenized glands i n e t h a n o l . 
The s u p e r n a t a n t used r e p r e s e n t e d 5 ml e x t r a c t per g l a n d , and 
the 5 drops corresponded r o u g h l y w i t h 0.1 ml o r 1/50 of the 
e x t r a c t from one g l a n d . 

B. Commercially a v a i l a b l e American "Muskrat Musk" ( P e r k i n s H i l l 
L t d . , C a zenovia, N.Y.) (sample 28 i n F i g u r e 3 ) . 

C. A m i x t u r e of o i l of sweet f l a g i n g l y c e r i n e (1 : 2 ) , made a c c o r d ­
i n g t o one of the t r a d i t i o n a l t r a p p e r s r e c i p e s , k i n d l y p r o v i d e d 
by P r o f . M.M. A l e x a n d e r , Syracuse, N.Y. (sample 13 i n F i g u r e 3). 

As the F i g u r e shows, o n l y 4 muskrats were caught d u r i n g the whole 
t e s t p e r i o d - which r a n from September 15, 1980 t o June 5, 1981 -
i n the c o n t r o l s compared w i t h 19 i n the t r a p s w i t h the home-made 
gland e x t r a c t s . I n the f i r s t two months these numbers were even 
1 and 10. With sweet f l a g and American musk the t o t a l catches over 
the whole p e r i o d were 6 and 9, r e s p e c t i v e l y . U n f o r t u n a t e l y , the 
water l e v e l dropped c o n s i d e r a b l y d u r i n g t h r e e p e r i o d s , as i n d i ­
c a t e d i n the F i g u r e , but t h i s does not a f f e c t the c o n c l u s i o n t h a t 
the g l a n d e x t r a c t was b e s t . I n t o t a l 4 females and 34 males were 
caught. 
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The b a i t e d t r a p s on the r a f t s seemed l e s s s u i t e d f o r s c r e e n i n g 
a t t r a c t a n t s , as the apples a t t r a c t hungry muskrats and o n l y 
s l i g h t , i f any, improvement was o b t a i n e d by adding the l u r e s , 
w i t h the e x c e p t i o n of the American musk which seemed to enhance 
the a t t r a c t i v i t y of the b a i t s d u r i n g the months March and A p r i l . 
An a d d i t i o n a l problem w i t h the b a i t e d t r a p s i s t h a t they a l s o 
c a t c h o t h e r a n i m a l s . I n the t e s t p e r i o d 37 male and 2 female musk-
r a t s were caught t h i s way, but a l s o 9 common brown r a t s . At the 
Hegebeek, a nearby l o c a t i o n , at the s l o p e s of a s m a l l p o o l near 
a l o c k , the l u r e s A, Β and C c o u l d o n l y be t e s t e d s i n g l y , i n t e r ­
spaced by two non-scented t r a p s ( b l a n k s ) ( F i g u r e 4 ) . Here a g a i n , 
the e x t r a c t s of the Dutch muskrats came out b e s t , a l t h o u g h the 
o t h e r t r a p s and even one of the b l a n k s were not i n e f f e c t i v e . 

A c c o r d i n g to the t r a p p e r s , the predominance of males i s not 
unusual a t these l o c a t i o n  i  a t t r i
buted t o the o b s e r v a t i o
f i r s t . 

F i e l d t e s t s w i t h b a i t e d t r a p s and the same t h r e e l u r e s i n the 
middle of the country between the branches of the Rhine, d i d not 
a l l o w c o n c l u s i o n s about the a t t r a c t a n c y of the l u r e s to be 
reached, but they showed t h a t here about equal numbers of males 
and females were caught. At t h i s l o c a t i o n a s t a b i l i z e d c o l o n y of 
muskrats had s e t t l e d . 

These p r e l i m i n a r y r e s u l t s seem to c o n f i r m t h a t e x t r a c t s of 
muskrat p r e p u t i a l glands and p o s s i b l y a l s o of sweet f l a g can 
indeed enhance the catches of m u s k r a t s , e s p e c i a l l y i n s c e n t e d 
f u n n e l t r a p s i n a r t i f i c i a l p i p e s at r i v e r banks, where m i g r a t i n g 
muskrats pass. The animals caught a r e then m a i n l y males which 
p r e f e r e n t i a l l y e n t e r a r t i f i c i a l p i p e s s c e n t e d w i t h e x t r a c t s of 
musk glands which - i t s h o u l d be remarked here - are produced by 
o t h e r males. 
S c r e e n i n g Lures w i t h Muskrats i n C a p t i v i t y 

A number of muskrats caught i n l i v e - t r a p s near the B e l g i a n 
b o r d e r were used f o r s c r e e n i n g l u r e s i n two s e r i e s of t e s t s . 

The f i r s t one was made i n a c o n c r e t e b a s i n , 7 m l o n g , 1.5 m 
wide and 1.6 m deep ( F i g u r e 5 ) , i n which 4 to 8 muskrats were 
ke p t . Nest boxes were made i n the c o r n e r s and two c o u n t i n g cages 
were p l a c e d on a r a f t near the middle of the b a s i n . Animals v i s i t ­
i n g the cages were counted m e c h a n i c a l l y by a d e v i c e a t t a c h e d to a 
f l a p which c o u l d swing i n b o t h d i r e c t i o n s . 

A v a r i e t y of l u r e s was screened h e r e i n d u a l c h o i c e t e s t s . 
A p e r f o r a t e d aluminum c a p s u l e , c o n t a i n i n g f i v e drops of the t e s t 
sample on f i l t e r paper, was a t t a c h e d t o the back w a l l of one 
cage; the o t h e r cage c a r r i e d a b l a n k c a p s u l e . The average t e s t 
p e r i o d was one week, i n the middle of which the p l a c e s of the 
cages were i n t e r c h a n g e d and the samples were renewed. A f t e r each 
t e s t the cages were t h o r o u g h l y r i n s e d w i t h c l e a n water. The 
counts were r e c o r d e d d a i l y and the t e s t s were made at l e a s t i n 
d u p l i c a t e . 
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Figure 3. Results of the screening experiment at the Berkel on the German 
border. Key: A, ( ), Dutch muskrat musk 26 and 29; B, (- · - -), American 

muskrat musk 28; C,( ), sweet flag 13; and blank (- · -). 
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Figure 4. Results of the screening experiment at the Hegebeek on the German 
border. Key: A, ( · ), Dutch muskrat musk 26 and 29; B, (- · - -), American 
muskrat musk 28; blank 1, ( ); C, (- · -), sweet flag 13; and blank 2, ( ). 
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Figure 5. Schematic representation of the basin for keeping muskrats at Rijswijk. 
Top shows view from above, and bottom shows view from the side. 
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W i t h i n the framework of t h i s paper i t i s not p o s s i b l e to 
d i s c u s s a l l the s c r e e n i n g r e s u l t s . F o r those who are i n t e r e s t e d , 
a d e t a i l e d r e p o r t (21) ( i n Dutch ) i s a v a i l a b l e . I t may s u f f i c e 
h ere to r e l a t e t h a t the home made g l a n d e x t r a c t A (batch 29, 
which a l s o performed b e s t i n the f i e l d t e s t s of F i g u r e s 4 and 5) 
was the b e s t a t t r a c t a n t , f o l l o w e d by a m i x t u r e of the o i l s of 
sweet f l a g and c a t n i p ( r e c i p e o b t a i n e d through the c o u r t e s y of 
P r o f . A l exander) and the American muskrat musk, which was a l s o 
used i n the f i e l d t e s t s . As an example, the r e s u l t s of one of 
these t e s t s i s shown i n F i g u r e 6. 

The second s e r i e s of t e s t s i s at p r e s e n t b e i n g c a r r i e d out 
i n an " o l f a c t o m e t e r " , which c o n s i s t s of a round "muskrat pen" 
w i t h a diameter of 10 m, c o n t a i n i n g a swimming p o o l ( F i g u r e 7 ) . 
E i g h t cages which are connected to e l e c t r i c c o u n t i n g d e v i c e s and 
a r e c o r d e r , are e q u a l l d d th  p e r i p h e r f th
( F i g u r e 8 ) . 

At p r e s e n t the b e h a v i o u y  pe
and the i n d i v i d u a l r e a c t i o n s of the muskrats to d i f f e r e n t l u r e s 
i s b e i n g s t u d i e d by s t u d e n t s of P r o f . Wiepkema i n Wageningen. 
They watch the animals from an o b s e r v a t i o n h i d e d u r i n g the dark 
and l i g h t p e r i o d s o f g r e a t e s t a c t i v i t y and keep r e c o r d of the 
number and d u r a t i o n of the v i s i t s t o s c e n t e d cages and c o n t r o l s . 
T h i s pen and i t s equipment have o n l y r e c e n t l y been i n s t a l l e d and 
are b e i n g t e s t e d out a t p r e s e n t . We hope t h a t they w i l l c o n t r i ­
b ute to a b e t t e r u n d e r s t a n d i n g of the g e n e r a l b e h a v i o u r and the 
chemical communication of muskrats and a t the same time w i l l 
a l l o w us t o s c r e e n d i f f e r e n t l u r e s i n a s y s t e m a t i c manner, t o 
determine t h e i r o p t i m a l c o n c e n t r a t i o n s , and to study the e f f e c t 
of the v a r i o u s components found i n the e x t r a c t s of the s c e n t 
gland. 

P a r a l l e l s t u d i e s on the b e h a v i o u r a l f u n c t i o n of the musk 
odour of muskrats are b e i n g done i n the USA by P r o f . M u l l e r -
Schwarze i n Syracuse, N.Y. 
P o s s i b l e F u n c t i o n of Musk Gland S e c r e t i o n and Seasonal Changes of 
i t s Chemical Composition 

F u n c t i o n . The p r e p u t i a l g l a nd of the muskrat e n l a r g e s 
g r e a t l y i n the b r e e d i n g season. I t i s r e a s o n a b l e to assume t h a t 
t h i s s t r o n g - s m e l l i n g s e c r e t i o n has at l e a s t one and p o s s i b l y 
s e v e r a l f u n c t i o n s i n the chemical communication between members 
of t h i s s p e c i e s . 

I n muskrats these glands are p r e s e n t i n b o t h sexes, but they 
are much l a r g e r i n males, i n which s i z e of the glands and 
s t r e n g t h of the odour s e c r e t i o n p a r a l l e l the c y c l i c changes i n 
t e s t e s s i z e . 

The v a r i e t y of p o s s i b l e f u n c t i o n s of p r e p u t i o n a l gland 
s e c r e t i o n s of mammals have been mentioned b e f o r e . I t i s s t i l l not 
c l e a r which of these f u n c t i o n s apply t o muskrats. They may i n ­
c l u d e sex a t t r a c t i o n , r e p u l s i o n of members of the same sex, mark­
i n g of n e s t s or h i d i n g p l a c e s , g e n e r a l a t t r a c t i o n of young and 
a d u l t members of the same s p e c i e s by a f a m i l i a r odour, marking of 
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Figure 6. Results of one of
during screening of a variety
obtained (December 5-11, 1980) by extraction of preputial glands with ethanol. 

h i d e 

Figure 7. Schematic representation of the "olfactometer" consisting of a round 
muskrat pen of iron gauze (diameter 10 m; height 2.20 m). An iron swimming 
pool was placed in the middle. Key: 1-8, counting cages with encoder box (see 

Figure 8); and D, door. 

box with encoder system 

Figure 8. Cage with encoder box in which time, number and duration of visits of 
muskrats are signaled and transmitted to a recorder. 
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t e r r i t o r y as w e l l as s t i m u l a t i o n ("priming") of e n d o c r i n e p r o c e s ­
ses , e t c . . 

Among the few c l u e s found i n t h e l i t e r a t u r e which might i n d i ­
c a t e a f u n c t i o n , are those of Akkerman (22) who observed t h a t a 
male muskrat was " s c e n t - m a r k i n g " a female d u r i n g c o u r t s h i p and 
mating which occurs w h i l e they are swimming. He a l s o found t h a t 
f a e c a l p i l e s a r e h i g h l y i m p o r t a n t i n muskrat communication, as 
M u l l e r - S c h w a r z e r e c e n t l y d e s c r i b e d f o r beavers ( 2 3 ) . I n s p r i n g 
the f a e c a l p i l e s of muskrats a r e found where they l e a v e the water. 
These p i l e s are produced where p o p u l a t i o n d e n s i t i e s are h i g h , 
which a g a i n p a r a l l e l s the s i t u a t i o n i n beavers ( 2 3 ) . 

The muskrat s e c r e t e s i t s musk d u r i n g s c e n t marking through 
the p e n i s . The s o l e s of the h i n d f e e t p i c k up the f l u i d and throw 
i t b e h ind the animal ( 2 2 ) . 
Chemical c o m p o s i t i o n an

The p r e p u t i a l (musk) glan
b e r of m a c r o c y c l i c k e t o n e s , such as isomers of c i v e t o n e ( c i s - 9 -
c y c l o h e p t a d e c e n o n e ) , the main odourous component of the s e c r e t i o n 
of the c i v e t . I n the muskrat the main m a c r o c y c l i c component i s 
the c i s - 5 - i s o m e r of c i v e t o n e ( F i g u r e 9 ) . The glands of both a n i ­
mals a l s o c o n t a i n a number o f o t h e r m a c r o c y c l i c compounds and a 
v a r i e t y of f a t t y a c i d s (24,25,26) which c o u l d be p r e c u r s o r s of 
m a c r o c y c l i c ketones and a l c o h o l s as proposed by Stevens i n 1945 
(2 5 ) . 

The v a s t l i t e r a t u r e on the muskrat mentioned b e f o r e , as sum­
ma r i z e d by E r r i n g t o n (27) and Hoffmann (19) m a i n l y concerns 
e c o l o g y , taxonomy, anatomy, p a r a s i t o l o g y and economy. Only a few 
c h e m i c a l s t u d i e s have been c a r r i e d out and the i n t e r e s t i n the 
b i o l o g i c a l f u n c t i o n s of the components found i n the gland s e c r e ­
t i o n seemed t o be n e g l i g i b l e . 

I n 1973, Van Dorp e t a l . found a number of i n t e r e s t i n g macro-
c y c l i c compounds, i n c l u d i n g some w i t h b o t h double and t r i p l e 
u n s a t u r a t e d bonds (26) , but made no attempt t o determine t h e i r 
b i o l o g i c a l s i g n i f i c a n c e . They compared the m a c r o c y c l i c ketones and 
the f a t t y a c i d s found i n c i v e t and muskrat g l a n d and concluded 
t h a t t h e r e i s e v i d e n t l y no c o r r e l a t i o n between the m a c r o c y c l i c 
ketone c o m p o s i t i o n and the f a t t y a c i d c o m p o s i t i o n . F o r example, 
cycloheptadecanone was the most prominent peak i n the muskrat 
g l a n d (41% of the m a c r o c y c l i c k e t o n e s ) , whereas the s t e a r i c a c i d 
from which i t c o u l d have been formed, was among the minor compo­
nents (3%) of the f a t t y a c i d s . 

We a n a l y s e d e t h a n o l i c e x t r a c t s of p r e p u t i a l glands of muskrats 
c o l l e c t e d d u r i n g a f u l l annual c y c l e by one t r a p p e r , i n Zeeuwsch-
V l a a n d e r e n , near the B e l g i a n b o r d e r . The m a j o r i t y of the glands 
were taken from a d u l t males, but some glands of a d u l t females and 
young females and males were a l s o c o l l e c t e d and a n a l y s e d s e p a r a t e ­
l y (GC and MS; SE-30 c a p i l l a r y column). 

Tables I and I I compare the compounds which we have found so 
f a r w i t h those found by Van Dorp e t a l . A l t h o u g h we have not y e t 
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been a b l e t o d e f i n i t e l y e s t a b l i s h the p o s i t i o n of most of the 
double o r t r i p l e bonds, the data show t h a t p r o b a b l y n i n e ketones 
were found by b o t h groups, whereas two components i d e n t i f i e d by 
Van Dorp e t a l . have not y e t been found by us and f o u r of our 
compounds were not found by the o t h e r group. 

A g a i n w i t h some r e s e r v e r e g a r d i n g the p o s i t i o n of the double 
bonds, Table I I shows t h a t we found a l l the a c i d s mentioned by Van 
Dorp et a l . , b u t , i n a d d i t i o n , n i n e more a c i d s l a c k i n g from t h e i r 
l i s t . 

There i s , however, a g r e a t s i m i l a r i t y w i t h r e g a r d t o the 
q u e s t i o n which were the major and which the minor components i n 
the two groups of compounds. 

We cannot, however, support the o p i n i o n t h a t t h e r e i s no 
c o r r e l a t i o n between the ketones and f a t t y a c i d s . A n a l y s e s made 
over a one y e a r p e r i o d see  t  i n d i c a t  t h a t th  percentag f 
m a c r o c y c l i c ketones i s
and v i c e v e r s a . T h i s woul
c h a l l e n g e d by Van Dorp et a l . ( 2 6 ) , t h a t the ketones a r e formed 
by c y c l i z a t i o n and d e c a r b o x y l a t i o n of f a t t y a c i d s ( 2 5 ) . 

As an example, F i g u r e 10 shows the s e a s o n a l changes i n the 
r e l a t i v e percentage of a l l the 17-membered r i n g ketones t o g e t h e r 
and those of the Ci8 a c i d s and e s t e r s . These da t a not o n l y sup­
p o r t the b i o g e n e t i c r e l a t i o n s h i p between a c i d s and m a c r o c y c l i c 
ketones but a l s o suggest t h a t the compounds w i t h the musk odour 
are m a i n l y produced d u r i n g f a l l and w i n t e r . The percentage of the 
musk compounds drops s h a r p l y d u r i n g the f i r s t t h r e e months of the 
year and i n c r e a s e s a g a i n i n s p r i n g . 

The a n a l y s e s of the female glands showed t h a t these a l s o 
c o n t a i n some m a c r o c y c l i c compounds but t h a t t h e i r r e l a t i v e p e r c e n ­
tages are much lower than those found i n the males and t h a t , 
c o r r e s p o n d i n g l y , the percentage of f a t t y a c i d s i s l a r g e r . 
We w i s h to thank U n i l e v e r , V l a a r d i n g e n f o r s u p p l y i n g samples of 
m a c r o c y c l i c ketones and Dr. P.E.J. V e r w i e l and Ing. A. L a k w i j k f o r 
c a r r y i n g out GC/MS experiments. The work was supported by a grant 
from the Dutch Departments of W i l d l i f e Management and P u b l i c Works. 
We a l s o thank Dr. W.J. Doude van T r o o s t w i j k and h i s c o l l a b o r a t o r s 
of the Committee f o r Muskrat C o n t r o l f o r t h e i r v a l u a b l e h e l p and 
a d v i c e s . 
S t r u c t u r e E l u c i d a t i o n of P e r i p l a n o n e - A 
The names p e r i p l a n o n e - A and p e r i p l a n o n e - B were f i r s t c o i n e d by 
R i t t e r and Persoons i n 1974 a t the I n t e r n a t i o n a l Congress of 
P e s t i c i d e Chemistry i n H e l s i n k i , i n a g e n e r a l paper on pheromone 
r e s e a r c h i n the N e t h e r l a n d s . I n t h i s paper the i s o l a t i o n o f a 
number of pheromones were d e s c r i b e d , i n c l u d i n g the two p e r i p l a -
nones, both sex pheromones, p r e s e n t i n the e x c r e t a of the female 
American c o c k r o a c h , P e r i p l a n e t a americana. The elementary formulae 
of these two s e s q u i t e r p e n o i d s , C15H20O2 and C15H20O35 were g i v e n 
and the carbon s k e l e t o n of p e r i p l a n o n e - B , a germacrane d e r i v a t i v e , 
was r e v e a l e d . U n f o r t u n a t e l y , we were i n f o r m e d , one y e a r a f t e r the 
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Figure 10. Variation with season of the proportion of macrocyclic C17 ketones 
and of their possible precursors (bottom), the C18 acids and their esters (top). Sum 

of all compounds detected by the GC analysis is 100%. 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



120 INSECT PHEROMONE TECHNOLOGY 

Table I 

MACROCYCLIC KETONES IN THE PREPUTIAL GLAND OF THE MUSKRAT 
Compound R i t t e  a l
C y c l o t r i d e c a n o n e 
Cyclopentadecanone +++ · +++ 
Cyclopentadecenone, ( Z ) - 5 - +++ +++ 
Cyclopentadecynone, 5-* + + 

Cyclohexadecanone + + 
Cyclohexadecenone* - + 

Cyclohep t adecanone +++ +++ 
Cycloheptadecenone, ( Z ) - 5 - +++ +++ 
Cycloheptadecenone, ( Z ) - 7 - * ++ ++ 
Cycloheptadecadienone, (Z,Z)-5,11-* ++ -
Cycloheptadecynone, 5-* + -
Cycloheptadecen-5-ynone, ( Z ) - 7 - * ++ ++ 

Cyclononadecanone + + 
Cyclononadecenone, ( Z ) - 9 - * - + 
Cyclononadecenone* - + 

* P o s i t i o n of double bond(s) not y e t e s t a b l i s h e d i n our work. 

+++ ^ 10% r e l a t i v e of the m a c r o c y c l i c ketones 
++ > 1% 11 11 " " 11 

+ ^ 1 7 " M M M M 
not found, o r not i d e n t i f i e d 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



5. RiTTER E T A L . Pheromone Research on Muskrats and Insects 

Table I I 

FATTY ACIDS IN THE PREPUTIAL GLAND OF THE MUSKRAT 

F a t t y a c i d 
V. Dorp e t a l . R i t t e r e t a l . Number of 

C-atoms 
Number of 

double bonds
V. Dorp e t a l . R i t t e r e t a l . 

12 0 + 
12 1 - + 

14 0 ++ ++ 
14 1 - + 
16 0 +++ +++ 
16 1 ++ ++ 
16 1 - ++ 
17 0 - + 
18 0 ++ ++ 
18 1 +++ +++ 
18 1 - + 
18 2 ++ ++ 

19 1 - + 
20 0 - + 
20 1 + + 
20 2 - + 

* P o s i t i o n of double bond(s) not y e t e s t a b l i s h e d i n our work. 

+++ ^ 10% r e l a t i v e of the f a t t y a c i d s 
> 1 7 " It II II II 

+ < 1% 11 " 11 " " 
not found, or not i d e n t i f i e d 
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c o n g r e s s , t h a t none of the symposium papers c o u l d be p u b l i s h e d 
and t h a t we had t o seek p u b l i c a t i o n elsewhere. T h i s we d i d i n 
the N e t h e r l a n d s J o u r n a l o f Zoology i n 1975 ( 2 8 ) . Meanwhile we had 
p u b l i s h e d the e x p e r i m e n t a l d e t a i l s i n our communication to the 
R o y a l Dutch Academy of S c i e n c e s ( 2 9 ) . A s i m i l a r paper had been 
r e j e c t e d f o r p u b l i c a t i o n i n 1973, f i r s t by S c i e n c e , and then by 
E x p e r i e n t i a . 

We suspect t h a t t h e r e l u c t a n c y of a u t h o r i t a t i v e j o u r n a l s 
o u t s i d e H o l l a n d t o p u b l i s h our d a t a r e s u l t e d from f e a r of r e p e a t ­
i n g the u n f o r t u n a t e events a f t e r the premature p u b l i c a t i o n of a 
wrong s t r u c t u r e f o r t h i s sex pheromone by eminent American 
s c i e n t i s t s i n 1963 ( 3 0 ) , who had t o withdraw t h e i r s t r u c t u r e two 
y e a r s l a t e r ( 3 1 ) . 

A few y e a r s ago the complete s t r u c t u r e of p e r i p l a n o n e - B , 
a p a r t from i t s s t e r e o c h e m i s t r y  was e l u c i d a t e d and p u b l i s h e d by 
our r e s e a r c h team (32,33,34
i n v e s t i g a t o r , who i n c l u d e
and shared the R o y a l Dutch S h e l l P r i z e f o r 1978 w i t h R i t t e r f o r 
t h i s work and the s t r u c t u r e e l u c i d a t i o n of f a r a n a l , the t r a i l 
pheromone of the P haraoh 1s a n t , Monomorium ph a r a o n i s (36,37). 

The d e t e r m i n a t i o n of the a b s o l u t e c o n f i g u r a t i o n of p e r i p l a ­
none-B by American s c i e n t i s t s i n c o o p e r a t i o n w i t h Persoons (38) 
and the c o n f i r m a t i o n of the s t r u c t u r e by the e l e g a n t s y n t h e s i s 
of S t i l l a t the Columbia U n i v e r s i t y (39) f o l l o w e d i n 1979. The 
p l a n a r and s t e r e o s t r u c t u r e of p e r i p l a n o n e - B are shown i n 
F i g u r e 11. 

We can now r e p o r t the s t r u c t u r e e l u c i d a t i o n of the o t h e r 
i s o l a t e d compound: p e r i p l a n o n e - A . 

I t i s , as we mentioned i n e a r l i e r papers (28,29) an u n s t a b l e 
s e s q u i t e r p e n o i d w i t h the g e n e r a l f o r m u l a Ci5H2o02» I t s s t r u c t u r e , 
l i k e t h a t of p e r i p l a n o n e - B , i s r a t h e r c o m p l i c a t e d compared w i t h 
those o f o t h e r known sex pheromones. I t c o u l d be deduced from 
comparison of i t s NMR, UV, IR and mass s p e c t r a w i t h those of an 
i n a c t i v e rearrangement product ( F i g u r e 12), the carbon s k e l e t o n 
of which resembles t h a t of p e r i p l a n o n e - B , a p a r t from b e i n g b i -
c y c l i c i n s t e a d of h a v i n g a 10-membered .ring. T h i s rearrangement 
p r o d u c t , w i t h the same elementary f o r m u l a as p e r i p l a n o n e - A i s 
r e a d i l y formed from i t when kept i n NMR c a p i l l a r i e s i n carbon 
d i s u l f i d e o r hexane. On the b a s i s of NMR c o u p l i n g c o n s t a n t s and 
i t s o t h e r s p e c t r o s c o p i c a l data i t would have the c o n f i g u r a t i o n 
shown i n F i g u r e 13. I t can be s e p a r a t e d from p e r i p l a n o n e - A by GC, 
u s i n g DEGS or OV 101 as the s t a t i o n a r y phase. 

S c r u t i n o u s a n a l y s i s of the NMR s p e c t r a of m i x t u r e s c o n t a i n ­
i n g d e c r e a s i n g amounts of p e r i p l a n o n e - A w i t h the NMR spectrum 
of the rearrangement product y i e l d e d the NMR s i g n a l s a t t r i b u t a b l e 
t o p e r i p l a n o n e - A . Assuming t h a t s i g n a l s w i t h s i m i l a r c h e m i c a l 
s h i f t s and p a t t e r n s i n the s p e c t r a of p e r i p l a n o n e - A and i t s 
rearrangement product arose from i d e n t i c a l p a r t i a l s t r u c t u r e s and 
subsequent c o m b i n a t i o n of these p a r t i a l s t r u c t u r e s , t o g e t h e r w i t h 
a c o n s i d e r a t i o n of c h e m i c a l s h i f t s and c o u p l i n g c o n s t a n t s , l e a d 
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Figure 13. Expected configuration for the rearrangement product of periplanone-A. 
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to the s t r u c t u r e f o r p e r i p l a n o n e - A , shown i n F i g u r e 14. A c c o r d i n g 
t o IUPAC nomenclature i t i s 7-methylene-4-isopropyl-12-oxa-
t r i c y c l o [4.4.2.0 1 , 5]-9-dodecene-2-one. 

The s t r u c t u r e of p e r i p l a n o n e - A as w e l l as t h a t of i t s r e a r ­
rangement product s t i l l r e q u i r e s c o n f i r m a t i o n by s y n t h e s i s , but 
a l l t h e i r s p e c t r a l d a t a are i n complete agreement w i t h the p r o ­
posed s t r u c t u r e s . A paper i n which a l l these d e t a i l s are g i v e n i s 
i n p r e s s ( 4 0 ) . 

P e r i p l a n o n e - A and p e r i p l a n o n e - B have been found t o occur i n 
a r a t i o of 1:10 i n f a e c a l m a t e r i a l of P e r i p l a n e t a americana, but 
o n l y p e r i p l a n o n e - B has been found i n i n t e s t i n a l t r a c t s . T h i s c o u l d 
suggest t h a t p e r i p l a n o n e - B i s a genuine sex pheromone, whereas 
p e r i p l a n o n e - A c o u l d be a b i o l o g i c a l l y a c t i v e t r a n s f o r m a t i o n 
p r o d u c t , which i n t u r n can i s o m e r i z e i n t o a more s t a b l e but i n a c ­
t i v e compound. We have g i v e
t r a n s f o r m a t i o n elsewher

T h i s would i n v o l v e a r e d u c t i o n of the 1(2)-epoxigroup of 
p e r i p l a n o n e - B , f o l l o w e d by a t r a n s a n n u l a r r e a c t i o n of the o t h e r 
epoxigroup (the exo-epoxide a t C i r j ) w i t h the t r a n s - d o u b l e bond of 
a h y p o t h e t i c a l i n t e r m e d i a t e a t C 5, which would y i e l d p e r i p l a ­
none-A. 

V i a another h y p o t h e t i c a l i n t e r m e d i a t e , the 5 - c i s isomer, 
p e r i p l a n o n e - A c o u l d then be transformed i n t o a s t a b l e , but i n a c ­
t i v e compound ( F i g u r e 15). 

R e c e n t l y e l e c t r o p h y s i o l o g i c a l experiments by Sasz have 
y i e l d e d r e s u l t s which would i n d i c a t e t h a t not o n l y p e r i p l a n o n e - B , 
but a l s o p e r i p l a n o n e - A c o u l d be a genuine pheromone. With s i n g l e 
c e l l r e c o r d i n g t e c h n i q u e s he demonstrated the presence of many 
o l f a c t o r y h a i r s on the antennae of P e r i p l a n e t a americana t h a t were 
v e r y s e n s i t i v e t o p e r i p l a n o n e - A , whereas o t h e r s were s e n s i t i v e f o r 
p e r i p l a n o n e - B ( 4 1 ) . 

A l t h o u g h p e r i p l a n o n e - A i s a v e r y p o t e n t sex pheromone, i t s 
p r a c t i c a l a p p l i c a t i o n might meet more d i f f i c u l t i e s than t h a t of 
p e r i p l a n o n e - B and would r e q u i r e a s o l u t i o n of the problems r e l a t e d 
t o i t s i n s t a b i l i t y . 

We w i s h t o acknowledge the c o n t r i b u t i o n of W.J. N o o i j e n t o 
the i s o l a t i o n and of P.E.J. V e r w i e l t o the NMR a n a l y s e s of p e r i ­
planone-A. 
The Sex Pheromone of the Beet Armyworm, Spodoptera e x i g u a 
The beet armyworm, Spodoptera e x i g u a , i s a r a t h e r r e c e n t p e s t i n 
H o l l a n d , where i t i s now c a l l e d the F l o r i d a moth. A f t e r i t was 
a c c i d e n t a l l y i n t r o d u c e d i n t o the N e t h e r l a n d s i n 1976, i t immedia­
t e l y became a grave pest i n greenhouses, m a i n l y f o r chrysanthemums 
and gerberae, but t o a l e s s e r e x t e n t a l s o f o r e g g - p l a n t s . As 
a p p l i c a t i o n of i n s e c t i c i d e s such as s y n t h e t i c p y r e t h r o i d s , i n i ­
t i a l l y e f f e c t i v e , soon proved t o have become inadequate, o t h e r 
methods were needed, and pheromones were i n v e s t i g a t e d as p o s s i b l e 
a l t e r n a t i v e s . 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



Fi
gu

re
 1

5.
 

H
yp

ot
he

ti
ca

l 
sc

h
em

e 
fo

r 
th

e 
tr

an
sf

or
m

at
io

n 
of

 
pe

ri
pl

an
on

e-
B

 
in

to
 p

er
ip

la
no

ne
-A

 
an

d 
of

 p
er

ip
la

no
ne

-A
 

in
to

 th
e 

st
ab

le
, b

io
lo

gi
ca

ll
y 

in
ac

ti
ve

 p
ro

du
ct

. 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



126 INSECT PHEROMONE TECHNOLOGY 

Brady and Ganyard i d e n t i f i e d ( Z , E ) - 9 , 1 2 - t e t r a d e c a d i e n y l 
a c e t a t e i n t h i s moth ( 4 2 ) , but t r a p p i n g experiments w i t h t h i s com­
pound, alone or i n c o m b i n a t i o n w i t h ( Z ) - 9 - t e t r a d e c e n y l a c e t a t e 
were u n s u c c e s s f u l (43,44). A j o i n t e f f o r t t o r e i n v e s t i g a t e t h i s 
problem was t h e r e f o r e s t a r t e d by r e s e a r c h teams i n D e l f t and 
Wageningen. 

F r a c t i o n s o b t a i n e d from abdominal t i p s , e x c i s e d glands or 
trapped a i r v o l a t i l e s o b t a i n e d from v i r g i n females were t e s t e d by 
e l e c t r o a n t e n n o g r a p h y and a b e h a v i o u r a l b i o a s s a y (Van der Kraan, 
p u b l i c a t i o n i n p r e p a r a t i o n ) . The l a t t e r used wind t u n n e l s w i t h 
f u n n e l s upwind and a common chamber downwind. Test samples were 
p l a c e d i n the f u n n e l s , and the b e h a v i o u r of male moths, r e l e a s e d 
i n the m i d d l e of the t u n n e l s , as w e l l as the numbers trapped i n 
the f u n n e l s , were examined. 

Of 150 model compound
the (Z,E)-9,12-14:Ac i s o l a t e
p o s i t i v e response. 

The b e h a v i o u r a l assay of f r a c t i o n s e l u t e d from s i l i c a g e l 
w i t h , r e s p e c t i v e l y , hexane, 10% e t h e r i n hexane, 50% e t h e r i n 
hexane and e t h e r , i n d i c a t e d t h a t the a c t i v i t y was c o n f i n e d to the 
f r a c t i o n c o n t a i n i n g Cii+ a c e t a t e s (the 10% e t h e r f r a c t i o n ) . Combi­
n a t i o n w i t h o t h e r f r a c t i o n s d i d not i n c r e a s e the a c t i v i t y . 

A n a l y s e s by mass s p e c t r o m e t r y , o z o n o l y s i s and r e t e n t i o n 
i n d i c e s r e v e a l e d the presence of the (Z,E)-9,12 and the (Z)-9 com­
pounds mentioned e a r l i e r , b u t , i n a d d i t i o n , a l s o of the ( Z , Z ) -
9,12 d i - u n s a t u r a t e d , the (Z)-11 monounsaturated and the s a t u r a t e d 
Cii+ a c e t a t e s . The d e t a i l s of the a n a l y s e s and the d i f f e r e n t r a t i o s 
found i n abdominal t i p s , e x c i s e d glands and a i r v o l a t i l e s are 
g i v e n i n a r e c e n t communication (45). 

The b e h a v i o u r a l assay i n d i c a t e d t h a t the (Z,E)-9,12 and the 
(Z)-9 components appeared t o be n e c e s s a r y f o r upwind s e a r c h 
b e h a v i o u r , w h i l e the (Z,Z)-9,12 compound i s important f o r s h o r t 
range c o u r t s h i p b e h a v i o u r , l i k e h a i r p e n c i l d i s p l a y and c o p u l a t i o n 
attempts. 

F i e l d experiments were c a r r i e d out by T.C. Baker near R i v e r ­
s i d e i n C a l i f o r n i a , who used Pherocon-2 s t i c k y t r a p s and p o l y ­
e t h y l e n e caps as d i s p e n s e r s . 
The p r e l i m i n a r y r e s u l t s show t h a t t r a p s w i t h m i x t u r e s of the f o u r 
u n s a t u r a t e d a c e t a t e s c o l l e c t e d as an average s l i g h t l y more males 
than t r a p s w i t h l i v e females d i d . Remarkably, m i x t u r e s of the two 
compounds found to be i n e f f e c t i v e by M i t c h e l l and D o o l i t t l e (44) 
caught o n l y s l i g h t l y fewer males than these two l i v e v i r g i n 
females d i d . 

W hile our most r e c e n t communication was i n p r e s s (45) , a 
p u b l i c a t i o n on the same s u b j e c t by Tumlinson, M i t c h e l l and Sonnet 
appeared (46). They i s o l a t e d 11 compounds from female Spodoptera 
e x i g u a , but t h e i r f i e l d t e s t s demonstrated t h a t a m i x t u r e of o n l y 
two of them, (Ζ,E)-9,12-tetradecadienyl a c e t a t e and the f r e e 
a l c o h o l , ( Z ) - 9 - t e t r a d e c e n o l , i n a r a t i o of 5:4, were needed f o r 
a t t r a c t a n c y . Such a m i x t u r e was e q u a l i n a c t i v i t y t o l i v e f e m a l e s , 
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t o the t o t a l hexane wash of females and t o a m i x t u r e of a l l 
11 compounds i n a t t r a c t i n g w i l d males i n the f i e l d . 

To o b t a i n a t t r a c t i o n comparable to t h a t of l i v i n g f e m ales, 
the a uthors used about 4 5 mg of t h e i r m i x t u r e i n p o l y e t h y l e n e 
v i a l s , which i n our o p i n i o n , i s an e x c e s s i v e l y h i g h dose. We 
always used doses below the 1 mg l e v e l . 

Table I I I compares the r e s u l t s o b t a i n e d by M i t c h e l l and 
D o o l i t t l e i n 1 9 7 6 ( 4 4 ) , by Tumlinson et a l . i n 1 9 8 1 ( 4 5 ) and by 
Persoons et a l . ( 4 6 7 7 I t l i s t s the 11 compounds found by 
Tumlinson e t a l . . Of the f i v e a c e t a t e s which we i n v e s t i g a t e d , 
f o u r were a l s o found by the o t h e r group. The r e s u l t s of the f i e l d 
t e s t s d i f f e r w i d e l y . Whereas M i t c h e l l and D o o l i t t l e found no 
a t t r a c t a n c y i n the two-component m i x t u r e , Bakers' f i e l d t e s t s 
found a s i m i l a r m i x t u r e t o be almost as a t t r a c t i v e as l i v e 
females. 

Very r e c e n t l y , Bake
Tumlinson e t a l . w i t h our four-component m i x t u r e i n f i e l d t e s t s 
near R i v e r s i d e . A l t h o u g h , due t o low p o p u l a t i o n d e n s i t i e s , the 
catches were r a t h e r poor, the r e s u l t s are c l e a r l y i n f a v o u r of 
the four-component m i x t u r e (Table I V ) . 

We c o n s i d e r a l l these f i e l d t e s t s s t i l l t o be p r e l i m i n a r y . 
They w i l l have t o be r e p e a t e d on a l a r g e r s c a l e and i n d i f f e r e n t 
l o c a t i o n s and c o u n t r i e s b e f o r e a complete p i c t u r e can be gained. 
The work on Spodoptera e x i g u a i n H o l l a n d was done i n c o l l a b o r a t i o n 
w i t h W.J. N o o i j e n of the D e l f t group and C. van der Kraan and 
S. Voermanof the I n s t i t u t e f o r P e s t i c i d e Research i n Wageningen. 
We a l s o g r a t e f u l l y acknowledge the f i e l d t e s t s by T.C. Baker- i n 
R i v e r s i d e and the s u g g e s t i o n s and c r i t i c a l comments by A.K. Minks 
of the I n s t i t u t e f o r P l a n t P r o t e c t i o n i n Wageningen. 
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Table I I I 

RESPONSE OF WILD SPODOPTERA EXIGUA MALES TO SYNTHETIC PHEROMONE 
IN POLYETHYLENE CAPS 

M i t c h e l l and 
D o o l i t t l e 1976 

Tumlinson 
et a l . 1981 

Persoons 
et a l . 1981 

mg mg 3 ? μΐ μΐ 4? μg pg 2? 
14:Ac 

(Z)-7-14:Ac 
(E)-9-14:Ac 
(Z)-9-14:Ac 

(Z)-11-14:Ac 
(Z,E)-9,12-14:Ac 
(Z,Z)-9,12-14:Ac 

14:OH 
(E)-9-14:OH 
(Z)-9-14:OH 

(Z,E)-9,12-14:OH 
(Z,Z)-9,12-14:OH 

+ 3

+ 7 5 

+ 
+ 
+ 

+ 25 25 
+ 
+ 
+ 
+ 20. 20 
+ 10 
+ 

+ 

(+) 

+ 450 600 
+22.5 

χ no. cr / t r a p / n i g h t 0.0 0.0 5.3 19.7 26.7 12.0 8.5 7.8 8.0 

+ compound d e t e c t e d 

Table IV 

RESPONSE OF A LOW POPULATION OF WILD SPODOPTERA EXIGUA MALES TO 
SYNTHETIC PHEROMONE IN POLYETHYLENE CAPS. 
COMPARATIVE FIELD TEST OF "TUMLINSON11 AND "PERSOONS" MIXTURES, 
TESTED BY BAKER 

Tumlinson Persoons 

μ8 μ8 
(Z)-9-14:Ac 600 200 1000 

(Z)-11-14:Ac 60 20 100 
(Z,E)-9,12-14:Ac 500 5000 400 200 750 
(Z,Z)-9,12-14:Ac 20 10 37.5 

(Z)-9-14:0H 400 4000 
χ no. d'/trap/night 0.4 0.0 1.8 2.0 1 .5 
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Development of Microencapsulated Pheromone 
Formulations 
D. R. HALL and B. F . NESBITT—Overseas Development Administration, 
Tropical Products Institute, London W C 1 X 8LU, England 

G . J . M A R R S and A . St. J. G R E E N — I C I Ltd., Plant Protection Division, 
Bracknell, Berkshire RG12 6EY, England 

D. G . C A M P I O N and B. R. CRITCHLEY—Overseas Development Administration, 
Centre for Overseas Pest Research, London W8 5SJ, England 

Microencapsulat ion provides a means of formulating 
synthet ic pheromone  fo  a p p l i c a t i o  t  la rg
in the c o n t r o l o
pheromone-mediate  Microencapsulate
formulations are easily manufactured by known methods 
of interfacial po lymer isa t ion , they can be appl ied 
to large areas wi th conventional spray equipment and 
they possess numerous va r i ab les that can be used to 
con t ro l the release characteristics. The phys ico-
chemical proper t ies of these formulations have been 
studied by determination of the r e s idua l amount of 
pheromone remaining af te r varying lengths of 
exposure: incorpora t ion of light-stable analogues 
in to the formulations and comparison of the r e su l t s 
from samples exposed to and shie lded from d i r e c t 
sunl ight showed that both pheromone and formulation 
suffered from degradation in sun l i gh t . Various 
types of ant ioxidant were tes ted , but only phenylene 
diamines were e f f ec t i ve in reducing the degradation . 
Ν,Ν ' -Disecondary phenylene diamines could not be 
encapsulated, but the corresponding N,N'-ditertiary 
de r iva t ives in combination wi th a dye + carbon b lack 
UV screener gave formulations wi th grea t ly improved 
stability in sun l i gh t . Such formulations of the 
pheromones of Pectinophora gossypiella and Spodoptera 
littoralis caused high l e v e l s of communication 
d i s rup t ion of these species in the field. 

Although pheromone t r a p s a re now w i d e l y used f o r m o n i t o r i n g 
i n s e c t p o p u l a t i o n s , the use o f s y n t h e t i c pheromones i n c o n t r o l 
of i n s e c t p e s t s by d i s r u p t i o n of pheromone-mediated communication 
has been much slo w e r t o develop, a t l e a s t i n p a r t because of the 
d i f f i c u l t i e s o f f o r m u l a t i o n . There a r e t h r e e main types o f 
f o r m u l a t i o n c u r r e n t l y a v a i l a b l e - h o l l o w f i b r e s , p l a s t i c 
l a m i n a t e s and m i c r o c a p s u l e s . For s e v e r a l y e a r s , the UK Overseas 
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Development A d m i n i s t r a t i o n and I C I L t d . have been i n v o l v e d i n a 
c o l l a b o r a t i v e p r o j e c t t o develop m i c r o e n c a p s u l a t e d f o r m u l a t i o n s 
of l e p i d o p t e r o u s sex pheromones f o r c o n t r o l of i n s e c t p e s t s by 
mating d i s r u p t i o n . 

M i c r o e n c a p s u l a t e d f o r m u l a t i o n s prepared by i n t e r f a c i a l 
p o l y m e r i s a t i o n were favou r e d f o r t h r e e main reasons : 

i ) they a r e e a s i l y manufactured on a l a r g e s c a l e u s i n g 
known te c h n o l o g y ( 1 ) ; 

i i ) they a r e e a s i l y a p p l i e d over l a r g e areas w i t h 
c o n v e n t i o n a l spray equipment; 

i i i ) they possess numerous v a r i a b l e s t h a t can be man­
i p u l a t e d t o c o n t r o l the r e l e a s e c h a r a c t e r i s t i c s 
( 2 ) , e.g. c a p s u l e w a l l t h i c k n e s s , c a p s u l e w a l l 
c o m p o s i t i o n , c a p s u l e s i z e and i n t e r n a l c o m p o s i t i o n . 

P e r s i s t e n c e S t u d i e s 

I n most of the work, the p h y s i c o c h e m i c a l b e h a v i o u r of the 
f o r m u l a t i o n s was s t u d i e d by gas chromatographic e s t i m a t i o n a t 
i n t e r v a l s of the r e s i d u a l pheromone r e m a i n i n g i n f o r m u l a t i o n s 
sprayed onto f i l t e r p a p ers. The l a t t e r were of the s i l i c o n e -
t r e a t e d " p h a s e - s e p a r a t i n g " type as these best s i m u l a t e d a l e a f 
s u r f a c e . When the f o r m u l a t i o n s were exposed i n a l a b o r a t o r y 
w i n d - t u n n e l t h e r e was l i t t l e pheromone l o s s o t h e r than by 
r e l e a s e , a t l e a s t f o r the monounsaturated a c e t a t e s used i n most 
of the p r e l i m i n a r y work, and such a n a l y s e s p r o v i d e d a c c u r a t e 
i n f o r m a t i o n on r e l e a s e r a t e s under these c o n d i t i o n s . However, 
use of t h i s t e c h n i q u e i n the f i e l d showed t h a t l o s s of pheromone 
was v e r y much more r a p i d than under comparable c o n d i t i o n s of 
temperature and windspeed i n the w i n d - t u n n e l ( 2 ) . These r e s u l t s 
were taken t o i n d i c a t e t h a t t h e r e was s i g n i f i c a n t l o s s of 
pheromone by d e g r a d a t i o n under f i e l d c o n d i t i o n s . 

The e x t e n t of pheromone d e g r a d a t i o n under f i e l d c o n d i t i o n s 
was i n v e s t i g a t e d w i t h a m i c r o e n c a p s u l a t e d f o r m u l a t i o n c o n t a i n i n g 
a s a t u r a t e d hydrocarbon and a c e t a t e (octadecane and t e t r a d e c y l 
a c e t a t e ( 1 4 : A c ) ) , the c o r r e s p o n d i n g monounsaturated hydrocarbon 
and a c e t a t e ((Z)-4-octadecene and ( Z ) - 9 - t e t r a d e c e n y l a c e t a t e 
(Z9-14:Ac)) and a d i u n s a t u r a t e d a c e t a t e ( ( Z , E ) - 9 , 1 1 - t e t r a d e c a -
d i e n y l a c e t a t e (ZE9,11-14:Ac)), chosen so t h a t a l l the components 
had s i m i l a r v o l a t i l i t i e s . On exposure t o s u n l i g h t , l o s s of the 
diene was more r a p i d than l o s s of the monounsaturated components 
which i n t u r n d i s a p p e a r e d f a s t e r than the s a t u r a t e d components 
( F i g . 1 ) . A l l components d i s a p p e a r e d a t a s i m i l a r , s l o w e r r a t e 
when s h i e l d e d from d i r e c t s u n l i g h t . 

Thus subsequent experiments were c a r r i e d out w i t h two 
impor t a n t m o d i f i c a t i o n s . 

i ) F o r m u l a t i o n s were sprayed onto f i l t e r p a p e r s, h a l f 
of which were exposed t o d i r e c t s u n l i g h t w h i l e the 
o t h e r h a l f were exposed t o the same c o n d i t i o n s of 
temperature, windspeed and h u m i d i t y , but s h i e l d e d 
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from d i r e c t s u n l i g h t ; r a t e s of disappearance of 
e n c a p s u l a t e d components i n exposed and s h i e l d e d 
samples were then compared, 

i i ) L i g h t - s t a b l e analogues were i n c o r p o r a t e d i n t o the 
f o r m u l a t i o n s , e.g. the c o r r e s p o n d i n g s a t u r a t e d 
a c e t a t e s i n f o r m u l a t i o n s of u n s a t u r a t e d a c e t a t e s . 

F i g u r e 2 shows the f o u r curves o b t a i n e d from such an 
experiment c a r r i e d out i n Egypt w i t h a p o l y u r e a m i c r o e n c a p s u l a t e d 
f o r m u l a t i o n of Z9-14:Ac and 14:Ac. The e x t e n t of d e g r a d a t i o n of 
the u n s a t u r a t e d Z9-14:Ac i s i n d i c a t e d by the d i f f e r e n c e between 
the curve f o r t h i s component and the c o r r e s p o n d i n g curve f o r the 
l i g h t - s t a b l e 14:Ac. In t h i s experiment - c f . F i g . 1 from an 
experiment c a r r i e d out i n London d u r i n g w i n t e r - t h e r e i s even 
s i g n i f i c a n t d e g r a d a t i o f th d  i  th
f o r m u l a t i o n s h i e l d e d fro
t o r e f l e c t e d l i g h t . Th
disappearance of the 14:Ac i n the exposed samples and t h a t f o r 
the s h i e l d e d samples i s a measure o f the d e g r a d a t i o n of the 
m i c r o c a p s u l e s themselves i n d i r e c t s u n l i g h t . 

S t a b i l i s e r S t u d i e s 

Rapid d e g r a d a t i o n of s i m p l e m o n o - o l e f i n s i n s u n l i g h t was 
unexpected as they show absorbance maxima w e l l below the 300 nm 
c u t - o f f observed f o r n a t u r a l s u n l i g h t . However, the e f f e c t was 
e a s i l y demonstrated by e x p o s i n g m i x t u r e s of u n s a t u r a t e d compounds 
and l i g h t - s t a b l e analogues as t h i n f i l m s i n open p e t r i d i s h e s and 
a n a l y s i n g the r e l a t i v e amounts of the two components r e m a i n i n g . 

V a r i o u s a n t i o x i d a n t s were t e s t e d i n t h i s system, i n c l u d i n g 
h i n d e r e d p h e n o l s , g a l l a t e e s t e r s and phenylene diamines. Only 
the l a t t e r had any s i g n i f i c a n t e f f e c t i n r e d u c i n g d e g r a d a t i o n , 
and the b e s t were those w i t h a d d i t i o n a l a r o m a t i c s u b s t i t u e n t s on 
n i t r o g e n . Table I shows the r e s u l t s of an experiment i n which 
m i x t u r e s of 1 mg each o f Z9-14:Ac and 14:Ac w i t h 0.2 mg o f the 
a n t i o x i d a n t were exposed as t h i n f i l m s i n open 4 cm-diameter 
p e t r i d i s h e s on the l a b o r a t o r y r o o f i n London. A f t e r exposure 
f o r 10 d a y l i g h t hours the amounts of Z9-14:Ac and 14:Ac r e m a i n i n g 
were determined by gas chromatography. The r a t i o between the 
amount of the u n s a t u r a t e d component and t h a t o f the s a t u r a t e d 
component r e m a i n i n g p r o v i d e s a measure o f the e x t e n t of the 
d e g r a d a t i o n of the former s i n c e t h e r a t e s of e v a p o r a t i o n o f the 
two components w i l l be s i m i l a r . A f i n a l r a t i o of 1.0 ( t h e 
s t a r t i n g r a t i o ) i n d i c a t e s no d e g r a d a t i o n , and a r a t i o o f 0.0 
i n d i c a t e s complete d e g r a d a t i o n of the u n s a t u r a t e d component 
d u r i n g the experiment. 

Of the c o m m e r c i a l l y - a v a i l a b l e phenylene diamines t e s t e d , the 
N , N f - d i p h e n y l compound i s an i n s o l u b l e , h i g h m e l t i n g - p o i n t , 
c r y s t a l l i n e s o l i d , whereas the u n s y m m e t r i c a l l y s u b s t i t u t e d 
N - p h e n y l - N f - ( 2 - o c t y l ) d e r i v a t i v e i s a l i q u i d , r e a d i l y m i s c i b l e 
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time (days) 

Figure 1. Exposure of unstabilized microcapsule formulation on TPI roof in 
London. Key: octadecane, 14:Ac, (O); (L)-4-octadecene, Z9-14:Ac, (/\); 

ZE9,11-14:Ac, (Πλ' and all components shielded, (%). 

5 1 0 1 5 2 0 
time (days) 

Figure 2. Exposure of unstabilized microcapsule formulation in Egypt. Key: 
Z9-14:Ac, exposed (À) and shielded (A); and 14:Ac, exposed (O) and shielded 
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TABLE I 
STABILISATION OF Z9-14:Ac BY VARIOUS PHENYLENE DIAMINE 

ANTIOXIDANTS e1 _ »2 

M X 
Η Η 

a n t i o x i d a n t 
,1 .2 Z9-14:Ac 
R R 14:Ac 

- C 8 H 1 7 " 8 1 7 ° -

-Ph " C 8 H 1 7 ° ' 9 0 

-Ph -Ph 0.92 

no a n t i o x i d a n t 0.47 

1 mg Z9-14:Ac + 1 mg 14:Ac + 0.2 mg 
a n t i o x i d a n t exposed i n open p e t r i d i s h e s 

on TPI r o o f f o r 10 d a y l i g h t hours 

w i t h t y p i c a l n o n - p o l a r pheromones. T h i s compound i s c o m m e r c i a l l y 
a v a i l a b l e as the a n t i o z o n a n t UOP 688, b u t , as a secondary amine, 
i t cannot be e n c a p s u l a t e d u s i n g i n t e r f a c i a l p o l y m e r i s a t i o n s i n c e 
i t r e a c t s w i t h one of the monomers. F u l l y s u b s t i t u t i n g the 
n i t r o g e n s i n the UOP 688 caused some r e d u c t i o n i n the s t a b i l i s i n g 
e f f e c t on pheromone d e g r a d a t i o n (Table I I ) , but the r e s u l t i n g 
t e r t i a r y amines c o u l d be e n c a p s u l a t e d and s t i l l r e t a i n e d u s e f u l 
s t a b i l i s i n g a c t i v i t y (Table I I I ) . 

A range of s u b s t i t u e n t s on n i t r o g e n was t e s t e d (Table IV) and 
a l l the d e r i v a t i v e s possessed s t a b i l i s i n g a c t i v i t y . F u r t h e r work 
was c a r r i e d out w i t h the Ν,Ν'-dimethyl compound as t h i s was most 
c o n v e n i e n t l y prepared (I) . 

V a r i o u s UV s c r e e n e r s were a l s o t e s t e d f o r t h e i r s t a b i l i s i n g 
a c t i v i t y , i n c l u d i n g hydroxybenzophenones, aminobenzoates, dyes 
and carbon b l a c k . Only combinations o f dyes and carbon b l a c k 
showed any e f f e c t , the b e s t b e i n g the c o m m e r c i a l l y - a v a i l a b l e 
Waxoline B l a c k (Table V ) . 
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TABLE I I 
STABILISATION OF Z9-14:Ac BY VARIOUS PHENYLENE DIAMINE 

ANTIOXIDANTS 
2 

Ph R Z 

, ) - < > < 3 
R R J 

a n t i o x i d a n t 
1 2 3 R R R amount 14: Ac 

Z9-14:Ac 

^ 3 
-CH 3 

-H -H " C 8 H 1 7 1 mg 0.75 

-H -H -Ph 1 mg 0.72 

no a n t i o x i d a n t 0.28 

1 mg Z9-14:Ac + 1 mg 14:Ac + a n t i o x i d a n t exposed i n 
open p e t r i d i s h e s on TPI r o o f f o r 20 d a y l i g h t hours 

TABLE I I I 

STABILISATION OF Z9-14:Ac BY Ν, Ν '-DIMETHYL UOP 688 

CH 0 CH„ 3 \ / = \ / 3 

8 H17 
> - 0 \ 

Ph C 0H 

Z9-14:Ac 
exposure time 14:Ac 

25 h r 0.92 
65 h r 0.78 

113 h r 0.60 
no a n t i o x i d a n t (25 h r ) 0.14 

1 mg Z9-14:Ac + 1 mg 14:Ac + 5 mg a n t i o x i d a n t 
exposed i n open p e t r i d i s h e s on TPI r o o f 
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TABLE IV 

STABILISATION OF Z9-14:Ac BY DERIVATIVES OF UOP 688 

R 1 R 2 

Ph C 8 H 1 7 

a n t i o x i d a n t 
,1 .2 Z9-14:Ac 
R R 14:Ac 

-H -H 0.92 

-ŒL -CH

-C 2H 5 -C 2H 5 0.89 

" C 1 0 H 2 1 " C 1 0 H 2 1 ° - 8 3 

-CH 2Ph -CH 2Ph 0.86 

-CH2CH=CH2 -CH2CH=CH2 0.89 

-CH(CH 3) 2 -CH 3 0.87 

-H -COCH3 0.60 

no a n t i o x i d a n t 0.07 

1 mg Z9-14:Ac + 1 mg 14:Ac + 1 mg a n t i o x i d a n t exposed 
i n open p e t r i d i s h e s on TPI r o o f f o r 60 d a y l i g h t hours 

TABLE V 
STABILISATION OF Z9-14:Ac 

Z9-14:Ac 
s t a b i l i s e r 14:Ac 

Waxoline B l a c k 0.82 
UOP 688 0.80 

no s t a b i l i s e r 0.38 

1 mg Z9-14:Ac + 1 mg 14:Ac + 1 mg s t a b i l i s e r exposed 
i n open p e t r i d i s h e s on TPI r o o f f o r 20 d a y l i g h t hours 
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Exposure T r i a l s 

The above s t u d i e s were c a r r i e d out u s i n g the s i m p l e , exposed 
t h i n - f i l m system. M i c r o e n c a p s u l a t e d f o r m u l a t i o n s o f Z9-14:Ac and 
14:Ac were made up c o n t a i n i n g t h e N,N T-dimethyl UOP 688 and/or 
Waxoline B l a c k , and t e s t e d i n exposure experiments i n Egypt. The 
Ν,Ν'-dimethyl UOP 688 al o n e s t a b i l i s e d t he pheromone but seemed 
to have l i t t l e e f f e c t on t h e d e g r a d a t i o n o f the c a p s u l e w a l l s 
( F i g . 3 ) , w h i l e the Waxoline B l a c k a l o n e had a g r e a t e r e f f e c t on 
the s t a b i l i t y of the c a p s u l e s than on t h a t of the pheromone 
( F i g . 4 ) . Combination of t h e two had a s y n e r g i s t i c e f f e c t on the 
s t a b i l i t i e s of the m i c r o c a p s u l e w a l l and the pheromone ( F i g . 5 ) . 

F i e l d T r i a l s 

S m a l l - s c a l e f i e l d t r i a l
e n c a p s u l a t e d f o r m u l a t i o n s were c a r r i e d out i n Egypt d u r i n g 1980 
on two c o t t o n .pests - p i n k bollworm, Peotinophora gossypiellay 

and the E g y p t i a n c o t t o n leafworm, Spodoptera l i t t o r a l i s . P l o t s 
of 10 m x 10 m were sprayed w i t h the f o r m u l a t i o n and t h e r e were 
t h r e e r e p l i c a t e s of each tr e a t m e n t . A p l a s t i c f u n n e l t r a p (3) 
b a i t e d w i t h s y n t h e t i c pheromone was p o s i t i o n e d a t the c e n t r e o f 
each p l o t . The e f f e c t i v e n e s s and p e r s i s t e n c e o f communication 
d i s r u p t i o n were measured by the r e d u c t i o n i n c a t c h e s of male 
moths i n the t r a p s i n the t r e a t e d p l o t s r e l a t i v e t o the c a t c h e s 
i n s i m i l a r t r a p s i n u n t r e a t e d , c o n t r o l p l o t s . 

R e d u c t i o n i n cat c h e s of P. gossypiella l a s t e d f o r about two 
weeks when the f o r m u l a t i o n of the pheromone (a 1:1 m i x t u r e o f 
(Z,£)- and (Ζ,Z)-7,11-hexadecadienyl a c e t a t e ) was a p p l i e d a t a 
l e v e l o f 5 gm a . i . per ha ( F i g . 6 ) . When the f o r m u l a t i o n was 
a p p l i e d a t 20 gm a . i . per ha, 97% or g r e a t e r r e d u c t i o n i n t r a p 
c a t c h e s was m a i n t a i n e d f o r a t l e a s t f o u r weeks even when moth 
ca t c h e s i n the u n t r e a t e d p l o t s were v e r y h i g h ( F i g . 7 ) . S i m i l a r 
r e s u l t s were o b t a i n e d w i t h a h o l l o w f i b r e f o r m u l a t i o n (4) o f the 
pheromone a p p l i e d a t s i m i l a r r a t e s by hand ( F i g s . 8 and 9 ) . 

The major component of the pheromone o f 5. l i t t o r a l e s i s the 
conjugated diene ( Z , # ) - 9 , 1 1 - t e t r a d e c a d i e n y l a c e t a t e which i s v e r y 
s u s c e p t i b l e t o d e g r a d a t i o n by heat and s u n l i g h t ( 5 ) . The m i c r o ­
e n c a p s u l a t e d f o r m u l a t i o n of t h i s d i e n e had t o be a p p l i e d a t the 
h i g h e r l e v e l of 40 gm a . i . per ha t o a c h i e v e complete d i s r u p t i o n 
( F i g . 1 0), a l t h o u g h t r i a l s w i t h improved f o r m u l a t i o n s i n 1981 
have reduced t h i s l e v e l . 

The pheromone of t h e r i c e stem b o r e r , Chilo suppressalis, i s 
a m i x t u r e o f two ald e h y d e s , (Z)-11-hexadecenal and ( Z ) - 1 3 - o c t a -
d e c e n a l . F i e l d - c a g e t r i a l s c a r r i e d out i n the P h i l i p p i n e s a t the 
I n t e r n a t i o n a l R i c e Research I n s t i t u t e showed t h a t t h e f u l l y 
s t a b i l i s e d m i c r o e n c a p s u l a t e d f o r m u l a t i o n s of these aldehydes 
p e r s i s t e d f o r over 30 days and v i r t u a l l y e l i m i n a t e d the l a y i n g o f 
f e r t i l e eggs d u r i n g t h i s p e r i o d ( 6 ) . 
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time (days) 

Figure 3. Exposure of microencapsulated formulation of Z9-14:Ac and 14:Ac 
containing Ν,Ν'-dimethyl UOP 688 in Egypt. Key: Z9-14:Ac, exposed (A) and 

shielded (Αλ' and 14:Ac, exposed (O) and shielded (Φ). 

time (days) 

Figure 4. Exposure of microencapsulated formulation of Z9-14:Ac and 14:Ac 
containing Waxoline Black in Egypt. Key: Z9-14:Ac, exposed (A) and shielded 

(A); and 14:Ac, exposed (O) and shielded (%). 
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1 . 1 1 1 

5 10 1 5 2 0 
time (days) 

Figure 5. Exposure of microencapsulated formulation of Z9-14:Ac and 14:Ac 
containing Ν,Ν'-dimethyl UOP 688 and Waxoline Black in Egypt. Key: Z9-14:Ac, 

exposed (A) and shielded (Αλ' and 14:Ac, exposed (O) and shielded (Φ). 

OH 
ι I ' ' 

0 
ι ' « 
5 

ι I I I I I I I 

1 0 1 5 
I I I I I I I I 

2 0 2 5 
days after spraying 

Figure 6. Communication disruption of Pectinophora gossypiella in 0.01 ha plots 
in Egypt with microencapsulated pheromone applied at 5 g a.i./ha. Key: control 

(O) and treatment (Φ). 
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Figure 8. Communication disruption of Pectinophora gossypiella in 0.01 ha plots 
in Egypt with (<NoMate PBW" hollow fibers applied at 4 fibers/m2 (5.6 g a.i./ha). 

Key: control (O) and treatment (%). 
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' ι I • ι I ι I I I ι ι I I I I I I ι I I I I I I I 1 I I I • I I I I I 
0 5 10 1 5 2 0 2 5 

days after application 

Figure 9. Communication disruption of Pectinophora gossypiella in 0.01 ha plots 
in Egypt with "NoMate PBW" hollow fibers applied at 16 fibers/m2 (22.4 g a.i./ha). 

Key: control (O) and treatment (%). 

0 5 1 0 1 5 
time (days) 

Figure 10. Communication disruption of Spodoptera littoralis in 0.01 ha plots in 
Egypt with microencapsulated (Z,E)-9,11-tetradecadienyl acetate applied at 40 g 

a.i./ha. Key: control (O) and treatment (%). 
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7 
Release Rates of Pheromones from 
Hollow Fibers 

J. W E A T H E R S T O N and M . A . G O L U B 
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M . H . B E N N 
University of Calgary, Department of Chemistry, Calgary, Alberta, T 2 N 1N4, Canada 

Following a review of methods used to measure 
the release rat
formulations tw
ratus are descr ibed. Results of release ra te 
studies obtained with the new apparatus are d i s ­
cussed. 

The increased use of pheromones to monitor and/or control 
insect pests i s d i r e c t l y related to the development of e f f i c a ­
cious controlled release formulations. In order for such f o r ­
mulations to be e f f e c t i v e i t i s necessary to know the rate of 
release of the pheromone and the longevity of the formulation. 
It has been noted (!_, 2) that the release rate of v o l a t i l e mate­
r i a l s appears to be related to the method used in the measure­
ment hence studies were undertaken to improve the methodology by 
which release rates are measured. 

Release Rate Methodology 

Although a more detai l e d overview of release rate methodol­
ogy has already been presented {3) 9 a b r i e f o u t l i n e of the meth­
ods currently being used i n t h i s laboratory i s i n order here. 
Release rate methodology can generally be divided into two cate­
gories: those methods which measure the amount of material re­
maining in the release device, c a l l e d residue analysis methods, 
and those methods which measure the amount of material being re­
leased, c a l l e d e f f l u e n t analysis methods. 

Residue Analysis Methods. Among the methods r o u t i n e l y used 
for residue analysis are determination of weight l o s s , extraction 
of the residue and quantitation of the extract by either gas 
chromatography or l i q u i d s c i n t i l l a t i o n counting, and measurement 
of the increase i n void space within a f i b e r with time, or menis­
cus regression method. 

0097-6156/ 82/0190-0145$06.00/ 0 
© 1982 American Chemical Society 
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While each of these methods has i t s own advantages and d i s ­
advantages a l l of the residue analysis methods are more rapid 
than e f f l u e n t analysis methods. 

Weight Loss. Of a l l the methods the weight loss method i s 
the most simple, requiring only the c a l c u l a t i o n of the difference 
in weight as a function of time. However, the method also has 
some serious disadvantages, the major one being that no q u a l i t a ­
t i v e information can be obtained about the a c t i v e ingredient. 
For example, changes i n the composition of the a c t i v e ingredient 
caused either by degradation of the pheromone or a change i n the 
r a t i o of components of a multicomponent formulation would not be 
detected by t h i s method. 

In p r a c t i c e , two other disadvantages have also been observ­
ed. For very slow releasing components i t has been found that 
the decrease i n weight
small to detect on the
of the release device i t s e l f . Secondly, adsorption or absorption 
of materials from the atmosphere by the release device i t s e l f can 
sometimes a c t u a l l y r e s u l t i n a weight gain with time. 

Meniscus Regression. The meniscus regression method i s 
comparable to the weight loss method i n i t s s i m p l i c i t y and rapid­
i t y . The increase i n the length of the void space between the 
open end of the hollow f i b e r and the meniscus of the column of 
l i q u i d i s measured p e r i o d i c a l l y using a Wilder Varibeam™ o p t i c a l 
comparator which has been described by Weatherston et. al_. (3). 
Since t h i s instrument can also be used to measure tïïê internFl 
diameter of the f i b e r , the volume and therefore the weight of 
material l o s t can be calculated as a function of time. 

This method can more e a s i l y be used to detect the vaporiza­
t i o n of very slow releasing pheromones than the weight loss meth­
od since the o p t i c a l comparator can detect changes i n length of 
+0.002 mm which represents less than 0.1 yg for most pheromones 
and f i b e r s . The method i s , however, l i m i t e d to transparent re­
lease devices i n which the release of pheromone can be d i r e c t l y 
related to a change i n the length or width of the space occupied 
by the pheromone, and l i k e the weight loss method, of f e r s no qual­
i t a t i v e information concerning the a c t i v e ingredient. 

Extraction and Quantification of the Residue. When gas chro­
matography i s used as the method of q u a n t i f i c a t i o n , extraction 
provides the most information of any of the residue analysis 
methods since both q u a l i t a t i v e and quantitative information can 
be obtained. In t h i s way any changes i n r a t i o s or the presence 
of degradation products i n the residue can also be detected. 

This method i s , however, the most time consuming of the res­
idue analysis methods. Other disadvantages are that the method i s 
destructive as once the pheromone has been extracted from the de­
v i c e , i t i s useless. Since examination of the residue at various 
time periods i s necessary to e s t a b l i s h a release rate t h i s neces­
s i t a t e s a large sample s i z e . 
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Some of the disadvantages of each method separately can be 
p a r t i a l l y overcome by employing a combination of methods. One 
such combination which has been used to good advantage i n t h i s 
laboratory has been that of meniscus regression to es t a b l i s h a re­
lease rate over a spe c i f i e d period i n combination with extraction 
at more widely spaced i n t e r v a l s to determine the composition of 
the residue. 

Major Pisadvantages of Residue Analysi s. In the foregoing 
discussion several advantages and disadvantages of the various 
methods have been discussed, but the most severe l i m i t a t i o n of 
the residue analysis methods has not been touched upon. That d i s ­
advantage i s that none of these methods provide any d i r e c t i n f o r ­
mation about ei t h e r the q u a l i t y or quantity of the material actu­
a l l y released. I f v o l a t i l e degradation products are produced
t h i s information would no
components a c t u a l l y release
material released i s the a c t i v e ingredient of any cont r o l l e d re­
lease system, t h i s lack of information i s a serious drawback to 
dependence on residue analysis for release rate determinations. 

Effluent Analysis Methods 

The e f f l u e n t analysis methods commonly employed may be cate­
gorized i n terms of a i r flow. One method measures the release of 
pheromone i n a closed apparatus i n which e s s e n t i a l l y no a i r move­
ment occurs while the second<method measures the release of phero­
mones into a stream of moving a i r . The f i r s t method has been 
c a l l e d the s t a t i c a i r method while the second has been c a l l e d the 
moving a i r method. 

While these methods both share the d i s t i n c t advantage of 
looking d i r e c t l y at the a c t i v e ingredient of the formulation they 
also share a number of disadvantages. Because of the small quan­
t i t i e s released, sample preparation techniques, can frequently be 
elaborate and therefore very time consuming. Since each step i n 
the preparation of a sample i s a potential source of e r r o r , t h i s 
increased complexity can also decrease the accuracy of the method. 
Considerations of t h i s type led t h i s laboratory to the use of l a ­
beled pheromones to decrease sample handling and to increase the 
quantitative accuracy, however, l i q u i d s c i n t i l l a t i o n counting does 
not provide q u a l i t a t i v e information about the labeled species. 

Effluent analysis methods require the use of e f f i c i e n t i n e r t 
trapping media to insure both quantitative trapping and quantita­
t i v e recovery of the released materials. And, f i n a l l y , e f f l u e n t 
analysis methods do not give any information about the residue 
with the r e s u l t that degradation of the formulation to nonvola­
t i l e components would be undetected. While t h i s might not a f f e c t 
the amount of material i n the atmosphere at a given time, i t cer­
t a i n l y would a f f e c t the longevity e s p e c i a l l y where the degradation 
was rapid. 
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S t a t i c A i r . The s t a t i c a i r method uses the more simple ap­
paratus of the two methods. The method and apparatus o r i g i n a l l y 
used i n these studies were adapted from those described by Baker 
et. a l . (4). A container, usually a round bottom or recovery 
f l a s k , equipped with a s u i t a b l e stopper and holding device for a 
f i b e r was assembled and incubated for a s p e c i f i e d time. As the 
pheromone was released from the f i b e r i t recondensed on the walls 
of the f l a s k from which i t could be recovered by washing with a 
s u i t a b l e solvent. The e f f i c i e n c y of glass as a trapping medium 
and the e f f i c i e n c y of recovery from the glass surface were estab­
l i s h e d over a range of conditions (5). Quantitation was e i t h e r by 
gas chromatography or l i q u i d s c i n t i l l a t i o n counting. The method 
has no special disadvantages other than those already discussed 
and the rate measurements seem to be unaffected by the s i z e of 
the f l a s k . 

Moving A i r Method g
most generally favored i n t h i s laboratory since i t most nearly 
simulates actual f i e l d conditions. The major disadvantage to 
t h i s method i s the p o s s i b i l i t y of breakthrough with very v o l a t i l e 
pheromones. The phenomenon can frequently be c o n t r o l l e d by v a r i ­
ation of the c o l l e c t i o n period employed. In practice breakthrough 
has not been a s i g n i f i c a n t problem with higher molecular weight 
pheromones even with c o l l e c t i o n periods of 24 hours. 

Pr a c t i c a l Considerations i n the Development of New Methodology 

It i s l o g i c a l to expect that when the release from a s i n g l e 
c o n t r o l l e d release device i s measured by two or more methods the 
r e s u l t s w i l l be comparable for a given set of conditions. The 
data l i s t e d i n Table I were c o l l e c t e d a f t e r measuring the release 
rate from hollow f i b e r s f i r s t by either the s t a t i c a i r or moving 
a i r methods and then by extracting and quantifying the residues 
from those same f i b e r s . Not only i s there no agreement between 
the rates determined by the two e f f l u e n t methods, but there i s 
also no agreement between the rates calculated by using two d i f ­
ferent methods on the same set of f i b e r s . 

Results such as those reported i n Table I are c l e a r l y un­
acceptable. I t was decided that the a i r f l o w method would u l t i ­
mately be the most accurate and the most v e r s a t i l e so the at­
tempts at improving the methodology began with a c r i t i c a l exami­
nation of the apparatus pictured i n Figure I. 

A close look at the e n t i r e apparatus revealed that the sur­
face area of the sample chamber was i n excess of 300 cm2 whereas 
the surface area of 15 g of glass beads, approximately the amount 
that would usually be i n a primary c o l l e c t o r , was only 182 cm2. 
When the fact that the released pheromone had to travel a distance 
of nearly 20 cm from the point of release to the point of entrap-
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Table I 

Release Rates of (Acetyl-I- 1^Cj-Gossyplure from Hollow Fibers 

Mean r a t e * C o e f f i c i e n t 
Method (yg/fiber/day) of V a r i a b i l i t y 

S t a t i c a i r 0.34 2.3 
Residue analysis (SA) 2.25 7.9 
Airf l o w 0.74 0.7 
Residue analysis (AF) 2.02 2.6 

*Mean of at le a s t 3 r e p l i c a t e s 

ment was taken into consideration  i  eviden
was a large area of glas
i t ever reached the c o l l e c t o r s . The decision was therefore made 
to redesign the a i r f l o w apparatus on a smaller scale and thus im­
prove i t s efficency. The redesigned unit i s shown i n Figure 2. 

Mini-Airflow Apparatus. In contrast to the o r i g i n a l appa­
ratus, i n which the aeration chamber was more than 20 cm long, 
the aeration chamber of the new unit i s only s l i g h t l y longer than 
the length of a sing l e f i b e r and the en t i r e apparatus, without 
the p r e f i l t e r , i s less than 12 cm i n length. Glass beads are 
again used as the trapping medium and are held i n place by a 
plug of s i l a n i z e d glass wool. 

During operation the f i b e r or f i b e r s are placed i n the aer­
ation chamber behind the p r e f i l t e r and the luer j o i n t i s attach­
ed to a vacuum pump through a flow regulator. A i r i s drawn 
through the apparatus at a rate of 1 l i t e r / m i n for s p e c i f i e d time 
periods. At the end of the s p e c i f i e d time the unit i s detached 
from the pump and inverted over a su i t a b l e receiver. The accumu­
lated pheromone i s removed from both the beads and the aeration 
chamber by forcing solvent through the apparatus, i n the d i r e c ­
t i o n opposite to the a i r movement, from a syringe attached to the 
luer j o i n t . For llfC labeled pheromones the apparatus i s washed 
with 3x7 ml of hexane and each wash i s c o l l e c t e d i n a separate 
s c i n t i l l a t i o n v i a l . 

Using t h i s miniaturized apparatus the release rate of 
(acetyl-1- C)ijossyplure was measured from hollow f i b e r s . A ran­
dom sample of nine f i b e r s was selected from which s i x were ex­
tracted to determine the i n i t i a l loading and the remaining three 
used for release rate measurements. These three f i b e r s were 
each placed separately i n a mini-air f l o w unit and the d a i l y re­
lease of (acetyl-l- l l*C)-gossyplure measured for 13 days. To de­
termine the r e l i a b i l i t y of the method these f i b e r s were then ex­
tracted and the recovery calculated by adding the amount of r e s i ­
due i n the f i b e r s to the t o t a l amount released. These r e s u l t s 
are shown i n Figure 3. The average recovery for the three f i -
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Figure 3. Release rate profile of the release of (acetyl-l-14C)-gossyplure from 
single hollow fibers. 
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bers i s 97.7% (+5%). This a b i l i t y to account for v i r t u a l l y a l l 
the pheromone o r i g i n a l l y present i s of utmost importance since i t 
indicates a quantitative recovery of pheromone from the apparatus 
and therefore an accurate measurement of the release rate. 

To determine the v e r s a t i l i t y of the apparatus for measuring 
release rates i n general, the release of (acetyl-l- l l +C)-gossy-
plure was measured from rubber septa, a pheromone release device 
frequently used i n f i e l d experiments. After 21 days of measure­
ments, the septa were extracted and any residual a c t i v i t y i n the 
apparatus was measured. The average recovery, deta i l e d i n Table 
I I , was 97% i n d i c a t i n g that the usefulness of the mi n i - a i r f l o w 
device was not l i m i t e d to hollow f i b e r s alone. 

Table II 

Recover
from Red Rubber Septa* 

ug Recovered 
Unit 1 Unit 2 

Cumulative release (21 days) 18.1 11.2 
From apparatus 0.3 0.5 
From septum 1049.4 1121.9 

Total 1067.8 1133.6 

Average i n i t i a l loading 1133 .3 

% Recovery 94 100 

•Purchased from A.H. Thomas Co., Ph i l a d e l p h i a , Pennsylvania 

Recovery of Aldehydes. While the general usefulness of the 
new apparatus apparently could e a s i l y be extended to release de­
vices other than hollow f i b e r s , the same was not true for phero­
mones containing aldehydes. The primary problem i n t h i s regard 
was an e r r a t i c recovery of aldehydes from glass. When hexane 
solutions containing known amounts of aldehyde were applied to 
the walls of glass f l a s k s s i m i l a r to those used i n the s t a t i c 
a i r measurements and the stoppered f l a s k s incubated overnight, 
the recovery of the aldehydes from ei t h e r s i l a n i z e d or unsilan-
ized f l a s k s was low and e r r a t i c as shown i n Table I I I . 

However, when I - 1 1 * C-(.Z)-9-hexadecenal was applied to the 
same type of f l a s k the recovery of r a d i o a c t i v i t y was 87% (+4%) 
from s i l a n i z e d and 88% (_+3%) from unsilanized f l a s k s . I t , there­
fo r e , appears that although some reaction or reactions occur 
which a l t e r the aldehydes so that they are, at present, not de­
tected by gas chromatography, these same reactions do not pre­
vent the reproducible recoyery of the lkC l a b e l . In a d d i t i o n , 
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when amounts of l- 1 I +C-(Z)-9-hexadecenal were applied d i r e c t l y to 
the walls of s c i n t i l l a t i o n v i a l s which were then incubated, the 
recoveries were also high. The data shown i n Table IV gives the 
recovery i n each of two 7 ml hexane washes, assayed spearately, 
and the amount remaining on the v i a l w a l l s . A change from hex­
ane to toluene was subsequently made to increase the counting 
e f f i c i e n c y . This change resulted i n recoveries of 92% (+2%) and 
95% (+2%) from s i l a n i z e d and unsilanized flasks r e s p e c t i v e l y . 

Table I I I 

Recovery of Aldehydes Recovered from Glass Flasks 

% Recovered 
S i l a n i z e d 1 Unsilanized 

Aldehyde Glas

(Z)-l1-Hexadecenal 15(+l2%) 2 81(+16%) 
(Ζ,Ζ)-Π,13-Hexadecadienal 24(+70%) 63(+45%) 
(Z)-9-Tetradecenal 21(+61%) 79(+l5%) 
xGlass was treated with hexamethyldisilazane. 
2The numbers i n parentheses are the c o e f f i c i e n t s of v a r i a b i l i t y 
of at l e a s t 7 recoveries. 

Table IV 

Recovery 1 of l- 1 4C-(Z)-9-Hexadecenal 
from S c i n t i l l a t i o n V i a l s 

% Recovered 
S i l a n i z e d 2 Unsilanized 

1st wash 69.2 78.7 
2nd wash 17.8 6.8 
Vial walls 2.0 2.1 

Total 89.0(+5%) 3 87.6(+2%) 
xMean of three r e p l i c a t e s recovered with hexane. 
2 V i a l s were treated with hexamethyldisilazane. 
C o e f f i c i e n t of v a r i a b i l i t y for t o t a l per cent recovered. 

M i n i - S t a t i c A i r . These foregoing r e s u l t s indicated that the 
use of a s c i n t i l l a t i o n v i a l as a s t a t i c a i r vessel might f a c i l ­
i t a t e the measurement of release rates for compounds which were 
d i f f i c u l t to recover from the more commonly used traps. With 
t h i s i n mind, several orientations of f i b e r s i n s c i n t i l l a t i o n 
v i a l s were experimentally tested u n t i l the one pictured i n Fig­
ure 4 was f i n a l l y adopted as being the most workable and repro-
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Figure 4. Mini-static air apparatus for measuring release rates of phi 
from hollow fibers. 
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ducible configuration. A series of such v i a l s were assembled 
and brought to thermal equilibrium. On a d a i l y basis the f i b e r 
was transferred to a new equi l i b r a t e d v i a l and incubated. Scin­
t i l l a t i o n c o c k t a i l was added to the old v i a l and the amount of 
pheromone released during the previous incubation period was de­
termined. The release rate of (acetyl-l- l z*C)-gossyplure measured 
in t h i s manner from three r e p l i c a t e s was found to be 2.27 yg/ 
fiber/day and the mean per cent recovery 106% based on an i n i t i a l 
assay of only 3 f i b e r s . 

Comparison of Mini-Airflow and S t a t i c A i r Methods 

The release rates of (acetyl-l- 1 I fC)-gossyplure shown i n 
Figure 3 have a mean value of 3.80 yg/fiber/day. When the mini-
a i r f l o w rate i s compared to the m i n i - s t a t i c a i r rate of 2.27 yg/ 
fiber/day, i t appears tha
surements by d i f f e r e n t
was before. Although the rates are s t i l l not i n agreement, 
there no longer i s any question of achieving an accurate mass 
balance at the end of a series of measurements by either method. 
Since a l l the pheromone can be accounted for by both the mini-
a i r f l o w and the m i n i - s t a t i c a i r methods, the differences appear 
to be related to the conditions of the experiments. 

The release of pheromone from hollow f i b e r s as described by 
Brooks (6) i s dependent upon several factors including the move­
ment of a i r past the open end of the f i b e r . In the min i - a i r f l o w 
apparatus the open end of the f i b e r i s i n a stream of constantly 
moving a i r so that any released pheromone i s immediately swept 
away from the end. In the s t a t i c a i r apparatus the only a i r 
moyement across the open end w i l l be as a r e s u l t of d i f f u s i o n . 
Consequently the concentration of pheromone i s more l i k e l y to 
build up at the open end of a f i b e r i n a s t a t i c a i r apparatus 
than at the open end of a f i b e r i n an a i r f l o w apparatus with the 
r e s u l t that the release rate i s lowered i n the s t a t i c a i r appa­
ratus. Work i s now i n progress to evaluate the e f f e c t of a i r 
speed on release rates. 

The methodology developed to date has led to a marked im­
provement i n the accuracy with which release rates can be mea­
sured from hollow f i b e r formulations. A careful combination of 
methods such as the combined use of the a i r f l o w and extraction 
methods discussed here with the appropriate combination of quan­
t i f i c a t i o n methods w i l l u l timately lead to a better understanding 
of the various factors a f f e c t i n g the release of materials from 
controlled release devices. 
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Evaluation of Controlled Release Laminate 
Dispensers for Pheromones of Several 
Insect Species 
B. A. LEONHARDT 
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Beltsville, M D 20705 
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Riverside, CA 92521 

Insect pheromones have been utilized i n 
de tec t ion , surveying  monitorin d con t ro l 
programs wi t
spec ies . Th  biologically 
ac t ive compounds requires that they be 
formulated in con t ro l l ed - re lease systems for 
prolonged biological effect iveness i n field 
programs. The laminate dispenser system holds 
an inner r e se rvo i r layer containing pheromone 
between polymer membranes; the type and 
thickness of the membrane cont ro ls the rate of 
re lease . Such laminates have been inves t iga ted 
for the con t ro l l ed release of the pheromones of 
corn earworm, tobacco budworm, gypsy moth, 
citrus mealybug, Comstock mealybug, and 
California red s ca l e . Data on the release rates 
from various laminate dispensers are presented. 

An i n t e n s e i n t e r e s t i n i n s e c t pheromones has been generated 
around the w o r l d i n the past few years as a p p l i c a t i o n s have been 
developed t o use these b i o l o g i c a l l y a c t i v e compounds t o d e t e c t , 
s u r v e y , monitor p o p u l a t i o n s and, i n some c a s e s , t o c o n t r o l the 
t a r g e t i n s e c t s . Pheromones have been i d e n t i f i e d f o r c a . 250 
i n s e c t s p e c i e s (1) most of which are L e p i d o p t e r a . Many of these 
compounds or blends of compounds have been used as b a i t s i n 
survey or m o n i t o r i n g t r a p s t o d e t e c t o r e s t i m a t e i n s e c t 
p o p u l a t i o n s ; some have a l s o been s u c c e s s f u l l y a p p l i e d f o r mass 
t r a p p i n g of males and as mating d i s r u p t a n t s i n i n s e c t c o n t r o l 
programs. 

L e p i d o p t e r a n pheromones g e n e r a l l y c o n t a i n 10-20 carbon 
atoms w i t h a s i n g l e oxygenated f u n c t i o n a l group such as a c e t a t e , 
a l c o h o l o r aldehyde; most have one or more s i t e s of 
u n s a t u r a t i o n . The compounds are q u i t e v o l a t i l e , and some, 
p a r t i c u l a r l y the aldehydes, a r e u n s t a b l e i n a i r . A l l of these 
f a c t o r s c o n t r i b u t e t o the need to f o r m u l a t e the pheromones i n a 
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Published 1982 American Chemical Society. 
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p r o t e c t i v e c o n t r o l l e d - r e l e a s e system b e f o r e they can be f u l l y 
and e c o n o m i c a l l y u t i l i z e d i n f i e l d programs f o r m o n i t o r i n g 
p o p u l a t i o n s or d i s r u p t i n g mating. 

Over the y e a r s , many types of such c o n t r o l l e d - r e l e a s e 
f o r m u l a t i o n s have been e v a l u a t e d , such as c o t t o n w i c k s , rubber 
s e p t a , p o l y e t h y l e n e i n v a r i o u s forms, c i g a r e t t e f i l t e r s , p l a s t i c 
t a b l e t s , c o r k , wax, m o l e c u l a r s i e v e , e t c . (2). I n r e c e n t y e a r s , 
commercial p r o d u c t i o n of c o n t r o l l e d - r e l e a s e f o r m u l a t i o n s has 
p r o v i d e d an economical and r e p r o d u c i b l e source of pheromone 
d i s p e n s e r s and s m a l l p a r t i c l e s f o r a e r i a l d i s p e r s i o n . At the 
pr e s e n t t i m e , many of the i n s e c t pheromone programs i n v o l v i n g 
c o m m e r c i a l l y produced, c o n t r o l l e d - r e l e a s e p r o d u c t s use one of 
the f o r m u l a t i o n s l i s t e d i n Tab l e I . 

A p p l i c a t i o n 
Type M a n u f a c t u r e r D i s p e n s e r s S p r a y a b l e 

G e l a t i n M i c r o c a p s u l e s Eurand America X 
( f o r m e r l y N a t i o n a l 
Cash R e g i s t e r Corp.) 
Dayton, OH 

P o l y u r e a M i c r o c a p s u l e s I m p e r i a l Chemical X 
I n d u s t r i e s , L t d . , 
B r a c k n e l l B e r k s h i r e 
England 

S t a u f f e r Chemical Co. X 
Richmond, CA 

Hol l o w P l a s t i c F i b e r s Albany I n t e r n a t i o n a l X X 
Needham, MA 

Polymer Laminates Hereon D i v . H e a l t h - X X 
Chem. Corp. 
New York, NY 

Rubber Septa Zoecon Corp., P a l o X 
A l t o , CA 

Memb rane/Res e rvo i r Bend Research, I n c . X 
Bend, OR 

A number of the f o r m u l a t i o n s c o n t a i n i n g pheromones have now been 
r e g i s t e r e d by the E n v i r o n m e n t a l P r o t e c t i o n Agency f o r s p e c i f i c 
use i n i n s e c t management programs. 

F o r c o n t r o l l e d - r e l e a s e f o r m u l a t i o n s to be e f f e c t i v e and 
eco n o m i c a l , t h e y must r e l e a s e most of t h e i r pheromone d u r i n g the 
f l i g h t season of the t a r g e t i n s e c t . Too r a p i d a r e l e a s e would 
n e c e s s i t a t e c o s t l y r e t r e a t m e n t , and too slow a r e l e a s e would be 
w a s t e f u l of expensive pheromone by l e a v i n g a s i g n i f i c a n t amount 
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of pheromone i n the formulation after the insect season. The 
development of a suitable formulation for a given compound or 
group of compounds always requires a consideration of the 
mechanism of release of the lure from the formulation and also a 
determination of the rate at which the pheromone i s emitted 
under a given set of conditions. 

The emission from a controlled-release formulation i s 
generally limited by a diffusion process which i s controlled by 
the concentration gradient across a barrier to free emission and 
the parameters of the barrier i t s e l f (3). The rate of release 
follows approximate zero order kinetics i f the concentration 
gradient remains constant; i . e . , the rate i s independent of the 
amount of material remaining i n the formulation except near 
exhaustion. A large reservoir of pheromone i s generally used to 
attai n a zero order release
to follow f i r s t order kinetics
depends on the amount of pheromone remaining. With f i r s t order 
k i n e t i c s , In [C Q/C] « kt where C Q i s the i n i t i a l concentration 
of pheromone, C i s the residual pheromone content at time t, and 
k i s the rate of release. When C = 1/2 C Q, the h a l f - l i f e , t j / 2 , 
of the formulation i s 0.693/k. Discussions of the theoretical 
basis for release rates appear elsewhere (4-7) 

The emission of a pheromone from a controlled-release 
formulation can depend on the diffusion through holes in the 
matrix or on the penetration of the compound through a wall or 
membrane by absorption, solution and di f f u s i o n (8). Thus 
variation i n the parameters of the formulations, such as f i l m 
thickness, p a r t i c l e size, solvent, pore dimensions, etc., alters 
the release rate. The design of the formulation must therefore 
take into account the effect of each variable on the emission 
rate i n order to develop a system that i s effective during the 
appropriate cycle of the target insect. 

Evaluation of a formulation design i s best done under f i e l d 
conditions where the impact of environmental conditions such as 
sun, wind, ra i n and humidity can affect the release rate. 
However, such f i e l d experiments are very costly and normally 
cannot be used to screen a large number of formulations. 
Therefore, laboratory methods have been developed to compare and 
evaluate formulations under a fixed set of conditions. One 
laboratory method involves aging of the formulations in a 
chamber maintained at conditions that approximate those i n the 
f i e l d . Air passing through a chamber containing the dispenser 
carries the emitted pheromone into an adsorbant trap for 
subsequent analysis. In another method, the amount of pheromone 
released from a formulation stored i n a s t a t i c a i r container at 
a given temperature i s determined. In a third method, 
comparisons of residual pheromone i n formulations are made by 
weight-loss measurements. This procedure, however, suffers from 
two sign i f i c a n t drawbacks: 1) precise measurement of weight i s 
required, since t y p i c a l l y the pheromone loss i s i n the mg range, 
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and 2) changes i n weight caused by f a c t o r s o t h e r than pheromone 
l o s s (such as m o i s t u r e a b s o r p t i o n ) must be m i n i m i z e d . Both of 
these problems can be e l i m i n a t e d by s o l v e n t e x t r a c t i o n of the 
pheromone from the f o r m u l a t i o n f o l l o w e d by gas chromatographic 
measurement of r e s i d u a l pheromone. A d i s c u s s i o n of the v a r i e t y 
of methods f o r comparison of f o r m u l a t i o n s i s presented elsewhere 
Ç2). 

With the f o r m u l a t i o n s d e s c r i b e d here (namely the l a m i n a t e 
d i s p e n s e r s ) , we had p r e v i o u s l y determined t h a t the same p a t t e r n 
of r e l e a s e was o b t a i n e d by e i t h e r of two methods of 
measurement: c o l l e c t i o n of pheromone e m i t t e d under c o n t r o l l e d 
c o n d i t i o n s of temperature and a i r speed ( j ^ , 10) o r d e t e r m i n a t i o n 
of r e s i d u a l l u r e content by e x t r a c t i o n and gas chromatographic 
(GC) a n a l y s i s . S i n c e the l a t t e r method i s s i m p l e and r a p i d and 
p r o v i d e s r e p r o d u c i b l e dat
i t was used to o b t a i n th

F o r m u l a t i o n s 

Our L a b o r a t o r y a t the U.S. Department of A g r i c u l t u r e has 
been i n v o l v e d i n pheromone r e s e a r c h f o r over 10 years and has 
i d e n t i f i e d and s y n t h e s i z e d such b i o l o g i c a l l y a c t i v e compounds 
f o r many i n s e c t s p e c i e s . As a n a t u r a l f o l l o w u p to those 
i d e n t i f i c a t i o n s and s y n t h e s e s , we have e v a l u a t e d c o n t r o l l e d -
r e l e a s e f o r m u l a t i o n s of the pheromones f o r a p p l i c a t i o n i n 
m o n i t o r i n g and mating d i s r u p t i o n programs. I n e a r l y a i r -
permeation s t u d i e s , we u t i l i z e d a v a r i e t y of s u b s t r a t e s , such as 
paper, c o r k , and m o l e c u l a r s i e v e s (11) as m a t r i c e s f o r 
d i s p e r s i o n of d i s p a r l u r e i n the gypsy moth, L y m a n t r i a d i s p a r 
( L . ) , program. L a t e r , m i c r o c a p s u l e s , h o l l o w f i b e r s and l a m i n a t e 
f l a k e s (11-16) c o n t a i n i n g pheromone (see Table I ) were sprayed 
i n mating d i s r u p t i o n programs f o r the gypsy moth and the 
o r i e n t a l f r u i t moth, G r a p h o l i t a m o l e s t a ( B u s c k ) . For m o n i t o r i n g 
o r survey t r a p s c o n t a i n i n g pheromone as b a i t , the d i s p e n s e r s we 
used i n i t i a l l y were c o t t o n w i c k s t r e a t e d w i t h the l u r e p l u s a 
v o l a t i l i t y e xtender ( 1 7 ) , but we began u s i n g c o m m e r c i a l l y 
produced l a m i n a t e d i s p e n s e r s (18, 19) as they became a v a i l a b l e 
i n the mid 1970's· Since t h a t time, we have t e s t e d d i s p e n s e r s 
c o n t a i n i n g pheromones f o r a v a r i e t y of i n s e c t s and have 
determined t h e i r r e l e a s e r a t e s (2^ 9_9 20, 21). 

I n t h i s paper, I w i l l d e s c r i b e r e s u l t s o b t a i n e d i n t h e 
c o n t i n u a t i o n of t h i s work w i t h the l a m i n a t e f o r m u l a t i o n s . The 
l a m i n a t e s c o n s i s t of an i n n e r l a y e r t h a t c o n t a i n s the pheromone 
p l u s l a m i n a t i n g r e s i n s and o u t e r l a y e r s made of p o l y m e r i c 
membranes. The l u r e d i f f u s e s from the i n n e r r e s e r v o i r through 
the membrane l a y e r s and evaporates from the polymer s u r f a c e . At 
the pheromone c o n c e n t r a t i o n s t h a t we have e v a l u a t e d , the r e l e a s e 
r a t e g e n e r a l l y f o l l o w s f i r s t o r d e r k i n e t i c s , w i t h the r a t e 
p r o p o r t i o n a l to the c o n c e n t r a t i o n of l u r e . The parameters of 
the p o l y m e r i c membrane, i n c l u d i n g t h i c k n e s s and backbone 
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s t i f f n e s s , and the n a t u r e of the pheromone i t s e l f ( m o l e c u l a r 
weight and p o l a r i t y ) c o n t r o l the r a t e of r e l e a s e ( 8 ) . I n 
a d d i t i o n , we found t h a t the s i z e of the l a m i n a t e f l a k e or 
d i s p e n s e r a l s o can a l t e r the e m i s s i o n r a t e s i n c e some l u r e 
escapes from the edges of the l a m i n a t e as w e l l as from the top 
and bottom polymer l a y e r s ( 9 ) . 

E v a l u a t i o n 

The f o r m u l a t i o n s were aged i n a l a b o r a t o r y , a greenhouse, 
or outdoors f o r 6 t o 12 weeks. P e r i o d i c a l l y , samples were 
removed and e x t r a c t e d w i t h hexane or 20% acetone i n hexane; the 
e x t r a c t s were a n a l y z e d by GC on a Hewlett Packard (Avondale, PA) 
model 5830A i n s t r u m e n t f i t t e d w i t h an auto sampler (model 
7671A). The column wa
100/120 mesh S u p e l c o p o r
column temperature and program c o n d i t i o n s v a r i e d w i t h the 
pheromone being measured. The measured l u r e c o n t e n t s were 
expressed as percent based on the s t a r t i n g weight of the 
d i s p e n s e r or as mg per u n i t a r e a of d i s p e n s e r . 

H e l i o t h i s S p e c i e s 

A number of i n s e c t s p e c i e s , i n c l u d i n g c o r n earworm, 
H e l i o t h i s zea ( B o d d i e ) , and tobacco budworm, H e l i o t h i s v i r e s c e n s 
( F . ) , c o n t a i n C ^ and C,, aldehydes ( C ^ a l and C 1 6 a l ) i n t h e i r 
pheromone b l e n d s ( 2 2 , 23;. The r e l e a s e r a t e of a C ^ a l would be 
expected to be h i g h e r than t h a t of a C ^ a l because or the 
m o l e c u l a r weight d i f f e r e n c e . A m i x t u r e c o n t a i n i n g 10% 
n - t e t r a d e c a n a l ( C ^ a l ) i n ( Z ) - l l - h e x a d e c e n a l [ O O - l l - C ^ a l ] 
was f o r m u l a t e d i n f o u r l a m i n a t e s , each made from a d i f f e r e n t 
type of p o l y m e r i c membrane as the top and bottom l a y e r s : v i n y l , 
M y l a r R - c o a t e d v i n y l , a c r y l i c , and r i g i d v i n y l f i l m . (The 
s a t u r a t e d C , a ° O 1 was used as a model because of a v a i l a b i l i t y . ) 
The t o t a l alaehyde content was a p p r o x i m a t e l y 2.3 mg per cm z of 
l a m i n a t e ; 0.7% ( o f the pheromone weight) of 2 , 6 - d i - t e r t - b u t y l - 4 -
methylphenol (BHT) was added as an a n t i o x i d a n t . Table I I g i v e s 
the t h i c k n e s s of the polymers. 
The l a m i n a t e s were cut i n t o 3 x 3 and 13 χ 13 mm d i s p e n s e r s 
which were then aged i n 2 l o c a t i o n s : w i t h i n a greenhouse i n 
Maryland (mean temperature c a . 32°C) and outdoors i n Texas 
[daytime max. temp i n low 20's (°C) and min. temp i n low 10's 
(°C)]. Some d i s p e n s e r s were coated w i t h a f i l m of RA-1645 
ad h e s i v e (Monsanto Corp., S t . L o u i s , MO) as used i n a e r i a l 
a p p l i c a t i o n s , i n o r d e r t o determine the e f f e c t of the a d h e s i v e 
on the r e l e a s e r a t e . At r e g u l a r i n t e r v a l s , sample d i s p e n s e r s 
were e x t r a c t e d (20% acetone i n hexane) and the C ^ and 
aldehyde c o n t e n t s were measured by GC. F i g u r e 1 shows a t y p i c a l 
p l o t of % aldehyde vs days aged i n the Maryland greenhouse. The 
amount of l u r e r e l e a s e d d u r i n g the a g i n g p e r i o d was determined 
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Figure 1. Loss of tetradecanal (CHal) and (Z)-ll-hexadecenal (C16al) from Mylar-
coated vinyl laminate dispensers aged in a greenhouse. Key: Cual (Φ) and C16al 
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from comparison of the amounts c o n t a i n e d i n i t i a l l y ( a t t Q ) vs 
those r e m a i n i n g a f t e r a g i n g . The h a l f - l i v e s , t ^ / 2 , w ^ r e 
c a l c u l a t e d from the f i r s t o r d e r r a t e e q u a t i o n and these t ^ 2 

v a l u e s f o r the d i s p e n s e r s are g i v e n i n Table I I . 

Table I I 
Release of T e t r a d e c a n a l ( C ^ ) and ( Z ) - l l - H e x a d e c e n a l ( C ^ ) 

from Laminate D i s p e n s e r s 

D i s p e n s e r t\/2 Values (days) 
Polymer F i l m S i z e Greenhouse Aging F i e l d Aging 

Type m i l mm C 1 4 ° a l C 1 6 l a l C 1 4 ° a l C 1 6 l a l 

V i n y l 
V i n y l 
R i g i d V i n y l 
R i g i d V i n y l 
M y l a r R / V i n y l 
M y l a r R / V i n y l 
A c r y l i c 
A c r y l i c 

4 3 x
4 1
4 3 x 3 
4 13 χ 13 

0.5/2 3 x 3 
0.5/2 13 χ 13 
6 3 x 3 
6 13 χ 13 

10 15 
^55 ~55 
12 14 
39 31 
18 25 

>60 >60 

14 12 
>60 ^55 

6 6 
11 10 
18 15 

>60 >60 

These da t a i l l u s t r a t e s e v e r a l c h a r a c t e r i s t i c s of the 
l a m i n a t e d i s p e n s e r s . The s m a l l e r 3 χ 3 mm d i s p e n s e r s r e l e a s e 
pheromone c o n s i d e r a b l y f a s t e r than the 13 χ 13 mm d i s p e n s e r s , 
due to the escape of l u r e from the edges or p e r i m e t e r of the 
l a m i n a t e ; the r a t i o of edge to top and bottom s u r f a c e a r e a f o r 
t h e 3 χ 3 mm d i s p e n s e r s i s 12 mm edge:18 mm a r e a and f o r the 13 
χ 13 mm d i s p e n s e r s i s 52 mm:338 mm2. T h i s e f f e c t has been 
r e p o r t e d e a r l i e r ( 9 ) . The i n c r e a s e d s t i f f n e s s of the polymer 
backbone i n r i g i d v i n y l appears to reduce the e m i s s i o n of the 
aldehydes i n comparison to the f l e x i b l e v i n y l of the same (4 
m i l ) t h i c k n e s s . A M y l a r c o a t i n g s i g n i f i c a n t l y reduces the 
d i f f u s i o n through the v i n y l membrane, and the a c r y l i c polymer i s 
the l e a s t permeable of the 4 types t e s t e d . The r e l e a s e of both 
aldehydes was s i m i l a r f o r a l l of the f i e l d - a g e d d i s p e n s e r s and 
f o r the greenhouse-aged M y l a r - c o a t e d v i n y l ; on the o t h e r hand, 
the v i n y l and r i g i d v i n y l d i s p e n s e r s aged i n the greenhouse 
r e l e a s e d C , ^ a l f a s t e r than C ^ a l . T h i s i s an important 
c o n s i d e r a t i o n when one i s d e s i g n i n g a f o r m u l a t i o n to r e l e a s e a 
c o n s t a n t r a t i o of a blend of pheromone components t h a t d i f f e r i n 
m o l e c u l a r w e i g h t . 

S i n c e aldehydes are r e a d i l y o x i d i z e d i n a i r t o the 
c o r r e s p o n d i n g a c i d s , the e x t r a c t s of the d i s p e n s e r s were a l s o 
a n a l y z e d f o r C j ^ a c i d (GC u s i n g a 10% AT-1000 column at 
250°C). No a c i d was d e t e c t e d i n d i s p e n s e r s aged as l o n g as 8 
weeks; based on known q u a n t i t i e s of C ^ a c i d , l e s s than 5%, i f 
any, of the aldehyde o r i g i n a l l y present i n the d i s p e n s e r had 
o x i d i z e d to a c i d . Thus, the combination of polymer l a m i n a t e 
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p l u s BHT gave adequate p r o t e c t i o n of the aldehyde f u n c t i o n . The 
c o a t i n g of RA-1645 s t i c k e r had no s i g n i f i c a n t e f f e c t on the 
r e l e a s e of the aldehydes. 

I n another experiment, a m i x t u r e of C^°al ( 5 % ) , ( Z ) - l l -
C ^ a l (90%) and ( Z M l - C ^ o l [ ( Z , ) - l l - h e x a d e c e n - l - o l ] (5%) was 
i n c o r p o r a t e d i n t o 3 o t h e r types of l a m i n a t e d i s p e n s e r s a t 
a p p r o x i m a t e l y 1.6 mg/cm2; BHT was a g a i n added as an 
a n t i o x i d a n t . The a l c o h o l was i n c l u d e d s i n c e i t i s a component 
of the pheromone of the tobacco budworm. The l a m i n a t e s were c u t 
i n t o 4 χ 20 mm d i s p e n s e r s and a g a i n were aged i n 2 l o c a t i o n s : 
a t room temperature i n a l a b o r a t o r y i n Maryland and outdoors i n 
A r i z o n a (October-December). At s e l e c t e d i n t e r v a l s , sample 
d i s p e n s e r s from each l o c a t i o n were e x t r a c t e d and GC a n a l y s e s 
performed f o r a l l 3 components as w e l l as f o r a c i d formed 
through o x i d a t i o n . A g a i n
the f o r m u l a t i o n s . The
aged d i s p e n s e r s are g i v e n i n Table I I I . 

Table I I I 
Release of T e t r a d e c a n a l , ( Z ) - l l - H e x a d e c e n a l , and 

(Z)-11-Hexade cen-1-ο1 

r-1/2 Values 
Polymer F i l m L a b o r a t o r y Age3 F i e l d 

Type m i l C 1 4°al C ^ a l C ^ o l C 1 4°al C ^ a l C ^ o l 

A c r y l i c 3 13 23 >30 6 10 
V i n y l 2 3 12 13 3 6 8 
P o l y m e r i c PVC 16 10 36 » 3 0 5 29 >30 

The l o n g e r t ^ 2 v a l u e s f o r the l a b o r a t o r y - a g e d samples 
r e f l e c t the lower average temperature and a i r movement i n the 
l a b o r a t o r y as compared to the f i e l d s i t u a t i o n . As expected, the 
v i n y l l a m i n a t e r e l e a s e d the aldehydes much too r a p i d l y but c o u l d 
be s u i t a b l e f o r the a l c o h o l component. The a c r y l i c l a m i n a t e 
might a l s o be u s e f u l f o r the a l c o h o l . The p o l y m e r i c PVC and 
a c r y l i c l a m i n a t e s produced a g r e a t e r d i f f e r e n c e i n the r e l e a s e 
of t h e C ^ and C ^ aldehydes than d i d the M y l a r - c o a t e d v i n y l 
d i s p e n s e r s e v a l u a t e d i n the p r e v i o u s t e s t . I f the i n s e c t 
b e h a v i o r r e q u i r e s t h a t a l l of the components of the pheromone 
ble n d be r e l e a s e d i n a c o n s t a n t r a t i o and a r a t e p r o p o r t i o n a l t o 
t h e i r o r i g i n a l c o n c e n t r a t i o n , then i t i s l i k e l y t h a t the a l c o h o l 
would have to be be f o r m u l a t e d i n one d i s p e n s e r ( e . g . i n 3 ~ m i l 
a c r y l i c ) and t h e C ^ a l and C ^ a l i n another ( e . g . i n M y l a r -
coated v i n y l ) . Both of the d i s p e n s e r s c o u l d then be deployed at 
each l o c a t i o n i n the f i e l d . 
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Gypsy Moth 

The gypsy moth sex a t t r a c t a n t , d i s p a r l u r e [ ( c i s ) - 7 , 8 - e p o x y -
2-methyloctadecane], was one of the f i r s t pheromones to be 
e v a l u a t e d i n a l a m i n a t e d i s p e n s e r ( 1 9 ) * S i n c e 1975, a l l of the 
USDA survey t r a p s f o r m o n i t o r i n g gypsy moth p o p u l a t i o n s have 
u t i l i z e d t h i s type of d i s p e n s e r . In the mid-1970's, 25 mg of 
racemic d i s p a r l u r e i n a 25 χ 25 mm d i s p e n s e r (2-9 m i l , v i n y l 
polymer) ser v e d as the b a i t i n the survey t r a p s ; however, once 
the more a t t r a c t i v e s y n t h e t i c , o p t i c a l l y a c t i v e ( + ) - d i s p a r l u r e 
became a v a i l a b l e i n l i m i t e d q u a n t i t i e s , the survey d i s p e n s e r s 
were reduced i n b o t h s i z e and l u r e c o ntent to conserve l u r e and 
t o reduce the c o s t . D i s p e n s e r s made from 2 - m i l v i n y l f i l m were 
e v a l u a t e d i n the f o l l o w i n g s i z e s and l u r e c o n t e n t s : 1 χ 100 mm 
d i s p e n s e r s c o n t a i n i n g 0.12
d i s p a r l u r e , 4 χ 25 mm d i s p e n s e r
1.76 mg, and 16 χ 19 mm d i s p e n s e r s c o n t a i n i n g 0.46, 1.60 and 
2.65 mg. The d i s p e n s e r s were aged outdoors i n June and J u l y , 
1979 i n Maryland and samples were e v a l u a t e d a f t e r 0, 9 and 34 
days of a g i n g . The r a t e of l o s s of l u r e was independent of 
c o n c e n t r a t i o n w i t h i n the l a m i n a t e but d i d v a r y w i t h d i s p e n s e r 
shape. The 1 χ 100 mm d i s p e n s e r s w i t h maximum edge or p e r i m e t e r 
r e l a t i v e to s u r f a c e a r e a l o s t 46% of the l u r e i n the 34 days 

= ^ d a y s ) . The 16 χ 19 mm d i s p e n s e r s w i t h the l e a s t 
amount of edge r e l a t i v e t o a r e a l o s t o n l y 33% (t\/2 = 58 d a y s ) , 
w h i l e the 4 χ 25 mm d i s p e n s e r s gave an i n t e r m e d i a t e l o s s of 36% 
( t ^ / 2 = 53 days) over the same 34-day p e r i o d . 

On the b a s i s of t h i s t e s t as w e l l as the i n s e c t response t o 
v a r i o u s d i s p e n s e r b a i t s , the 4 χ 25 mm s i z e d i s p e n s e r s were 
chosen f o r use i n survey t r a p s . The amount of s y n t h e t i c (+)-
d i s p a r l u r e a v a i l a b l e has d i c t a t e d a c o n c e n t r a t i o n of 0.5 - 1.0 
mg of l u r e per d i s p e n s e r . 

D i s p a r l u r e has a l s o been used i n mating d i s r u p t i o n 
experiments s i n c e the e a r l y 1970's and many of these experiments 
have demonstrated t h a t mating of t e t h e r e d females c o u l d be 
reduced by 90% or b e t t e r i n p l o t s t r e a t e d w i t h c o n t r o l l e d -
r e l e a s e f o r m u l a t i o n s of 20-50 g of racemic l u r e per h e c t a r e 
( 1 2 ) . One s u c c e s s f u l d i s p a r l u r e f o r m u l a t i o n f o r a e r i a l 
a p p l i c a t i o n has been the l a m i n a t e d i s p e n s e r chopped i n t o s m a l l 
f l a k e s and c o a t e d w i t h a d h e s i v e ; a s p e c i a l apparatus has been 
d e s c r i b e d f o r the a p p l i c a t i o n of these f l a k e s (see l a t e r 
c h a p t ers i n t h i s symposium by Plimmer et a l . and Kydoneieus e t 
a l . ) . Based on the r e l e a s e d a t a o b t a i n e d w i t h d i s p e n s e r s , the 
s m a l l f l a k e s , which have a h i g h amount of p e r i m e t e r or edge 
r e l a t i v e to t h e i r s u r f a c e a r e a , whould be expected t o l o s e l u r e 
at a f a s t e r r a t e than l a r g e r d i s p e n s e r s made of the same 
l a m i n a t e . 

Gypsy moth mating d i s r u p t i o n t e s t s i n Maryland and New 
J e r s e y i n 1979 u t i l i z e d i r r e g u l a r l y shaped f l a k e s made of 3 - m i l 
v i n y l f i l m ; the s i z e of the f l a k e s ranged from 5-40 mm 2 , w i t h 
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an average s i z e of about 9 mm . These l a m i n a t e f l a k e s were 
s l u r r i e d i n RA-1645 adhesive and d i s p e r s e d by a i r c r a f t . The 
l u r e content was measured p e r i o d i c a l l y i n f l a k e s r e c o v e r e d from 
spray p l o t s , and the t w 2 was found to be about 59 days. 

F o r 1980 t e s t s i n Maryland, an e f f o r t was made to r e l e a s e a 
g r e a t e r amount of the l u r e d u r i n g the peak f l i g h t p e r i o d of the 
i n s e c t by r e d u c i n g the s i z e of the f l a k e s . The l a m i n a t e ( a g a i n 
3-mil v i n y l f i l m ) was chopped i n t o 2.4 χ 2.4 mm squares (5.7 
mm 2). The t w o , as measured from the l u r e c o n t e n t s of r e c o v e r e d 
f l a k e s , had o n l y dropped to 53 days. 

S i n c e a s t i l l s h o r t e r t , y 2 was d e s i r e d , the s i z e of 
the f l a k e s was reduced t o 1.9 mm2 (0.8 χ 2.4 mm) f o r the 1981 
t e s t s i n W i s c o n s i n and M i c h i g a n ; the 3 - m i l v i n y l f i l m was a g a i n 
used as the top and bottom l a y e r s of the l a m i n a t e . The a n a l y s i s 
of r e c o v e r e d f l a k e s gav  i  W i s c o n s i
46 days i n M i c h i g a n ; t h i
needs, e s p e c i a l l y when
f l a k e s would be somewhat f a s t e r a t the warmer temperatures 
encountered i n E a s t e r n s t a t e s such as Maryland. 

C i t r u s I n s e c t s 

I n 1980, we r e p o r t e d the s t r u c t u r e of the Cornstock 
mealybug, Pseudococcus cornstocki (Kuwana), pheromone as 2,6-
d i m e t h y l - l , 5 - h e p t a d i e n - 3 - o l a c e t a t e (24, 25) and i n 1981, we 
i d e n t i f i e d the pheromone of the c i t r u s mealybug, Planococcus 
c i t r i ( R i s s o ) , as ( l R - c i s ) - ( + ) - 2 , 2 - d i m e t h y l - 3 - ( 1 -
m e t h y l e t h e n y l ) c y c l o b u t a n e m e t h a n o l a c e t a t e ( 2 6 ) . Both of these 
pheromones have been s y n t h e s i z e d and are c u r r e n t l y b e i n g used as 
b a i t s i n monitor t r a p s i n C a l i f o r n i a and Texas. These compounds 
are more v o l a t i l e than the pheromones f o r most o t h e r i n s e c t s and 
t h e r e f o r e f o r m u l a t i o n s f o r c o n t r o l l e d r e l e a s e need to be 
m o d i f i e d from those d e s c r i b e d e a r l i e r . 

The o p t i c a l l y a c t i v e c i t r u s mealybug (CIMB) pheromone was 
i n t i a l l y f o r m u l a t e d i n l a m i n a t e d i s p e n s e r s (13 χ 13 mm) made of 
9-mil v i n y l and 16-mil p o l y m e r i c PVC f i l m s . The d i s p e n s e r s , 
c o n t a i n i n g 1 mg of pheromone, were aged outdoors i n C a l i f o r n i a 
i n l a t e 1980 a t temperatures r a n g i n g from 27-38°C i n the day and 
7-16°C o v e r n i g h t . A n a l y s i s f o r r e s i d u a l pheromone showed t h a t 
over 98% of the l u r e was r e l e a s e d by the v i n y l d i s p e n s e r s i n the 
f i r s t week ( t ^ 2 = 2 d a y s ) , w h i l e the p o l y m e r i c PVC f o r m u l a t i o n s 
gave a slower r e l e a s e w i t h a t , / 2 of 11 days. 

I n a second t e s t conducted to e v a l u a t e a d i s p e n s e r t h a t 
would r e l e a s e l u r e more s l o w l y , the CIMB pheromone was 
f o r m u l a t e d i n both 16-mil p o l y m e r i c PVC and 3-mil a c r y l i c 
f i l m s . The d i s p e n s e r s (50 χ 12 mm), c o n t a i n i n g 10 mg of 
pheromone, were aged i n a greenhouse i n C a l i f o r n i a a t 
temperatures r a n g i n g from 21 t o 36°C. An a l y s e s f o r r e s i d u a l 
l u r e content over a 7-week p e r i o d gave t ^ y 2 v a l u e s of 19 days 
f o r the p o l y m e r i c PVC and 44 days f o r the a c r y l i c d i s p e n s e r s . 
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A f i n a l t e s t to develop the best l a m i n a t e d i s p e n s e r f o r 
CIMB pheromone a g a i n compared the 3-mil a c r y l i c vs 16-mil 
p o l y m e r i c PVC d i s p e n s e r s c o n t a i n i n g 1 mg of pheromone. In t h i s 
experiment, these samples were aged outdoors i n C a l i f o r n i a 
d u r i n g the summer of 1981 (daytime temperatures of about 32-39°C 
and evening temperatures of 15-21°C). Rubber s e p t a ( 5 x 9 mm, 
A.H. Thomas, P h i l a d e l p h i a , PA) impregnated w i t h 1.2 mg of 
pheromone were a l s o i n c l u d e d i n the e v a l u a t i o n . The a n a l y s e s 
f o r r e s i d u a l l u r e of the 13 χ 13 mm d i s p e n s e r s gave t w 2 v a l u e s 
of 42 days f o r the a c r y l i c , 23 days f o r the polymer PVC and j u s t 
3 days f o r the rubber s e p t a d i s p e n s e r s . These v a l u e s a r e i n 
ve r y good agreement w i t h the v a l u e s o b t a i n e d w i t h greenhouse-
aged d i s p e n s e r s . 

A s i m i l a r s e t of experiments was conducted f o r the 
development of a la m i n a t
(COMB) pheromone. I n i t i a l l y
v o l a t i l i t y and p o l a r i t y s i m i l a r t o t h a t of the pheromone, was 
used as a model and was i n c o r p o r a t e d i n 3 types of l a m i n a t e 
d i s p e n s e r s ; 16-mil p o l y m e r i c PVC, 6-mil a c r y l i c and 9-mil v i n y l 
f i l m s were used. D i s p e n s e r s (13 χ 13 mm) c o n t a i n i n g 2.7 mg of 
compound were aged i n a greenhouse i n C a l i f o r n i a a t temperatures 
r a n g i n g from 21-36°C and then a n a l y z e d . The 2 - o c t y l a c e t a t e 
c o n t e n t s gave t ^ ^ v a l u e s of 1 day f o r the 9-mil v i n y l , 8 days 
f o r the 16-mil p o l y m e r i c PVC and g r e a t e r than 40 days f o r the 
6-mil a c r y l i c f i l m . On the b a s i s of t h i s experiment, the 9-mil 
v i n y l and the 6-mil a c r y l i c f i l m s were e l i m i n a t e d from 
c o n s i d e r a t i o n . 

A second t e s t compared 50 χ 12 mm d i s p e n s e r s made of 
t h i n n e r a c r y l i c f i l m ( 3 - i n s t e a d of 6-mil) w i t h those of 16-mil 
p o l y m e r i c PVC; each d i s p e n s e r c o n t a i n e d about 10 mg of s y n t h e t i c 
racemic pheromone. These were aged i n a C a l i f o r n i a greenhouse 
as i n the p r e v i o u s t e s t , and the l u r e c o n t e n t s were measured 
weekly f o r a 6-week p e r i o d . The a n a l y s e s showed s i m i l a r 
v a l u e s f o r the 2 f o r m u l a t i o n s : 16 days f o r the 16-mil p o l y m e r i c 
PVC and 18 days f o r the 3-mil a c r y l i c d i s p e n s e r s . 

The f i n a l d i s p e n s e r e v a l u a t i o n w i t h COMB pheromone a g a i n 
compared d i s p e n s e r s made of 3-mil a c r y l i c f i l m w i t h those of 16-
m i l p o l y m e r i c PVC; the 13 χ 13 mm l a m i n a t e d i s p e n s e r s each 
c o n t a i n e d 1 mg of racemic pheromone. A l s o i n c l u d e d i n t h i s t e s t 
were rubber s e p t a b a i t e d w i t h 1 mg of compound. A l l of the 
d i s p e n s e r s were aged outdoors i n C a l i f o r n i a a t temperatures 
r a n g i n g from 32-39°C i n the daytime to 15-21°C o v e r n i g h t . 
Analyses of r e s i d u a l l u r e c o n t e n t s showed a t ^ / ? of j u s t 2 days 
f o r the rubber s e p t a and a p p r o x i m a t e l y 15 days f o r the 16-mil 
p o l y m e r i c PVC l a m i n a t e ; the 3-mil a c r y l i c d i s p e n s e r s l o s t 
pheromone so s l o w l y t h a t t^/2 c o u l d not be measured, but i t was 
much g r e a t e r than 70 days. On the b a s i s of these t e s t s , 
l a m i n a t e d i s p e n s e r s made of 16-mil p o l y m e r i c PVC were s e l e c t e d 
f o r t he COMB m o n i t o r i n g program and have been s u c c e s s f u l l y used 
i n 1980 and 1981. 
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The C a l i f o r n i a red scale, Aonidiella aurantii (Maskell), 
is another important pest of citrus for which the pheromone has 
been i d e n t i f i e d (27); although the pheromone consists of 2 novel 
components: 3-methyl-6-isopropenyl-9-decen-l-yl acetate (I) and 
ÇZ)-3-methyl-6-isopropenyl-3,9-decadien-l-yl acetate ( I I ) , only 
compound I i s used i n the monitoring program for Ca l i f o r n i a red 
scale (CSR) males. In an effo r t to evaluate laminate dispensers 
for use i n the CRS program, compound I was formulated i n 
dispensers made of 4- and 9-mil v i n y l and 16-mil polymeric PVC 
fi l m . Dispensers (50 χ 12 mm) containing approximately 10 mg of 
I were aged i n a C a l i f o r n i a greenhouse (21-36°C) and analyzed 
peri o d i c a l l y for pheromone content. The t j y 2 values obtained 
were 3 days for the 4-mil v i n y l , 5 days for the 9-mil v i n y l and 
18 days for the 16-mil polymeric PVC films. 

A second evaluatio
release of CRS pheromon
polymeric PVC laminates containing 1 mg i n 13 χ 13 mm 
dispensers, following outdoor aging i n C a l i f o r n i a (32-39°C i n 
the daytime and 15-21°C overnight). Rubber septa baited with 
0.1, 1.0 and 10 mg of I were also included i n the test. As i n 
the previous test, the laminate of 9-mil v i n y l f i l m released the 
pheromone very quickly ( t ^ / 2

 = 3 days) and was thus judged 
unsuitable for controlled release i n the CRS program. The t ^ 2 

values for the rubber septa ( a l l 3 loadings) and the 16-mil 
polymeric laminate were similar, approximately 40 days. The 
analyses showed, however, that the rubber septa lost l i t t l e , i f 
any, lure beyond the 40-50 day aging period; this was 
pa r t i c u l a r l y true of the lower loadings (0.1 and 1 mg) and 
suggests that some of the pheromone i s i r r e v e r s i b l y "tied-up" 
within the septa. This i s not a problem with the polymeric PVC 
laminate; pheromone continued to be released, even after 98 days 
of f i e l d aging. 

As i n the case of the Cornstock and cit r u s mealybug 
pheromones, the release data for the Ca l i f o r n i a red scale 
pheomone showed that the laminate formulation made with 16-mil 
polymeric PVC f i l m gave a long-lasting and suitable dispenser 
for the monitoring program. The results of these dispenser 
evaluations are summarized for citrus insect pheromones i n Table 
IV. 

Summary 

The evaluation of laminate dispensers based on lure 
contents of aged samples has shown that the release rate for a 
given pheromone can be widely altered by formulation i n various 
types of polymer membranes of d i f f e r i n g thicknesses. The 
and C^£ aldehyde pheromones are chemically stable i n the 
laminate, and a laminate can be selected for these aldehydes to 
give a h a l f - l i f e , t]/o> from 1 to 8 weeks, depending on the 
duration of bi o l o g i c a l effectiveness needed. The C ^ alcohol i s 
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r e l e a s e d much more s l o w l y than the c o r r e s p o n d i n g aldehydes. 
S m a l l l a m i n a t e f l a k e s (0.8 χ 2.4 mm) of 3-mil v i n y l f i l m g i v e 
e f f e c t i v e r e l e a s e of gypsy moth pheromone throughout the f l i g h t 
season i n mating d i s r u p t i o n experiments. The pheromones of 
th r e e c i t r u s p e s t s , Cornstock mealybug, c i t r u s mealybug and 
C a l i f o r n i a r e d s c a l e , can each be f o r m u l a t e d i n 16-mil p o l y m e r i c 
PVC l a m i n a t e d i s p e n s e r s f o r e f f e c t i v e use i n m o n i t o r i n g 
programs. The data p r e s e n t e d i n t h i s paper can be used as a 
guide to s e l e c t i n g a p p r o p r i a t e l a m i n a t e f o r m u l a t i o n s of o t h e r 
i n s e c t pheromones. 

Table IV 
Release of Pheromones f o r C i t r u s I n s e c t s 

Pheromone 
o f 1 

Aging 
Conditions'^ V i n y l V i n y l A c r y l i c A c r y l i c PVC Septa 

CIMB I <2 11 
CIMB I I 44 19 
CIMB I I I 42 23 3 
COMB IV 1 >40 8 
COMB I I 18 15 
COMB I I I >70 15 2 
CRS I I 3 5 22 
CRS I I I 3 αΛΟ %40 

1) CIMB = c i t r u s mealybug; COMB = Comstock mealybug; CRS = 
C a l i f o r n i a r e d s c a l e . 

2) C o n d i t i o n s : I = 13 χ 13 mm d i s p e n s e r s w i t h 1 mg of 
pheromone, aged outdoors (days 27-28°C; n i g h t s 7-16°C) 

I I = 12 χ 50 mm d i s p e n s e r s w i t h 10 mg of 
pheromone, aged i n greenhouse (21-36°C) 

I I I = 13 χ 13 mm d i s p e n s e r s w i t h 1 mg of 
pheromone, aged outdoors (days 32-39°C; n i g h t s 15-21°C) 

IV = 13 χ 13 mm d i s p e n s e r s w i t h 2.7 mg of 2-
o c t y l a c e t a t e (not the pheromone), aged i n greenhouse 
(21-36°C) 

Mention of a p r o p r i e t a r y product does not c o n s t i t u t e endorsement 
by the U n i t e d S t a t e s Department of A g r i c u l t u r e . 
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Formulations and Equipment for Large Volume 
Pheromone Applications by Aircraft 

A . F . K Y D O N I E U S , J. M. G I L L E S P I E , M . W. B A R R Y , and J. WELCH— 
Hercon Division, Health-Chem Corporation, New York, NY 10010 

T. J . H E N N E B E R R Y — U . S . Dept. of Agriculture, Western Cotton Research 
Laboratory, Phoenix, AZ 85040 

B . A . L E O N H A R D T — U . S . Dept. of Agriculture, Beltsville Agricultural 
Research Laboratory, Beltsville, MD 20705 

The U.S. Environmental Protection Agency has 
issued Registrations and Experimental Use 
Permits for seve
pheromone formulation
population suppression by mating disruption of 
pink bollworm, gypsy moth, western pineshoot 
borer, peachtree borer, spruce budworm, artichoke 
plume moth, and tobacco budworm. Application 
rates range from 13 to 220 grams of flakes/acre 
with 1.5 to 10 grams pheromone (active ingredient) 
/acre, flake sizes from 1/32 to 1/4 inch, and 
duration of effectiveness from 2 weeks to 4 
months. Special equipment was designed to apply 
all of the flake sizes from aircraft at any rate 
from 10 to 300 grams/acre. The equipment features 
ease of application, 300-acre capacity/mission, 
and quick clean-up and turnaround, all of which 
are cr i t i ca l for commercial acceptance. Acrylic 
emulsion stickers, compatible with the dispensing 
machinery, were developed for use with the flake; 
the stickers do not appreciably alter pheromone 
release rates. Illustrations of mating disruption 
are presented. 

During t h e past s e v e r a l y e a r s , t h e r e have been numerous 
r e p o r t s d e s c r i b i n g the d i s r u p t i o n of mating of important i n s e c t 
p e s t s by permeating the a i r w i t h minute amounts of pheromone. 
I n t h i s approach, pheromone-emitting p a r t i c u l a t e s a r e b r o a d c a s t 
onto c r o p s r e q u i r i n g p r o t e c t i o n from i n s e c t s ; the pheromone 
e n t e r s the atmosphere above t h e c r o p , and i n s e c t s f i n d them­
s e l v e s u n a b l e t o f o l l o w the pheromone t r a i l s t h a t n o r m a l l y l e a d 
them t o a mate. The r e s u l t : a sharp drop i n m a t i n g , g r e a t l y 
reduced r e p r o d u c t i o n , and fewer of t h e i n s e c t p e s t s t o contend 
w i t h i n the f u t u r e . 
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The advantages of t h i s t e c h n i q u e , when p r o p e r l y used, a r e 
i m p r e s s i v e . Pheromones a r e g e n e r a l l y n o n t o x i c and o n l y s m a l l 
amounts per u n i t a r e a a r e r e q u i r e d . W i t h pheromones, l e s s 
i n s e c t i c i d e i s needed t o manage i n s e c t p e s t p o p u l a t i o n s , t h e r e b y 
d e c r e a s i n g i n s e c t i c i d e c o s t s and r e d u c i n g i n s e c t i c i d e r e s i d u e s 
t o a minimum. Perhaps even more i m p o r t a n t , the decreased l e v e l 
of i n s e c t i c i d e r e q u i r e d t o m a i n t a i n c o n t r o l p e r m i t s t h e bene­
f i c i a l i n s e c t s t o p e r s i s t i n g r e a t e r numbers, a l l o w i n g them t o 
a s s i s t i n r e s t r i c t i n g the p r o l i f e r a t i o n of the t a r g e t e d i n s e c t 
s p e c i e s . 

There a r e o t h e r advantages, t o o . W i t h lower l e v e l s of 
i n s e c t i c i d e , w i l d l i f e a r e not apt t o be a f f e c t e d and e n v i r o n ­
mental problems a s s o c i a t e d w i t h p e s t i c i d e use, e.g., groundwater 
c o n t a m i n a t i o n and p e s t i c i d e t r a n s l o c a t i o n , w i l l d e f i n i t e l y be 
d i m i n i s h e d or e l i m i n a t e d

The p o t e n t i a l reward
s e v e r a l y e a r s , prompte  companie
development of a commercial t e c h n o l o g y f o r a p p l y i n g t h e phero­
mone d i s r u p t a n t , t h e r e b y h a s t e n i n g t h e day when t h i s important 
t e c h n i q u e can be f u l l y e x p l o i t e d as a s a f e r and more e f f i c i e n t 
means of pest c o n t r o l . 

S i g n i f i c a n t f e a t u r e s of each company 1s system a r e 1) t h e 
method (or f o r m u l a t i o n ) used t o r e l e a s e t h e s y n t h e t i c c h e m i c a l 
d i s r u p t a n t i n t o the atmosphere, and 2) t h e equipment and a d j u n c t 
m a t e r i a l f o r a p p l y i n g t h e pheromonal f o r m u l a t i o n t o t h e crop 
r e q u i r i n g p r o t e c t i o n . 

I n t h i s p r e s e n t a t i o n , we d e s c r i b e t h e system developed by 
Hereon D i v i s i o n o f Health-Chem C o r p o r a t i o n , New York, New Y o r k 
lOOlOw 

The Hereon Method f o r C o n t r o l l i n g Pheromone Release 

The Hereon d i s p e n s e r i s a p a t e n t e d 3 - l a y e r p l a s t i c l a m i n a t e 
w i t h t h e pheromone i n t h e i n n e r l a y e r (1) ( F i g u r e 1) . I t can 
be f a b r i c a t e d i n a v a r i e t y of s i z e s and shapes; e.g., as s m a l l 
squares g e n e r a l l y f o r use as t h e a t t r a c t a n t i n t r a p s , or when 
used as a mating d i s r u p t a n t , as a f l a k e (square o r oblong) i n 
s i z e s r a n g i n g from 1/32 t o h i n c h ( F i g u r e 2 ) . I n cases r e ­
q u i r i n g g r e a t e r r a t e s of pheromone r e l e a s e , t h e l a m i n a t e may 
even be ground t o a powder. 

When th e d i s p e n s e r s a r e exposed, t h e pheromone g r a d u a l l y 
d i f f u s e s out t h r o u g h the o u t e r l a y e r s of t h e l a m i n a t e and i s 
t h e r e b y s l o w l y r e l e a s e d t o t h e atmosphere i n a manner s i m i l a r t o 
t h a t of an i n s e c t s e c r e t i n g i t s l u r e i n t o t h e a i r to a t t r a c t a 
mate. S i n c e most pheromones a r e p o t e n t , v e r y l i t t l e pheromone 
i s needed, and t h e d i s p e n s e r s can f r e q u e n t l y c o n t a i n enough 
pheromone t o l a s t an e n t i r e season. L o c a t i o n of t h e b u l k of t h e 
pheromone i n t h e i n n e r l a y e r of t h e p l a s t i c p r o t e c t s i t from 
d e g r a d a t i o n by l i g h t , a i r and weather. T h i s f e a t u r e can be 
important because some pheromones a r e r a t h e r u n s t a b l e ( e . g . , a l ­
dehydes), and they have t o be p r o t e c t e d u n t i l r e l e a s e d , 
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Protective Plastic Barrier 

Active Agent 
Reservoir Layer 

Figure 1. The Hereon Disrupt pheromone dispenser. Controlled amounts of 
active agent move from reservoir layer to surface and subsequent diffusion. 

Figure 2. Types of Hereon controlled release dispensers. Key: A, sheet; B, strip 
or tape; C, wafer; D, confetti; and E, granules or powder. 
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e s p e c i a l l y s i n c e d e g r a d a t i o n p r o d u c t s have been found t o n u l l i f y 
a t t r a c t i o n of c e r t a i n pheromones (2) ( 3 ) . 

A key f e a t u r e of t h e Hereon d i s p e n s i n g system i s the ease 
of r e g u l a t i n g t h e pheromone e m i s s i o n r a t e from t h e d i s p e n s e r . 
Thus, t h e e m i s s i o n r a t e may be a d j u s t e d by v a r y i n g one o r more 
of a v a r i e t y of parameters ( 4 ) : 1) t h i c k n e s s of o u t e r l a y e r s of 
t h e d i s p e n s e r s , 2) pheromone c o n c e n t r a t i o n per u n i t a r e a of t h e 
d i s p e n s e r , 3) s i z e (area) o f t h e d i s p e n s e r , 4) amount of f l a k e 
a p p l i e d per a c r e , 5) t h e polymer used t o f a b r i c a t e t h e d i s p e n s e r , 
and/or 6) polymer s t i f f n e s s . D u r a t i o n of e f f e c t i v e n e s s may a l s o 
be extended by i n c r e a s i n g t h e t h i c k n e s s of the i n n e r l a y e r of 
t h e d i s p e n s e r , i n e f f e c t i n c r e a s i n g t h e s i z e o f t h e pheromone 
r e s e r v o i r of each f l a k e . 

I n a d j u s t i n g e m i s s i o n r a t e s , t h e i n h e r e n t v o l a t i l i t y of a 
c h e m i c a l i s t a k e n i n t o account  For example  a compound w i t h 
an 18-carbon c h a i n w i l
s i m i l a r compound w i t h a
equal amounts of each of t h e compounds r e l e a s e d per u n i t t i m e , 
we would have t o make the o u t e r l a y e r s of t h e d i s p e n s e r much 
t h i n n e r f o r t h e 18-carbon compound tha n f o r t h e more v o l a t i l e 
12-carbon one ( o t h e r t h i n g s b e i n g e q u a l ) . 

Hereon I n s e c t Pheromone M a t i n g - D i s r u p t a n t P r o d u c t s 

Hereon D i v i s i o n of Health-Chem C o r p o r a t i o n has been awarded 
r e g i s t r a t i o n s or e x p e r i m e n t a l use p e r m i t s by t h e U.S. E n v i r o n ­
mental P r o t e c t i o n Agency f o r mating d i s r u p t a n t p r o d u c t s f o r t h e 
f o l l o w i n g i n s e c t s p e c i e s . 
A r t i c h o k e Plume Moth 
Gypsy Moth 
Pea c h t r e e B o r e r 
P i n k Bollworm 
Spruce Budworm 
Tobacco Budworm 
Western P i n e s h o o t B o r e r 

T y p i c a l f o r m u l a t i o n s and 
d i s r u p t a n t p r o d u c t s developed 
a r e d i s c u s s e d below under t h e 

F l a k e 
S t i c k e r 
D i s p e n s i n g Equipment 

As has been noted i n v e r y e a r l y work on t h e t e c h n i q u e o f 
mating d i s r u p t i o n w i t h pheromones ( 5 ) , t h e t e c h n i q u e works 
best when a p p l i e d b e f o r e i n s e c t p o p u l a t i o n s b u i l d up, e.g., 
e a r l y i n t h e season, or w i t h l o w - l e v e l p o p u l a t i o n s . Use of 
pheromone-mating d i s r u p t a n t s d i r e c t l y a g a i n s t h i g h i n s e c t 
p o p u l a t i o n s i s not recommended. However, i n s e c t p o p u l a t i o n s 
t h a t a r e a l r e a d y h i g h a r e brought t o low l e v e l s w i t h i n s e c t i ­
c i d e s b e f o r e a p p l y i n g t h e pheromone-mating d i s r u p t a n t . P o p u l a ­
t i o n l e v e l s may t h e n be h e l d low by c o n t i n u e d use of t h e mating 

P l a t y p t i l i a c a r d u i d a c t y l a 
L y m a n t r i a d i s p a r 
Synanthedon e x i t i o s a 
P e c t i n o p h o r a g o s s v p i e l l a 
C h o r i s t o n e u r a f u r n i f e r a n a 
H e l i o t h i s v i r e s c e n s 
Eucosma sonomana 

te c h n o l o g y p e r t a i n i n g t o m a t i n g -
by Hereon f o r t h e above i n s e c t s 
f o l l o w i n g t h r e e h e a d i n g s : 

( D i s r u p t F l a k e ) 
(Phero-tac S t i c k e r ) 
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d i s r u p t a n t . I t i s a l s o noteworthy t h a t pheromones a r e not u s e ­
f u l i n a l l i n s t a n c e s ; e.g., when t h e r e a r e too many pes t s p e c i e s 
t o c o n t r o l s i n c e each s p e c i e s would r e q u i r e a d i f f e r e n t pheromone. 
On th e o t h e r hand, t h e r e a r e important l a r g e and s m a l l a g r i ­
c u l t u r a l s i t u a t i o n s i n which pheromones can have a v e r y g r e a t 
impact. For example, pheromones can be used a g a i n s t c o t t o n i n ­
s e c t s (6) ( 7 ) , which r e q u i r e f o r c o n t r o l about 30% of a l l the 
i n s e c t i c i d e s used i n the U. S., or t hey can be used as p a r t of an 
i n t e g r a t e d p e s t management program a g a i n s t a v a r i e t y of o t h e r 
i n s e c t p e s t s . 

D i s r u p t F l a k e Parameters 

F l a k e parameters a r e a d j u s t e d t o p r o v i d e t h e proper r e l e a s e 
r a t e f o r each i n d i v i d u a
a pheromone l e v e l i n th
t o d i s r u p t i n s e c t communication a d e q u a t e l y f o r t h e d e s i r e d t i me 
( u s u a l l y f o r t h e d u r a t i o n o f t h e i n s e c t mating f l i g h t or f o r an 
e n t i r e season. M u l t i p l e a p p l i c a t i o n s a r e f r e q u e n t l y needed.). 
W i t h temperature, sun, wind, r a i n , and o t h e r c l i m a t i c f a c t o r s 
being v a r i a b l e and i n f l u e n c i n g t h e pheromone r e l e a s e r a t e , *and 
w i t h the s e n s i t i v i t y of t h e t a r g e t i n s e c t t o i t s own pheromone 
bei n g g e n e r a l l y unknown, optimum e m i s s i o n r a t e s f o r the d i s ­
p ensers cannot be p r e d i c t e d , and one must r e l y on t h e r e s u l t s 
of a s e r i e s of f o r m u l a t i o n s w i t h a range of e m i s s i o n r a t e s i n 
s m a l l f i e l d t r i a l s t o h e l p s e l e c t a s u i t a b l e d i s r u p t a n t formu­
l a t i o n . New f o r m u l a t i o n s can then be compared w i t h s u c c e s s f u l 
( e f f e c t i v e ) ones i n t h e l a b o r a t o r y under s t a n d a r d i z e d c o n d i ­
t i o n s t o seek an improved p r o d u c t ; e.g., one w i t h a r e l e a s e r a t e 
e q u i v a l e n t t o an e f f e c t i v e f o r m u l a t i o n , but w i t h a l o n g e r 
d u r a t i o n of e f f e c t i v e n e s s . 

T a ble I p r e s e n t s s i z e s and w e i g h t s ( i n terms of grams/acre) 
of Hereon's D i s r u p t f l a k e s t y p i c a l l y used a g a i n s t s i x i n s e c t 
p e s t s . 

T a ble I . T y p i c a l f l a k e s i z e s and f l a k e w e i g h t s used a g a i n s t 
d i f f e r e n t i n s e c t s p e c i e s 

F l a k e F l a k e weight 
I n s e c t s i z e (grams/acre) 

Gypsy moth 1/32" χ 3/32" 21 
P i n k bollworm 1/8" χ 1/8" 60 
Western p i n e s h o o t b o r e r 1/8" χ 1/8" 48 
P e a c h t r e e b o r e r 1/8" χ 1/8" 14 
A r t i c h o k e plume moth V' x V 220 
Tobacco budworm V χ V 1 90 

A comparison of s e v e r a l f o r m u l a t i o n s i n T a b l e I shows how 
f l a k e s i z e and weight of d i s r u p t a n t / a c r e a r e v a r i e d t o a c h i e v e 
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a d e s i r e d pheromone e m i s s i o n r a t e . Thus, t h e gypsy moth phero­
mone w i t h 19 carbon atoms i n i t s m o l e c u l e has a r a t h e r low v o l a ­
t i l i t y . To promote v o l a t i l i z a t i o n of t h e pheromone, the o u t e r 
l a y e r s of gypsy moth f l a k e s a r e made t h i n (evidenced by l e s s 
grams/acre of f l a k e b e i n g a p p l i e d ) , and t h e f l a k e s a r e s m a l l i n 
s i z e , o n l y 1/32 χ 3/32 i n c h . (The s m a l l e r t h e f l a k e , t h e more 
edge of t h e l a m i n a t e i s exposed, and t h e g r e a t e r t h e e m i s s i o n 
r a t e . ) The pheromone of t h e tobacco budworm moth w i t h 14- and 
16-carbon-atom m o l e c u l e s i s much more v o l a t i l e t han the gypsy 
moth pheromone. T h e r e f o r e , i t s pheromone e m i s s i o n from t h e f l a k e 
i s impeded more by f a b r i c a t i n g tobacco budworm f l a k e s w i t h t h i c k ­
er o u t e r l a y e r s and a l a r g e r s i z e ( V 1 square) than gypsy moth 
f l a k e s . 

The d a t a i n F i g u r e 3 i l l u s t r a t e another means of c o n t r o l ­
l i n g r e l e a s e r a t e s o f f l a k e s  by u s i n g d i f f e r e n t polymers
Thus, t h e r e l e a s e r a t e o
than h a l f as much from
one ( o t h e r t h i n g s b e i n g e q u a l ) . 

P h ero-tac S t i c k e r 

The a p p l i c a t i o n of the D i s r u p t f l a k e onto c r o p s can be 
from t h e ground or from a i r c r a f t ( w i t h t h e l a t t e r p r o b a b l y 
b e i n g t h e o n l y l a r g e - s c a l e p r a c t i c a l a p p roach). I n e i t h e r c a s e , 
i t i s n e c e s s a r y f o r t h e i n d i v i d u a l f l a k e o r o t h e r pheromone-
e m i t t i n g p a r t i c u l a t e t o adhere t o t h e l e a v e s of t h e crop upon 
impact, as f l a k e s f a l l i n g on t h e ground a r e not e f f e c t i v e , o r 
much l e s s e f f e c t i v e , i n d i s r u p t i n g m a t i n g . 

H e r e o n 1 s Phero-tac s t i c k e r was developed to a c c o m p l i s h the 
d e s i r e d d e l i v e r y of f l a k e s onto the f o l i a g e w i t h enough "green 
t a c k " t o cause each p a r t i c l e t o s t i c k . 

The d e l i v e r y o p e r a t i o n r e q u i r e s t h e e x e r c i s e of Qsome j u d g e ­
ment. F l a k e s a p p l i e d i n a c o o l c l i m a t e ( e . g . , a t 20 C) w i l l 
l o s e l e s s l i q u i d c a r r i e r i n passage t h r o u g h the a i r than f l a k e s 
a p p l i e d i n a hot c l i m a t e ( e . g . , a t 35° C). The d i f f i c u l t y i n 
hot c l i m a t e s i s t h a t t h e s t i c k e r on t h e f l a k e may s e t (or dry) 
c o m p l e t e l y b e f o r e l a n d i n g and not s t i c k t o t h e f o l i a g e . I n c o o l 
c l i m a t e s , t h e f l a k e s must have enough time on t h e l e a v e s f o r t h e 
s t i c k e r t o s e t ( d r y or c u r e c o m p l e t e l y and become water i n s o l u ­
b l e ) b e f o r e b e i n g s u b j e c t e d t o r a i n ( s t i c k e r i n e mulsion form 
w i l l be removed by r a i n ) . Thus, a p p l i c a t i o n s s h o r t l y b e f o r e a 
r a i n must be a v o i d e d t o p r e v e n t washoff o f f l a k e s b e f o r e t h e 
s t i c k e r s e t s ; e x c e s s i v e l i q u i d i n t h e e m u l s i o n i s l i k e w i s e not 
h e l p f u l because i t extends t h e s e t t i n g t i me and t h e f l a k e s may 
f a l l o f f t h e l e a v e s b e f o r e the g l u e s e t s . 

Hereon has circumvented much of t h e d i f f i c u l t y a s s o c i a t e d 
w i t h d e l i v e r y of t h e f l a k e t h r o u g h t h e use of newly and s p e c i a l ­
l y d esigned equipment and f o r m u l a t i o n s . The equipment, to be 
d e s c r i b e d l a t e r , c o v e r s the f l a k e w i t h enough of t h e s t i c k e r 
l i q u i d as i t emerges from t h e f l a k e hopper t o r e t a i n i t s green 
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Figure 3. Release rate of virelure flakes from vinyl (Ο) and acrylic (Q) Hereon 
dispensers. Data show release rate of tobacco budworm pheromone. 
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t a c k upon s t r i k i n g t h e f o l i a g e . T h i s p r o c e s s i s f a c i l i t a t e d 
t hrough t h e use of an aqueous emulsion of t h e s t i c k e r . The 
emulsion a l l o w s t h e water t o f l a s h e vaporate i n f a l l i n g t hrough 
the a i r so the r e l a t i v e l y i n v o l a t i l e n o n p o l a r s t i c k e r remains 
on t h e f l a k e and bonds w i t h the l e a f . The f l a k e i s mixed w i t h 
the s t i c k e r i n t h e aqueous emulsion a u t o m a t i c a l l y a t t h e time 
of a p p l i c a t i o n . T h i s p r a c t i c e a v o i d s t h e d i f f i c u l t y of e x c e s s ­
i v e l e a c h i n g o f pheromone from f l a k e when f l a k e and s t i c k e r a r e 
mixed b e f o r e a p p l i c a t i o n . 

I t i s apparent t h a t i n c o a t i n g t h e f l a k e w i t h s t i c k e r > v o l a ­
t i l i t y of t h e pheromone may be slowed. Undoubtedly, t h i s o c c u r s 
to some e x t e n t , but i t has not been found t o be a problem w i t h 
the equipment used, presumably because of the t h i n f i l m of 
s t i c k e r a p p l i e d t o t h e f l a k e . Table I I p r e s e n t s d a t a i l l u s t r a ­
t i n g t h i s p o i n t w i t h two d i f f e r e n t t y p e s of s t i c k e r  one a p o l y
butene and the o t h e r a
were found to be v e r y s i m i l a

T a b l e I I . E f f e c t of two s t i c k e r s on r e l e a s e r a t e o f g o s s y p l u r e 
from Hereon D i s r u p t F l a k e aged under l a b o r a t o r y c o n d i t i o n s 

2 
mg/inc h r ema i n i n g Day Exposed No s t i c k e r P o l y b u t e n e A c r y l i c 

0 10.4 10.4 10.4 
7 7.7 7.9 7.1 

14 6.4 6.7 5.6 
24 5.2 5.0 4.7 

A d d i t i o n a l f e a t u r e s of Hereon's Phero-tac s t i c k e r t h a t a r e 
of i n t e r e s t a r e t h a t t h e m a t e r i a l i s n o n t o x i c t o p l a n t s or 
a n i m a l s , n o n - c o r r o s i v e , and i t needs no c l e a n i n g a f t e r use. 

D i s p e n s i n g Equipment 

The d i s p e n s i n g equipment used on a i r c r a f t i s shown i n 
F i g u r e 4. 

The s t i c k e r l i q u i d , which i s i n t h e tank shown below t h e 
forward edge of t h e wing, i s metered i n t o a m i x i n g chamber l o ­
c a t e d immediately below t h e f u n n e l - l i k e s t r u c t u r e l o c a t e d be­
h i n d t h e tank. A w i n d - d r i v e n p r o p e l l e r mixes the s t i c k e r and 
th e f l a k e , which o r i g i n a t e s i n t h e f u n n e l s t r u c t u r e , and f o r c e s 
the m i x t u r e out o f the chamber v i a a screw-type arrangement t o ­
ward a terminus equipped w i t h a b l a d e - l i k e arrangement t h a t 
r o t a t e s r a p i d l y i n f l i g h t . W i t h t h e a i d of the s l i p stream, t h e 
bl a d e d i s p e n s e s t h e f l a k e s as i n d i v i d u a l p a r t i c l e s . 

L o a ding of s t i c k e r and f l a k e i s accomplished by i n s t a l l i n g 
i n p l a c e pre-packaged u n i t s o f f l a k e and s t i c k e r , making t h e 
l o a d i n g o p e r a t i o n r a p i d and e f f i c i e n t . I n s a v i n g a p p l i c a t i o n 
t i m e , t h i s f e a t u r e not o n l y reduces t h e c o s t of t r e a t i n g by 
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Figure 4. Hereon flake-dispensing equipment used on aircraft. 
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a i r c r a f t , i t a l l o w s t h e d i s t r i b u t i o n of f l a k e t o be a c c o m p l i s h ­
ed when time a v a i l a b l e f o r a p p l i c a t i o n i s l i m i t e d ; e.g., by 
weather. 

F e a t u r e s o f t h e d i s p e n s i n g equipment may be summarized as 
f o l l o w s : 

Easy t o i n s t a l l and use 
C a p a c i t y of 300 a c r e s 
L i g h t w e i g h t 
N i g h t o p e r a t i o n 
Turnaround o f 15 minutes 
Quick cleanup 
Good f l a k e - s t i c k e r coverage 

F i g u r e s 5 and 6 show t y p i c a l performance of Hereon e q u i p ­
ment i n d i s p e n s i n g f l a k d s t i c k e r  Output i h  i
l i n e a r w i t h the d i a l s e t t i n
c l o s e c o n t r o l of t h e amoun  d i s p e n s e
f l i g h t . 

M ating D i s r u p t i o n T r i a l s i n t h e F i e l d w i t h Hereon f l a k e 

Examples of performance of Hereon f l a k e i n the f i e l d a r e 
g i v e n below. 

F i g u r e 7 summarizes d a t a on the r e l e a s e of t h e p e a c h t r e e 
b o r e r pheromone, ( Z , Z ) - 3 , 1 3 - o c t a d e c a d i e n - l - o l a c e t a t e , ODDA), 
from a Hereon f l a k e over a 70-day p e r i o d . F i g u r e 8 p r e s e n t s 
s i m i l a r d a t a f o r r e l e a s e of g o s s y p l u r e (1:1 ( Z , E ) - and (Z,Z)-7, 
1 1 - h e x a d e c a d i e n - l - o l a c e t a t e ) , t h e p i n k bollworm pheromone sex 
a t t r a c t a n t , from Hereon f l a k e over a 3-week p e r i o d . E m i s s i o n 
of pheromone i s r e a s o n a b l y u n i f o r m i n b o t h i n s t a n c e s . 

F i g u r e 9 shows the r e s u l t s of some 1979 t r i a l s i n A r i z o n a 
i n which p i n k bollworm t r a p c a t c h e s were determined i n c o t t o n 
f i e l d s t r e a t e d w i t h Hereon g o s s y p l u r e f l a k e and i n " c o n t r o l " 
f i e l d s ; t h e c o n t r o l f i e l d s were a c t u a l l y f i e l d s t r e a t e d w i t h t h e 
normal regimen o f i n s e c t i c i d e s , i . e . , c o n v e n t i o n a l t r e a t m e n t . 
D i s r u p t i o n of i n s e c t communication f o r mating i s i n f e r r e d from 
t h e low l e v e l of i n s e c t c a p t u r e s i n t h e g o s s y p l u r e - t r e a t e d a r e a s 
v e r s u s t h e i n s e c t i c i d e - t r e a t e d " c o n t r o l " a r e a s , p a r t i c u l a r l y 
d u r i n g t h e p e r i o d a f t e r August 3. A more r e l i a b l e e s t i m a t e o f 
e f f e c t i v e n e s s i s shown i n F i g u r e 10, which shows the damage t o 
t h e c o t t o n (expressed as number of p i n k bollworm l a r v a e per 50 
b o l l s ) i n b o t h t h e g o s s y p l u r e - t r e a t e d and t h e " c o n t r o l " p l o t s 
throughout the 1979 c o t t o n - g r o w i n g season. Damage i n th e phero-
mone-treated a r e a i s f a r l e s s than i n t h e " c o n t r o l " a r e a . (Note: 
F i g u r e 10 i n c l u d e s a simultaneous experiment w i t h tobacco bud­
worm pheromone ( v i r e l u r e ) , which i s not d i s c u s s e d here.) 

Ta b l e I I I p r e s e n t s data o b t a i n e d by exposing v i r g i n c l i p p e d -
wing p i n k bollworm a d u l t females on mating t a b l e s i n the f i e l d s 
t r e a t e d w i t h g o s s y p l u r e a t s e v e r a l l e v e l s . 
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Figure 5. Typical performance of Hereon equipment in output of Hereon Disrupt 
flake. 
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Figure 6. Typical performance of Hereon equipment in output of Phero-tac sticker. 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



186 I N S E C T P H E R O M O N E T E C H N O L O G Y 

Figure 7. Release of peachtree borer sex pheromone from Hereon Disrupt flake. 
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Figure 8. Release of pink bollworm sex pheromone from Hereon Disrupt flake 
Key: vinyl, · . 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



188 I N S E C T P H E R O M O N E T E C H N O L O G Y 

Ζ 

α 
σ 

120 

100 

80 

60 

Ε 

=5 40 

C 

20 

— 

— 

— 

• * 

i 

r ν 

I I I I I I I I 1 1 1 
29 14 19 24 29 3 8 13 

July August 

Date (1979) 

18 23 

Figure 9. Trap catches in cotton fields treated with Hereon gossyplure flake and 
"control" plots (treated with normal regimen of insecticides). Key: gossyplure 
treated field (-%-); control field (- · A ' ')>' and date of gossyplure treatment (}). 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



K Y D O N I E U S E T A L . Large Volume Pheromone Applications 

Date (1979) 

Figure 10. Damage to cotton by pink bollwarm in gossyplure-treated and "con­
trol" plots. Key: treated field (-%-); control field (- · A * '); gossyplure applica­

tion ( 4 j; and virelure application ( }). 
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Table I I I . P e r c e n t p i n k bollworm females mated i n t h e f i e l d 
(40-acre p l o t s ) t r e a t e d w i t h g o s s y p l u r e a t s e v e r a l l e v e l s . 

Treatment Number of P e r c e n t matings d u r i n g 
(grams a . i . / a c r e ) p o i n t s o u r c e s / a c r e n i g h t a f t e r treatment 

2 13 17 
PART I 

C o n t r o l — 25 49 57 
1.0 1830 12 44 36 
1.5 2750 0 3 6 
2.0 12800 0 3 21 

P a r t I I 0 6 16 

C o n t r o l 
1.2 
1.5 9600 16 33 12 

Suppress 3 i o n i n m a t i n g , shown i n P a r t I of Ta b l e I I I , i n -
c r e a s e d as the l e v e l of g o s s y p l u r e i n c r e a s e d t o 1. 5 gram a . i . / 
a c r e . The decrease i n mating s u p p r e s s i o n a t the 2 .0 gram com-
pared t o t h e 1.5 gram a . i . / a c r e l e v e l on t h e 17th n i g h t may be 
a s c r i b e d t o d i s r u p t i o n of mating b e i n g more e f f e c t i v e w i t h the 
l e s s e r number of p o i n t sources o r t h e s t r e n g t h of t h e source. A 
r e p e t i t i o n of t h e experiment ( P a r t I I , T a b l e I I I ) appears t o 
i n d i c a t e t h a t t h e l e s s e r number of p o i n t sources w i t h h i g h e r 
pheromone con t e n t per p o i n t i s t h e important f e a t u r e c o n t r i b u t i n g 
to t h e g r e a t e r s u p p r e s s i o n of ma t i n g . 

S i m i l a r experiments have been conducted i n which i n s e c t dam­
age or mating s u p p r e s s i o n have been demonstrated w i t h o t h e r i n ­
s e c t s p e c i e s . T able IV shows t h a t 7.5 gram a . i . / a c r e was h i g h l y 
e f f e c t i v e i n s u p p r e s s i n g mating of t h e a r t i c h o k e plume moth. 

Table IV. Pe r c e n t a r t i c h o k e plume moths mated i n c o n t r o l and 
pheromone-treated p l o t s . 

Pheromone treatment P e r c e n t matings d u r i n g 
(grams a . i . / a c r e ) n i g h t a f t e r treatment 

1 7 

Unt r e a t e d 73 87 
5 20 22 
7.5 0 2 

I n a 200-acre t r i a l i n C a l i f o r n i a conducted i n 1979 w i t h a 
Hereon f o r m u l a t i o n of t h e pheromone of t h e western p i n e s h o o t 
b o r e r , Dr. Gary E. Daterman of the USDA F o r e s t S e r v i c e r e p o r t e d 
a 99.6% r e d u c t i o n i n mating based on t r a p - c a t c h d a t a . P e r c e n t 
c o n t r o l a c h i e v e d , based on i n f e s t a t i o n s per 100 t e r m i n a l s , was 
found t o be 88%. 
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A s e r i e s of t e s t s w i t h gypsy moths a t a number of l o c a t i o n s 
i n N o r t h e a s t e r n U.S., have s i m i l a r l y shown t h a t mating of t h i s 
i n s e c t can be suppressed by pheromone treatment and t h a t t he 
treatment i s e s p e c i a l l y e f f e c t i v e i n e r a d i c a t i o n o r s u p p r e s s i o n 
of t h e i n s e c t i n newly or s p a r s e l y i n f e s t e d a r e a s . (See c h a p t e r 
by J . R. Plimmer et a l . ) . 
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Field Measurements of Pheromone Vapor 
Distribution 

ALAN W. T A Y L O R 

U.S. Dept. of Agriculture, Beltsville Agricultural Research Center, Agricultural 
Environmental Quality Institute, Beltsville, MD 20705 

Field measurements of concentrations of d i spar lu re 
in air under woodlan
d i f fe ren t slow releas
all released pheromone for about one month: con­
centra t ions decreased about 80% in the first f i ve 
days and 90-98% over 35 days. Between 75 and 85% 
of the d i spa r lu re remained in the formulations 
a f te r 35 days even though release had became very 
slow. Measurements with other formulations 
conta ining tetradecenol formate appl ied to corn 
showed these were more efficient but not 
pers i s ten t enough to con t ro l Heliothis Zea for 
more than one month. No s a t i s f ac to ry 
measurements of concentrations in vapor plumes 
from point sources were poss ib le even though 
these may be as e f f ec t ive as broadcasts. Further 
field research is l i m i t e d by sampling and 
ana lys i s techniques and the need for be t ter 
micrometeorological data . 

The o b j e c t o f the work d e s c r i b e d here was t o measure the 
amount and d i s t r i b u t i o n o f pheromone vapor i n the a i r under 
woodland cano p i e s a f t e r a e r i a l a p p l i c a t i o n s o f slow r e l e a s e 
f o r m u l a t i o n s o f d i s p a r l u r e , and the r a t e a t which these 
d e c l i n e d w i t h t i m e . A l i m i t e d number o f experiments have a l s o 
been done Z - 9 - t e t r a d e c e n o l formate (TDF), a mating i n h i b i t o r 
f o r the c o r n earworm moth ( H e l i o t h i s Z ea). 

I n a l l the exper i m e n t s , d i r e c t measurements o f the 
c o n c e n t r a t i o n s o f the c h e m i c a l s i n the a i r i n the t r e a t e d 
p l o t s were made by drawing known volumes o f a i r through 
a d s o r b i n g samplers p l a c e d a t v a r i o u s h e i g h t s w i t h i n the 
p l o t s . D e t a i l s o f the tre a t m e n t s and sampling procedures 
v a r i e d somewhat from experiment t o experiment and have been 
d e s c r i b e d elsewhere (J_, 2, 3.» ̂ , 5.): o n l y the more r e l e v a n t 
d e t a i l s w i l l be summarized he r e . S i n c e c u r r e n t a n a l y t i c a l 

This chapter not subject to U.S. copyright. 
Published 1982 American Chemical Society. 
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procedures are not sensitive enough to detect a e r i a l 
concentrations produced by applications of these chemicals 
at the rates recommended for population control, the rates 
used i n the experiments described here were up to 500 
g.a.i./hectare, which i s about 25 times that used i n 
recommended practice. I t i s however believed that the results 
obtained can be d i r e c t l y extrapolated downward to the lower 
rates. 

Broadcast Applications of Disparlure To Woodland 

In an experiment i n woodland at B e l t s v i l l e , Maryland, i n 
September 1979, three separate formulations were applied by 
a i r to separate 4 hectare plots (200 m χ 200 m). The trees 
were between 15 and 20 meters high i n a dense stand of 
deciduous species wit

The f i r s t plot receive
gelatin-walled microcapsules containing 2% a i . The 
formulation, applied as an aqueous suspension, also contained 
1% of sticker to aid adhesion of the formulation to foliage. 
The second plot received 500 g./h. as Herculite Corporation 
sprayable laminate flakes containing 9.1% a i . The flakes 
consisted of two layers of v i n y l , each 0.08 mm thick on both 
sides of a central porous layer containing the disparlure: 
the surface area of the flakes was between 7 and 35 mm2 per 
side. The same sticker as that i n the microcapsules was used. 
The third plot received 330 g.a.i./h as "Conrel" controlled 
release hollow fibers containing nominally 11.5% a i . : a 
suitable sticker was also incorporated i n the formulation. 
(Note that the use of trade or proprietary names here or 
elsewhere does not constitute an endorsement by the USDA). 

Air samplers were mounted i n the center of each plot at 
0.3, 2.0, 5.0 and 10 meters above ground. Samples were taken 
for consecutive 4 hour periods i n overall 24 hour runs on a 
series of separate days up to 34 days after application. 
Samples of the laminates and hollow fibers were recovered from 
the plots and analyzed for pheromone residues on several days. 

Persistence A e r i a l concentrations are plotted as a 
function of time for a l l three formulations i n Figure 1. Each 
curve shows the decline i n concentration calculated i n terms 
of the average a l l heights and sampling periods i n each 24 
hour day. Rapid i n i t i a l declines were evident over the f i r s t 
few days i n both the microcapsule and fi b e r formulations. 
After the tenth day, when average concentrations were between 
5 and 10 ng/m^, a l l declined steadily to between 0.4 and 2.0 
ng/w? after about 30 days. 

Similar results, presented in Table I, were obtained i n an 
e a r l i e r experiment i n which the same microcapsules were 
applied at 250 g.a.i./h to a 20 m high canopy of deciduous 
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DAYS IN FIELO 

Figure 1. Change in average concentration of disparlure in air under a deciduous 
woodland canopy treated in September 1979 with 3 slow release formulations: 
a) Conrel hollow fibers ( ); b) NCR microcapsules ( ); c) Hereon lami­

nates ( ) (adapted from 1). 
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Table I. Average Disparlure concentrations during 
daylight hours at 0.3 and 8.0 meters above ground 

under a woodland canopy treated i n August 1976 

Days after 
application 

Concentration (ng/m3) 
at height 

0.3 m 8.0 m 

2 
3 
7 
14 
22 
34 

76 
46 
29 
22 
2 

50 
25 
16 
4 
1 

woodland at Elk Neck State Park, Maryland i n August, 1976 (2). 
Although, as noted above, abnormally high application rates 
were used i n these experiments i n order to ensure measurably 
high concentration i n a i r for the maximum time, the only 
difference between these and applications at the normal 
application rates of about 20 g. ai./h was that the number of 
formulation p a r t i c l e s was greatly increased. This suggests 
that the data can be d i r e c t l y extrapolated downward to 
estimate a e r i a l concentrations i n plots treated at recommended 
rates, indicating that, 30 days after treatment, these should 
be i n the range between 0.10 and 0.02 ng/m3 for the 
microcapsules, flakes and f i b e r s . These are about the same 
order of magnitude as the reported threshold concentrations 
for the response of many insects to pheromones (6). It i s 
therefore doubtful that the effectiveness of these 
formulations i s l i k e l y to be more than about 5 weeks under 
conditions similar to those of these experiments. In warm 
summer weather effective lifespans might well be less. I t 
should be noted that while this may be a sufficent period for 
suppression of the mating of the gypsy moth which has a single 
generation of insects each year, and which i s sexually active 
over a limited time period, single applications of these 
formulations may be quite inadequate to produce pheromone 
vapor concentrations over the longer time periods necessary to 
control mating of other insect species with f i e l d populations 
of a complex age structure. Persistence of formulations may 
also be less where they are applied to shorter f i e l d crops 
which have a more varied microclimate than i n the rather 
sheltered conditions under a woodland canopy. 

The effectiveness of the formulation i n terms of the 
amounts of material applied can be evaluated i n terms of the 
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Table I I . Effectiveness of slow release formulations 
under f i e l d conditions. 

Flakes Fibers 
Concentration In A i r (ng/m3) 

I n i t i a l 
30 days 
Decline 

7.2 
1.1 
85* 

22.5 
0.4 
98$ 

Disparlure Content 
of Formulation (%) 

I n i t i a l 
30 days 

Fraction released 

7.1 
6.0 
16% 

5.0 

24% 

data presented i n Table I I . These show that, even after the 
pheromone emission from the pa r t i c l e s had ceased, very large 
fractions remained as unused and inactive residues. Data 
suggesting a similar l i m i t a t i o n on the effectiveness of the 
same microcapsule formulation were obtained i n an e a r l i e r 
f i e l d experiment (7). The reasons for these declines i n 
emission from the formulations while they s t i l l contain large 
fractions of the active ingredients are unclear, but they 
indicate that detailed study of the weathering process and 
their behavior i n f i e l d conditions i s necessary to improve the 
effectiveness of their performance and reduce the amount of 
active ingredient applied and the number of applications that 
may be needed for long period insect behavior control. 

Vapor Distribution The d i s t r i b u t i o n of vapors with height 
under the treated canopy i s a complex function of the 
d i s t r i b u t i o n of the formulation over the ground, the 
undergrowth and the canopy i t s e l f coupled with the mixing of 
the a i r by wind vent i l a t i o n and i n s t a b i l i t i e s of temperature 
gradients. Since however, turbulence i s much less under the 
canopy of a leafy wood than i n an open f i e l d d i r e c t l y exposed 
to wind and radiation, comparison of vapor p r o f i l e s released 
by different formulations during simular time periods w i l l 
give some indication of any differences i n the d i s t r i b u t i o n of 
the sources, although these indications cannot be regarded as 
quantitative. Such a comparison of the vapor p r o f i l e s from 
the three formulations used i n the 1979 experiment are 
presented i n Table I I I . The most s t r i k i n g feature of these 
results i s the even d i s t r i b u t i o n of the vapor with height for 
a l l the formulations. As a broad generality the observation 
appeared true throughout the 24 hour periods, no marked 
concentration gradients being found at any time. In 
comparisons between formulations the d i s t r i b u t i o n of the 
fibers was most uniform. The results for the laminates are 
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Table I I I . Distribution with height of average 
disparlure vapor concentrations released from 

three formulations applied to deciduous woodland 
at B e l t s v i l l e , Maryland i n 1979. 

Height Formulation 
(meters) Microcapsules Flakes Fibers 

(ng/m3) 
10 14 a 5.2 ab 9.8 a 
5 11 b 4.4 c 8.7 a 
2 10 b 4.7 be 8.7 a 
0.3 9.4 b 5.5 a 10.6 a 

periods averaged 26 27 25 

Within formulations, mean y
s i g n i f i c a n t l y different at the 20% l e v e l (by Duncans Multiple 
Range Test). 

ambiguous but do not indicate any tendency for accumulation at 
any particular height. The data for the microcapsules 
strongly suggests accumulation of the formulation on the 
foliage of the canopy with somewhat smaller amounts on the 
ground and undergrowth. These data contrast with those from 
the 1976 experiment presented i n Table IV. In these e a r l i e r 
data gradients of concentration are c l e a r l y evident, both i n 
these results and others not presented here. These gradients 
r e f l e c t the eff e c t of the lower density of the canopy i n the 
1976 woodland plot i n two ways. The higher concentrations at 
the lower levels appear to r e f l e c t the greater penetration of 
the formulation to lower levels i n the thinner stand, 
resulting i n consistently higher vapor concentrations close to 
the ground. Also the effect of increased wind ven t i l a t i o n in 
the thinner canopy i s clear i n the data for the 15-17 hour 
sampling period, where the higher release rate of the 
microcapsules caused an increased concentration close to the 
ground, while that at the 17 meter height f e l l due to 
increased ven t i l a t i o n associated with greater afternoon wind 
speed and turbulence. 

In general these results suggest that the character of the 
forest canopy w i l l prove to be one of the most important 
factors controlling the d i s t r i b u t i o n of a e r i a l l y applied slow 
release formulations under woodland canopies and the ultimate 
gradients of pheromone vapor under them. 
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Broadcast Applications of Tetradecenol Formate To Corn 

The behavior of two other formulations, microcapsules and 
small p l a s t i c laminate flakes, containing tetradecenol 
formate, were compared i n applictions to plots of mature corn 
at B e l t s v i l l e , i n August 1980. (8_) The Z-9-tetradecen-1-ol 
formate (TDF) i s a mating disruptant, rather than a true 
pheromone, of the Heliothis species of moths. It was selected 
i n these experiments because r e l i a b l e a n a l y t i c a l methods were 
available (JO and i t s behavior was expected to be similar to 
that of the actual pheromones, whose chemical structures and 
properties are also similar. The two formulations were 
polyurea-polyamide microcapsules 5-microns i n diameter 
supplied by ICI at Bracknell, Berkshire, England, and a small 
(3 mm side) p l a s t i c laminat
Herculite Corporation
applied at 300 g of TDF per hectare and the flakes at 285 g/h. 
Both formulations were applied by a i r to mature corn 240-270 cm 
i n height i n clear, hot weather with a daily maximum 
temperature of 39°C. 

Table IV. Concentrations of disparlure vapor between 
0.3 and 17 meters height under a microcapsule-treated 
forest canopy at Elk Neck, Maryland, during daylight 

hours on August 18, 1976. 

Time (EDT) Concentration (ng/m^) 
at height (m) 

0.3 8.0 17.0 
11-15 "66 "58" 47 
13-15 67 45 39 
15-17 87 47 36 
17-19 62 56 44 

In order to measure the decrease i n residues, samples of 
formulations were collected by hand immediately after spraying 
and at approximately weekly int e r v a l s . The laminates were 
collected by hand from plant surfaces scattered through the 
plot. For the microcapsules, 16 12.5 cm f i l t e r paper c i r c l e s 
were l a i d together on a single p l a s t i c sheet to receive the 
spray. These were then clipped individually to plant leaves 
at 150 cm height at a number of locations throughout the 
plot. On each co l l e c t i o n day, four f i l t e r papers were 
randomly collected and indivi d u a l l y analyzed to measure the 
decrease i n residues. 
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Concentrations of TDF in a i r were measured at fiv e heights 
from 30 to 270 cm above the ground, using sampling and 
a n a l y t i c a l methods described elsewhere (9). This sampling was 
done on days 3, 6, 10, 15, 21 and 31 after application: 
during each period of 24 hours samplers were changed at 2200, 
0000, 0200, 0600 and 1200 EDT. Wind speed gradients, a i r 
temperatures and temperature gradients were measured 
continuously. 

Persistence The results presented in Figure 2 show that 
the TDF residues disappeared from the laminates substantially 
faster than from the microcapsules. Expressed i n terms of 
f i r s t - o r d e r k i n e t i c s the h a l f - l i f e i n the capsules was 13.5 
days and 5.3 days i n the laminates. The l a t t e r figure agrees 
well with laboratory measurements of release rates: these 
also suggest that, i n
controlled by d i f f u s i o
rather than through the exterior layers of v i n y l covering. 

The changes i n average concentrations of TDF i n the a i r 
under the crop canopy between 2200 and 0200 EDT for each 
sampling day are plotted i n Figure 3· Since the s t a b i l i t y of 
the a i r i s greatest at this time, these values generally 
represent the highest levels of the diurnal cycle. They also 
co-incide with a c r i t i c a l time i n the f l i g h t and mating 
behavior of the Heliothis moths. Both formulations gave the 
highest night-time concentrations after being exposed in the 
f i e l d for some time - the laminates after about 6 days and the 
microcapsules 15. It may perhaps be s i g n i f i c a n t that both 
these correspond to the loss of about the same fraction of 
residues, at times s l i g h t l y more than one residue h a l f - l i f e . 
The reason for the delay before the highest concentration, 
which was p a r t i c u l a r l y marked for the microcapsule 
formulation, cannot be explained on the basis of changes i n 
a i r temperatures or wind speeds. One possible mechanism could 
involve increases i n permeability of the capsule walls and 
laminates as the formulations weathered, leading to increased 
s p e c i f i c rates of TDF release ( i . e . flux/unit weight TDF)_. 
This would later be offset by the decreasing amount of residue 
present. As an alternative, the effect of adsorption and 
desorption by s o i l and plant leaf surfaces may be considered. 
Studies of the adsorption and desorption of insecticide and 
herbicide vapors have c l e a r l y shown that these are highly 
sensitive to water vapor and r e l a t i v e humidity. Similar 
organic molecules such as pheromones may perhaps be adsorbed 
during dry conditions i n daylight hours and released by r i s i n g 
humidity and dew formation at night, thus tending to s t a b i l i z e 
higher vapor concentrations under the s t i l l , moist canopy with 
stable a i r at night: i t may be noted that such a mechanism 
w i l l also present a naturally selective process favoring the 
mating of insects that release natural pheromones under such 
conditions. Despite these questions of mechanism i t i s clear 
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DAYS IN FIELD 

Figure 2. Decrease in residues of Z-9-tetradecenol formate in microcapsules 
( ) and laminated flakes ( ) after field application to mature corn ($). 
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Figure 3. Average concentrations of Z-9-tedradecenol-formate in air under mature 
corn between 2200 and 0200 EDT for 30 days after application of slow release 

laminate (X) and microcapsule (O) formulations (&). 
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that the plot that received microcapsules was bathed i n 
substantial concentrations of TDF vapor during the night hours 
for about one month, whereas the laminate treated plot 
contained only very low levels after about two weeks: this 
difference appears primarily due to the pattern of release of 
TDF from the formulations. 

Effectiveness The two formulations used in the TDF 
experiment differed from those i n the e a r l i e r disparlure 
experiment i n that the release of the active chemical did not 
cease u n t i l the residues were exhausted. I f the steady 
continuous release of chemical over a period of several weeks 
i s accepted as a c r i t e r i o n of effectiveness, these 
formulations were c l e a r l y more effective than those i n the 
disparlure experiment. Where broadcast applications of 
pheromones are made t
ventilated a g r i c u l t u r a
pheromone released i s los t by direct dissipation. Where, as 
in the present case, the chemical i s being applied to control 
the behavior of night-flying insects this w i l l be p a r t i c u l a r l y 
true because only that fraction released during night-time can 
be counted as e f f e c t i v e . Since no measurements of flux rates 
were made no direct estimate of the amount l o s t i s possible, 
but indirect estimates of the amount required to permeate the 
a i r during the insect f l i g h t period can be made. A simple 
calculation shows that an average concentration of 10 ng/m^ 
under the canopy of 1 hectare of crop with a height of 2.5 m 
requires 250 micrograms. I f the average wind speed i s 1 m/sec 
(2 mph) this must be replaced once per 100 seconds, 
corresponding to 54 mg/night for the period 2100 to 0300 
hours. This indicates that over a 30 day period about 1.62 
grams or 0.5$ of an application of 300 gr/hectare of active 
ingredient can be regarded as contributing to insect mating 
control. While the figures used i n this calculation r e f l e c t 
the a r t i f i c a l conditions used i n the experiments described, 
they i l l u s t r a t e a general principle and suggest that large 
economies could be made i n the amount of active ingredient 
used by the development of formulations that release i n 
response to changes i n humidity or temperature depending on 
the release pattern desired. 

Release From Point Sources 

In the l i g h t of the poor efficiency of broadcast 
applications of pheromones i n a i r permeation techniques the 
alternative practice of scattering or placing a limited number 
of release points at suitable distances apart over the treated 
area merits consideration. Since each point w i l l then act as 
an individual source the treated area w i l l be permeated by a 
set of individual plumes of pheromone vapor whose direction 
w i l l vary with airflow through the crop or woodland. Large 
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concentration gradients may be expected from place to place 
within the stand. 

Despite the d i f f i c u l t i e s of sampling and data 
interpretation two experimental attempts were made to measure 
the average concentrations produced in treatments of this kind 
and the way i n which these declined with time. Neither 
produced meaningful data. It was clear that where individual 
sources each produce individual plumes with very high 
surrounding concentration gradients, sampling for two hour 
periods at points downwind from such sources produces time-
averaged data that have l i t t l e physical meaning other than 
indicating how long the source continues to give out a 
detectable plume. 

The problem i s well i l l u s t r a t e d by measurements of TDF 
release from sources i
points (Hereon p l a s t i
180-200 cm high. Dispensers were at 108 and 180 cm heights. 
Samplers at 30, 100 and 150 cm height, 1 meter downwind from a 
source, detected time average concentrations of 50 ng/m2 

during the 2200-0200 hr period on the sixth day after 
exposure. This f e l l to 9 ng by the 27th day. No detectable 
amounts were found i n similar samplers at 7 m equidistant from 
four separate g r i d sources. The data suggest a useful l i f e of 
30-40 days for plume emission by these dispensers. 

A similar experiment to measure disparlure release from 
sources mounted on a 25 m g r i d under a woodland canopy, which 
had proved effective when evaluated by bioassay techniques 
measuring the mating of tethered females, gave a wholly 
ambiguous result i n that concentrations were below detectable 
levels for the entire experiment. 

The negative character of these results do not indicate 
that the use of a limited number of release points i s 
b i o l o g i c a l l y a less desirable practice, but rather that at the 
present time their evaluation by chemical methods requires 
sampling and a n a l y t i c a l techniques beyond those currently 
available. This i s indeed a point i n their favor, indicating 
that, since they have been shown to be successful by 
b i o l o g i c a l techniques, this success must r e f l e c t the greater 
efficency with the smaller amounts of pheromone injected into 
the a i r . The use of a smaller number of source points also 
permits a greater degree of f l e x i b i l i t y i n the design of the 
formulations with more sophisticated release patterns. 

General Conclusions 

These experiments show that several formulations now 
available are satisfactory for the permeation of a i r volumes 
in woodland and crop canopies by pheromone vapors. 

Some formulations cannot however be regarded as e f f i c i e n t 
sources i n that they retain large fractions of the active 
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chemical after release has ceased. This, coupled with the 
inherent i n e f f i c i e n c i e s of a i r permeation due to losses of 
chemical released continuously over periods when insects are 
inactive, means that the amount of chemical used to confuse 
insect mating behavior i s a very small fraction of that 
applied. Improvement of this e f f i c i e n c y presents a major 
research challenge for the future. 

Although i n t u i t i o n suggests that point source release 
techniques may be more eff e c t i v e , these methods are d i f f i c u l t 
to characterize by physical measurements because of the low 
s e n s i t i v i t y of our a n a l y t i c a l methods and the d i f f i c u l t i e s of 
sampling release plumes. In the immediate future such methods 
can only be tested by direct measurements of effects on insect 
behavior. 

We are also unabl t th t tim  t  sampl d 
analyze many pheromon
alone the low b i o l o g i c a l l y
i n s t a b i l i t y upon the sampling media for the time they must 
remain there. Extension of our sampling and detection and 
analysis techniques to much lower levels presents another 
major research challenge. At the present time this i s the 
main obstacle to progress. Beyond this point i t i s possible 
to foresee the development of a major research area in future 
which w i l l contribute to large strides i n the techniques of 
controlling insect populations and insect behavior. 

In addition to the possible advances that w i l l result from 
better chemical characterization of the direct effects of 
pheromone or other semiochemical treatments, contributions 
from other d i s c i p l i n e s w i l l be ess e n t i a l . An improved 
understanding of the micrometeorological conditions i n which 
the insects l i v e i s essential both for an improved 
understanding of how these af f e c t the insect behavior i t s e l f , 
including the use of the chemical communication systems they 
employ, and for improved understanding of the factors that 
affect the release patterns of the formulations used. Too 
often the behavior of the l a t t e r are evaluated and predicted 
i n laboratory systems which grossly oversimplify the actual 
conditions of use. In practice, formulations are never used 
i n i s o l a t i o n but rest upon s o i l or plant surfaces which are 
not passive but themselves respond to changes i n temperature, 
radiation, moisture and a i r flow. These changes, apart from 
direct effects on the formulation are also l i k e l y to cause 
changes i n the adsorption and desorption of the vapors 
themselves, whether they are emitted either by a c a l l i n g 
insect or by an a r t i f i c i a l formulation. In general, 
conditions under crop canopies at night have received l i t t l e 
attention from a g r i c u l t u r a l climatologists who have 
concentrated primarily on the daytime effects of l i g h t , 
moisture and gas exchange because these are c l e a r l y of greater 
importance for the physiology of crop growth. As a 
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consequence, not only our understanding of the nature of 
temperature, moisture and wind gradients within crops during 
darkness i s more limited, but the necessary instrumentation 
for measurement of these i n the more stable and less dynamic 
conditions i s lacking. The investigation of these subjects, 
emphasizing the characterization of the micro-environment from 
the point of view of the insect i s l i k e l y to prove a highly 
f e r t i l e research area. 

Two contributions from other d i s c i p l i n e s are also 
desirable. Improved use of pheromones and other semiochemi-
cals w i l l depend upon a much better understanding of the 
biochemical and physiochemical mechanisms within the insect 
that produces them and upon which they act. Such systems are 
c l e a r l y complex and i t seems highly probable that, once they 
are understood, improve
found, including the possibl
chemicals or classes of them i n place of the actual pheromones 
themselves. 

F i n a l l y , improved techniques must be developed for 
b i o l o g i c a l assay of the effectiveness of management techniques 
for insect population control using semiochemicals. Since, i n 
the long run, the objective of a l l pest management techniques 
i s the control of populations, evaluation must be made using 
population growth and decay as a basic s t a t i s t i c . Evaluation 
based upon trap catches and mating rates i n small confined 
populations have uncertainties i n the s t a t i s t i c a l significance 
of the projections based upon them that are so large that 
comparisons of the effectiveness of different treatments are 
not possible at the l e v e l required for progress. The 
development of improved techniques for measurements of 
population sizes and changes and the s t a t i s t i c s of their 
interpretation probably represents one of the major challenges 
not only i n the techniques discussed here but i n a l l other 
approaches and contributions to integrated pest management 
methods of insect control. 
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Monitoring the Performance of Eastern Spruce 
Budworm Pheromone Formulations 

C. J. WIESNER and P. J. SILK 

New Brunswick Research and Productivity Council, 
Fredericton, New Brunswick, E3B 5H1, Canada 

New methods and apparatus are described for evaluating 
the pheromone release
release formulations
laboratory and following aerial application in the 
field. L a b o r a t o r y release r a t e s determined by these 
methods correlate well with rates observed in the 
field. 

The f i r s t attempts t o i n f l u e n c e mating b e h a v i o u r of i n s e c t s 
i n t h e i r n a t u r a l h a b i t a t u s i n g b r o a d c a s t f o r m u l a t i o n s of sex 
pheromones were conducted i n the e a r l y s e v e n t i e s ( 1 , 2., 3 ) . 
Beroza and h i s co-workers were a b l e t o show e f f e c t i v e r e d u c t i o n 
of mating success i n l o w - l e v e l i n f e s t a t i o n s of gypsy moth. I n 
the i n t e r v e n i n g t e n y e a r s , a l a r g e number of " m a t i n g - d i s r u p t i o n " 
t e s t s have been c a r r i e d out a g a i n s t both a g r i c u l t u r a l and f o r e s t 
i n s e c t s ( 4 ) . I n v i r t u a l l y a l l i n s t a n c e s , the problem has proven 
to be f a r more complex than had been a n t i c i p a t e d . The i n t e r p l a y 
of b i o l o g i c a l , c h e m i c a l and env i r o n m e n t a l f a c t o r s has o f t e n l e d 
to i n c o n c l u s i v e f i e l d t r i a l r e s u l t s . A l l too o f t e n the c r i t e r i a 
f o r success have not been met, w h i l e the cause f o r f a i l u r e has 
been obscured due t o a l a c k of c o n t r o l o r u n d e r s t a n d i n g of the 
many v a r i a b l e s . 

One of these v a r i a b l e s which o b v i o u s l y has a p o w e r f u l i n ­
f l u e n c e on the r e s u l t i s the performance of the c o n t r o l l e d r e ­
l e a s e f o r m u l a t i o n . H a p p i l y , t h i s v a r i a b l e i s one which can, i n 
p r i n c i p l e , be p r e d i c t e d and c o n t r o l l e d . 

The e a s t e r n spruce budworm, C h o r i s t o n e u r a f u m i f e r a n a , Clem., 
i s one of the most e c o n o m i c a l l y important c o n i f e r o u s f o r e s t d e f o ­
l i a t o r s i n the w o r l d . S e v e r a l mating d i s r u p t i o n experiments and 
f i e l d t r i a l s have been conducted s i n c e the mid 1970 Ts (_5, 6), A 
gr e a t d e a l has been l e a r n e d i n the p r o c e s s but no c l e a r - c u t con­
c l u s i o n s r e g a r d i n g the f e a s i b i l i t y of t h i s approach as a manage­
ment t o o l have, as y e t , emerged. I n an e f f o r t t o s i m p l i f y the 
i n t e r p r e t a t i o n of f u t u r e f i e l d e x p eriments, we undertook a study 
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of the performance of v a r i o u s c o n t r o l l e d r e l e a s e f o r m u l a t i o n s of 
ΔΙΙ-tetradecenal (TDAL), the sex pheromone of the e a s t e r n spruce 
budworm. The aim was t o f i n d one o r more f o r m u l a t i o n s whose p e r ­
formance i s p r e d i c t a b l e and e f f i c i e n t under our p a r t i c u l a r N o r t h ­
e a s t e r n e n v i r o n m e n t a l c o n d i t i o n s . T h i s paper d e s c r i b e s and i l l u s ­
t r a t e s the t e c h n i q u e s which were developed d u r i n g the course of 
t h a t study. 

E a r l y experiments i n our l a b o r a t o r y were concerned w i t h 
methods f o r sampling and a n a l y s i s of TDAL from f o r m u l a t i o n s ( 6 ) , 
i n s e c t s (7_) and from the f o r e s t atmosphere ( 8 ) . T h i s work was 
l a r g e l y founded upon concepts developed p r e v i o u s l y by B e r o z a et_ 
a l . ( 9, 1Ό, 11). S i n c e t h e n , s e v e r a l o t h e r groups have a p p l i e d 
these concepts t o the measurement of a number of d i f f e r e n t i n s e c t 
pheromone r e l e a s e r a t e s (12, 13). On the b a s i s of our e a r l y 
f i n d i n g s , we were convi n c e
niques f o r r e l e a s e r a t
inadequate. L a b o r a t o r y t e s t e d f o r m u l a t i o n s d i d not e x p e r i e n c e 
the extremes of c l i m a t i c v a r i a t i o n which a r e the norm i n the f i e l d 
and c o n s e q u e n t l y the r e l e a s e r a t e r e s u l t s were not t r a n s f e r a b l e 
to f i e l d performance. 

I n o r d e r t o d e v i s e r e l e a s e r a t e methods which more c l o s e l y 
s i m u l a t e d the n a t u r a l ageing p r o c e s s , we c o n c e n t r a t e d our e f f o r t s 
on t h r e e main a s p e c t s of f o r m u l a t i o n e v a l u a t i o n : 1. Wind Tunnel 
A g e i n g , 2. E f f l u v i a l A n a l y s i s , and 3. Atmospheric C o n c e n t r a t i o n . 

Wind Tunnel Ageing 

E s t i m a t i o n of r e l e a s e r a t e s by measurement of r e s i d u a l p h e r ­
omone as a f u n c t i o n of age i s s i m p l e and eco n o m i c a l . However, 
s i n c e the method q u a n t i t a t e s the amount of a c t i v e i n g r e d i e n t s 
r e m a i n i n g i n the f o r m u l a t i o n , the r e l e a s e r a t e i s determined by 
i n f e r e n c e and does not take i n t o account e i t h e r d e g r a d a t i o n or 
p o l y m e r i z a t i o n ( 1 4 ) . G i v e n a l a b i l e a l d e h y d i c pheromone such as 
TDAL, these p o t e n t i a l c h e m i c a l changes must be taken i n t o account. 
N e v e r t h e l e s s , a l a b o r a t o r y method f o r s i m u l a t i n g the n a t u r a l 
ageing p r o c e s s i s e s s e n t i a l . 

Our f i r s t s t e p was t o develop a s i m p l e e f f e c t i v e wind t u n n e l 
which a l l o w e d us t o age f o r m u l a t i o n s i n the l a b o r a t o r y under v e r y 
n e a r l y n a t u r a l c o n d i t i o n s . Rather than attempt to c o n t r o l a l l 
c l i m a t i c parameters - temperature, p r e s s u r e , h u m i d i t y , l i g h t i n ­
t e n s i t y , wind speed, t u r b u l e n c e , e t c . - which would have been a 
f o r m i d a b l e e n g i n e e r i n g t a s k , a v e r y s i m p l e d e s i g n was chosen i n 
which o n l y a i r speed, temperature and i l l u m i n a t i o n were c o n t r o l l e d 
The o n l y r e a l d e f i c i e n c y i n t h i s system i s the l a c k of c o n t r o l of 
h u m i d i t y . However, t h a t aspect was addressed s e p a r a t e l y by meas­
u r i n g the pheromone r e l e a s e r a t e of each f o r m u l a t i o n under con­
d i t i o n s of v e r y h i g h and v e r y low h u m i d i t y . To d a t e , none of the 
c a n d i d a t e s t e s t e d has shown a major h u m i d i t y dependence. 

The wind t u n n e l i s shown i n F i g u r e 1. A i r f l o w which i s gen­
e r a t e d by an exhaust fan(D) can be v a r i e d from about 0.2 - 3.0 
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meters per second. A i r i s drawn through a h e a t e r ( A ) , passes i n t o 
a m i x i n g chamber(B) and i n t o the t e s t s e c t i o n ( C ) . Access t o the 
t e s t s e c t i o n i s through a g l a s s p o r t ( E ) which a l s o p e r m i t s i l l u m ­
i n a t i o n by a s t a n d a r d sunlamp(F). 

The o p e r a t i n g c o n d i t i o n s were a r r i v e d a t e m p i r i c a l l y by ad­
j u s t i n g temperature, wind speed and i l l u m i n a t i o n on a d i u r n a l 
c y c l e u n t i l c o n d i t i o n s were found which generated the same r e ­
s i d u a l pheromone curve from a st a n d a r d f o r m u l a t i o n i n the t u n n e l 
as t h a t f o r m u l a t i o n e x p e r i e n c e d i n the f i e l d . F o r t h i s s t a n d a r d ­
i z a t i o n , o n e - e i g h t h i n c h square Hereon f l a k e s c o n t a i n i n g an a v e r ­
age 13.3% TDAL by weight were used. T h i s , as w e l l as a l l o t h e r 
f o r m u l a t i o n s , were t e s t e d , as n e a r l y as p o s s i b l e , i n the same 
form which they would have upon a e r i a l a p p l i c a t i o n . They were 
e i t h e r coated o r mixed w i t h a recommended s t i c k e r and measured 
a l i q u o t s were a p p l i e d t
mounted on r a c k s i n th

Having shown t h a t i d e n t i c a l a geing c u r v e s c o u l d be generated 
w i t h one f o r m u l a t i o n , the assumption was made t h a t , under the same 
o p e r a t i n g c o n d i t i o n s , o t h e r f o r m u l a t i o n s would a l s o behave 
s i m i l a r l y i n the t u n n e l and the f o r e s t . The o p e r a t i n g c o n d i t i o n s 
of the t u n n e l a r e as f o l l o w s : 

L i g h t / 8 hours / 25 ± 1°C / 2.4 ± 0.1 m/s 
Dark / 16 hours / 14 ± 1°C / 0.55 ± 0.02 m/s 

E f f l u v i a l A n a l y s i s 

The a c t u a l a i r v e l o c i t y i n our o r i g i n a l e f f l u v i a l pumping 
chamber (6) o p e r a t i n g a t 100 cc/min was about 5 cm/min, which we 
r e g a r d as n e g l i g i b l e . T h i s , we b e l i e v e d , was l a r g e l y r e s p o n s i b l e 
f o r the l a c k of c o r r e l a t i o n between l a b o r a t o r y e f f l u v i a l and f i e l d 
r e s i d u a l pheromone r e l e a s e r a t e s . I n o r d e r t o a c h i e v e r e a l i s t i c 
a i r v e l o c i t i e s , the diameter of the chamber was c o n s t r i c t e d con­
s i d e r a b l y . The m o d i f i e d chamber i s shown i n F i g u r e 2. The form­
u l a t i o n i s suspended on a w i r e i n the case of l a r g e p a r t i c l e s 
w h i l e m i c r o d i s p e r s e d m a t e r i a l s a r e coa t e d on a wooden p o p s i c l e 
s t i c k . These a r e p l a c e d i n the i n n e r tube(A) w i t h o u t t o u c h i n g the 
g l a s s w a l l . The tube i s then i n s e r t e d through a stop p e r i n t o the 
l a r g e r chamber(B) t o w i t h i n 2 cm of the bed of Porapak Q® r e s i n ( C ) 
supported on a g l a s s s i n t e r . The apparatus i s p l a c e d i n a temper­
a t u r e c o n t r o l l e d chamber and connected t o a n i t r o g e n s o u r c e . With 
t h i s arrangement, i t i s p o s s i b l e to generate a i r v e l o c i t i e s up t o 
102 m/min i n the i n n e r tube. The samples are pumped f o r two 
hours a f t e r which the r e s i n and the w a l l s of the main chamber are 
washed w i t h pentane. The TDAL i s then q u a n t i t a t e d by GC. Exper­
iments run a t maximum f l o w r a t e s w i t h two adso r b e r s i n s e r i e s , 
showed n e g l i g i b l e b r e a k t h r o u g h (approx. 0.4%). The a n a l y t i c a l 
methods have been d e s c r i b e d i n d e t a i l elsewhere ( 7 ) . 

T h i s apparatus i s used f o r two types of experiments: 
1. A i r v e l o c i t y dependence of the r e l e a s e r a t e a t 25°C and 2.7, 
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Figure 1. Wind tunnel for formulation aging. Dimensions of test section are: 
length, 40; width, 20; and height, 20 cm. 

N; 

PORAPAK Q 
c 

FLOWMETER 

Figure 2. Modified effluvial pumping chamber. Key: A, inner tube; B, larger 
chamber; and C, Porapak Q resin. 
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26.9 and 102 m/min and 2. Temperature dependence of t h a t r a t e a t 
f o u r temperatures (10°, 15°, 20° and 30°C) and 26.9 m/min a i r v e l ­
o c i t y . A l l measurements a r e made on f o r m u l a t i o n s which have been 
aged f o r seven days i n the wind t u n n e l . 

L a b o r a t o r y R elease Rate R e s u l t s 

To d a t e , over a dozen d i f f e r e n t f o r m u l a t i o n s have been t e s t e d 
i n our l a b o r a t o r y . The f o l l o w i n g t h r e e examples r e p r e s e n t a c r o s s -
s e c t i o n of the t e s t r e s u l t s and are p r e s e n t e d t o i l l u s t r a t e the 

a p p l i c a t i o n of these new t e c h n i q u e s : (A) Hereon 1/8" f l a k e s , 
(B) C a p s u l a r P r o d u c t s Company m i c r o c a p s u l e s , (C) I m p e r i a l 
Chemical I n d u s t r i e s m i c r o c a p s u l e s . 

The wind t u n n e l r e s i d u a l pheromone curve s f o r the t h r e e f o r ­
m u l a t i o n s a r e shown i n

Exa m i n a t i o n of thes
l a t i o n s A and C have r e a s o n a b l y c o n s t a n t r a t e s of r e l e a s e and an 
e f f e c t i v e l i f e - t i m e of p o s s i b l y f o r t y days w h i l e Β has l o s t 90% o f 
i t s a c t i v e i n g r e d i e n t i n the f i r s t week. The s c a t t e r about the 
curve C may be due t o the d i f f i c u l t y of r e p r o d u c i b l y sampling 
m i c r o d i s p e r s e d f o r m u l a t i o n s . 

F i g u r e 4. shows the e f f e c t of a i r v e l o c i t y upon the r e l e a s e 
r a t e of f o r m u l a t i o n "A" pumped f o r a t o t a l of s i x hours. Measure­
ments were made a t t h r e e f l o w r a t e s (2.7, 26.9 and 102 m/min) and 
at 25°C. Each p o i n t r e p r e s e n t s the average r e l e a s e r a t e of a c t i v e 
i n g r e d i e n t i n the p r e c e d i n g two hours of pumping. A t 2.7 m/min 
the r a t e o f r e l e a s e i s c o n s t a n t w i t h time of pumping, however, a t 
the h i g h e r f l o w r a t e s about f o u r hours of exposure were r e q u i r e d 
t o a c h i e v e a s t e a d y - s t a t e r a t e of r e l e a s e . 

A b r i e f i n s p e c t i o n of the s l o p e o f the r e s i d u a l pheromone 
curve "A" i n F i g u r e 3. i n d i c a t e s a r e l e a s e r a t e of 4.3% per day on 
day 7 and 1.1% per day on day 28. T h i s t r a n s l a t e s t o 2 yg/hr and 
0.5 yg/hr, r e s p e c t i v e l y . The seven day v a l u e compares v e r y w e l l 
w i t h 1.75 yg/hr, the steady s t a t e r e l e a s e r a t e measured a t 102 
m/min. ( F i g u r e 4.) 

F i g u r e 5. i l l u s t r a t e s the s t e a d y - s t a t e r e l e a s e r a t e depend­
ence of f o r m u l a t i o n C. I n a l l c a s e s , e x t r a p o l a t i o n of the curves 
suggests t h a t they p l a t e a u beyond about 100 m/min. 

F i n a l l y , F i g u r e 6. i l l u s t r a t e s the temperature dependence of 
f o r m u l a t i o n A. 

Atmospheric C o n c e n t r a t i o n A n a l y s i s 

The f i n a l step i n the t e s t i n g program e v a l u a t e s the p e r ­
formance of m a t e r i a l a e r i a l l y a p p l i e d on s m a l l f i e l d p l o t s . S i n c e 
t h i s procedure aims t o d e f i n e the p h y s i c o - c h e m i c a l c h a r a c t e r i s t i c s 
of each p r o d u c t , not the b i o l o g i c a l e f f e c t , the f o l l o w i n g two 
proc e s s e s a r e monitored: 1. R e s i d u a l pheromone from f o r m u l a t i o n 
c o l l e c t e d i n the f i e l d z e r o t o f o r t y days po s t a p p l i c a t i o n and 
2. atmospheric c o n c e n t r a t i o n of TDAL i n the f o r e s t canopy. 
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Figure 3. Residual pheromone curves for formulations A, B, and C aged 3-4 
weeks in the wind tunnel. Key: Α, (Πλ Hereon flakes; B, (O), Capsular Products 

Company microcapsules; C, (X), Imperial Chemical Industries microcapsules. 

3· 

Figure 4. Release rates at 3 wind velocities and 25°C of formulation A aged 
7 days in the wind tunnel. Key: 2.7 m/min (^); 26.9 m/min (Αλ* and 102 m/min 

(·)· 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



11. wiESNER A N D S I L K Eastern Spruce Budworm Pheromone 215 
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Figure 5. Wind velocity dependence of the steady-state release rate of formulation 
C at 25°C, aged 7 days in the wind tunnel. 
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Figure 6. Temperature dependence of the release rate of formulation A aged 7 
days in the wind tunnel at a wind velocity of 26.9 m/min. 
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The measurement of pheromone c o n c e n t r a t i o n s i n the atmos­
phere was f i r s t d e s c r i b e d by Caro et a l . f o r d i s p a r l u r e ( 1 1 ) . 
U s i n g an a d a p t a t i o n of h i s method we have developed sampling and 
a n a l y t i c a l t e c h n i q u e s s p e c i f i c a l l y f o r t e t r a d e c e n a l q u a n t i t a t i o n . 

The aldehyde i s trapped w i t h h i g h volume samplers suspended 
i n mid-canopy drawing 25 - 30 nrfyhr of a i r through a bed of 20 g 
of A m b e r l i t e XAD-2® r e s i n . O r i g i n a l l y the pheromone was d e r i v a t -
i z e d t o the p e n t a f l u o r o b e n z y l oxime a f t e r s o l v e n t e x t r a c t i o n from 
the r e s i n ( 8 ) . T h i s was f o l l o w e d by s i l i c a g e l column clean-up 
and q u a n t i t a t i o n by c a p i l l a r y GC w i t h e l e c t r o n c a p t u r e d e t e c t i o n . 
T h i s gave s a t i s f a c t o r y r e s u l t s but was t e d i o u s and ex p e n s i v e . 
A l s o the d e r i v a t i z a t i o n produced e l e c t r o n c a p t u r i n g i m p u r i t i e s 
which o c c a s i o n a l l y i n t e r f e r e d w i t h the t e t r a d e c e n a l peak. Our 
pr e s e n t method of a n a l y s i s i n v o l v e s q u a n t i t a t i o n o f TDAL u s i n g a 
c a p i l l a r y column GC/MS t e c h n i q u e  Th  GC/Mas  Spectromete
( F i n n i g a n 4021) i s use
under computer c o n t r o l  S p e c i f i
dard (decylbenzene) and the pheromone are r e c o r d e d . The combin­
a t i o n o f h i g h r e s o l u t i o n c a p i l l a r y gas chromatography and the 
s p e c i f i c i t y of the mass spectrometer i n the MID mode, makes 
t h i s t e c h n i q u e s u p e r i o r t o the oxime method, a l b e i t , a l i t t l e l e s s 
s e n s i t i v e . (EC MOO peg; MID ^500 peg) 

F i g u r e 7. shows the r e s u l t s of a f i e l d t e s t o f f o r m u l a t i o n A. 
The p l a s t i c l a m i n a t e d f l a k e s were a p p l i e d a t a v e r y h i g h r a t e (500 
g A.I./ha) on June 29th, 1980 t o a mixed s p r u c e / f i r stand near 
Machias, Maine. The two curves r e p r e s e n t mid-day (12:00 - 14:00) 
canopy c o n c e n t r a t i o n s of TDAL as w e l l as the temperatures a t t h a t 
time. A p e r i o d of heavy r a i n spanning J u l y 1 s t and 2nd i s r e ­
f l e c t e d b o t h i n low noon temperatures and low aldehyde c o n c e n t r a ­
t i o n s . 

As mentioned above, the s l o p e o f r e s i d u a l pheromone curve "A" 
(Fi g U r e 3.) g i v e s the r e l e a s e r a t e on day 7 as 2 yg/hr and on day 
28 as 0.5 yg/hr, a r a t i o of 4:1. The atmospheric c o n c e n t r a t i o n s 
on those days were 5 ng/m^ and 0.5 ng/m^, a r a t i o o f 10:1. I n 
view of the unknown d i l u t i o n e f f e c t o f v a r y i n g m e t e o r o l o g i c a l 
c o n d i t i o n s , the r e l a t i v e correspondence between r e l e a s e r a t e and 
atmospheric c o n c e n t r a t i o n i s q u i t e good. 

C o n c l u s i o n s 

The t e c h n i q u e s d e s c r i b e d and i l l u s t r a t e d above now enable us 
to p r e d i c t r e l i a b l y the i n f l u e n c e of the major c l i m a t i c v a r i a b l e s 
upon the r a t e o f r e l e a s e of ΔΙΙ-tetradecenal from c o n t r o l l e d r e ­
l e a s e f o r m u l a t i o n s under f i e l d c o n d i t i o n s . With s u i t a b l e r e c a l -
i b r a t i o n , these methods shou l d be a p p l i c a b l e t o any c l i m a t i c 
c o n d i t i o n s as w e l l as any c h e m i c a l s . A complete u n d e r s t a n d i n g o f 
the r e l e a s e performance of a g i v e n f o r m u l a t i o n w i l l , f o r the f i r s t 
t i m e , p e r m i t us t o i n t e r p r e t the r e s u l t s of a f i e l d treatment w i t h 
the c o n f i d e n c e t h a t we are d e a l i n g w i t h a b i o l o g i c a l e f f e c t , n o t 
a f o r m u l a t i o n e f f e c t . 
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J U N E J U L Y A U G U S T 

Figure 7. Midday pheromone concentrations and temperatures at mid-canopy 
following aerial application of formulation A (500 g a.i./ha). 
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The Utilization of Aggregation Pheromone for the 
Control of the Spruce Bark Beetle 

A L F BAKKE 

Norwegian Forest Research Institute, 1432 Ås-NLH, Norway 

Drought and storm felling i n the 1970's p r e c i p i t a t e d 
an outbreak of Ips typographus that annuall  killed 
millions of spruc
ca t i on and synthesi  aggregatio  pheromon
the beet le by 1977 ra i sed the possibility of counter­
ing the cont inuing outbreak by manipulat ing the bark 
beetles wi th t h e i r na tura l b e h a v i o r - c o n t r o l l i n g che­
m i c a l s . Pheromone dispensers conta in ing a mixture of 
2-methyl -3-buten-2-o l (1500 mg), (S ) - c i s -verbeno l (70 
mg) and ipsd ieno l (15 mg) were used as b a i t in drain­
pipe traps in a con t ro l program. About 600,000 traps 
were deployed in South-Norway and about 40,000 fores t 
owners participated. Average catch per trap was 4700 
beetles i n 1979 and 7400 beet les i n 1980. Tota l cap­
ture was estimated to be 2.9 billion beet les i n 1979 
and 4.5 billion beet les i n 1980. Damage was signifi­
cantly reduced in fores t around the t raps , particu­
larly i n lightly damaged areas. The beet les killed 
about 10 million trees i n Norway during the years 
1978-80. 

Bark b e e t l e s c o n s t i t u t e a l a r g e group of i n s e c t s which i n h a b i t 
f o r e s t s a l l over the w o r l d . Most of the s p e c i e s are dependent on 
dy i n g t r e e s o r broken branches f o r t h e i r r e p r o d u c t i o n . Only a 
few s p e c i e s a r e a b l e t o a t t a c k and k i l l h e a l t h y , l i v i n g t r e e s . 
There a r e two main reasons f o r the e x t r a o r d i n a r y c a p a b i l i t i e s of 
such a g g r e s s i v e b a r k b e e t l e s . F i r s t l y : they have developed an 
e f f e c t i v e c h e m i c a l s i g n a l system t o c o o r d i n a t e the a t t a c k and t o 
aggregate i n masses on s e l e c t e d t r e e s . Secondly: they a r e supp­
l i e d w i t h p a t o g e n i c b l u e s t a i n f u n g i t h a t invade the sapwood of 
the t r e e , induce water s t r e s s and render the t r e e s u s c e p t i b l e t o 
c o l o n i z a t i o n by the b e e t l e s . 

The development of c h e m i c a l t e c h n o l o g y i n r e c e n t y e a r s and 
c l o s e c o o p e r a t i o n between chemists and e n t o m o l o g i s t s have p r o -
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v i d e d the b a s i s f o r i d e n t i f i c a t i o n , s y n t h e s i s and u t i l i z a t i o n of 
i n s e c t b e h a v i o r a l c h e m i c a l s . Most of the fundamental r e s e a r c h 
work has been conducted i n the U n i t e d S t a t e s w i t h i n s e c t s from 
t h a t p a r t of the w o r l d , but some p r o g r e s s has a l s o been made i n 
Europe. T h i s paper d e s c r i b e s a s e r i o u s bark b e e t l e problem i n 
Norway and how r e s u l t s of a r e s e a r c h program on pheromones have 
been u t i l i z e d i n e f f o r t s t o d e a l w i t h the problem. 

The bark b e e t l e Ips typographies i s the main p e s t of mature 
spruce i n most of the spruce f o r e s t s of Europe and N o r t h e r n A s i a . 
Under epidemic c o n d i t i o n s , the b e e t l e s are a b l e t o overcome and 
u t i l i z e r e l a t i v e l y h e a l t h y and v i g o r o u s t r e e s . C o n t r o l measures 
have been undertaken i n Europe f o r more than 200 y e a r s , m a i n l y by 
h a r v e s t i n g or b u r n i n g i n f e s t e d t r e e s and by f e l l i n g t r a p t r e e s . 
A t r a p t r e e i s a l i v i n g , mature spruce which i s f e l l e d i n s p r i n g 
and l e f t i n the f o r e s t d u r i n  mai  f l i g h  p e r i o
b e e t l e s . The t r u n k i s
moved from the f o r e s t w h i l
F e l l i n g t r a p t r e e s and removing i n f e s t e d t r e e s i n summer w h i l e 
the brood s t i l l was i n the t r e e s , were the o n l y c o n t r o l methods 
used i n S c a n d i n a v i a u n t i l 1979. These methods are s t i l l used i n 
many c o u n t r i e s i n Europe, but they are expensive and have many 
di s a d v a n t a g e s . 

C o n t r o l by a t t e m p t i n g t o remove i n f e s t e d t r e e s from the f o r ­
e s t i s p a r t i c u l a r l y d i f f i c u l t because o n l y 4-6 weeks are a v a i l ­
a b l e from the time the i n f e s t e d t r e e s can be i d e n t i f i e d by t h e i r 
y e l l o w i n g crowns u n t i l the broods b e g i n t o emerge. I n a c o u n t r y 
such as Norway w i t h l a r g e f o r e s t areas and d i f f i c u l t , o f t e n steep 
t e r r a i n , the removal of i n f e s t e d t r e e s i n such a s h o r t p e r i o d i s 
o f t e n i m p r a c t i c a l . The need f o r more e f f e c t i v e and economic con­
t r o l measures was u r g e n t . 

A r e s e a r c h program l e d by the author of t h i s paper was t h e r e ­
f o r e e s t a b l i s h e d f o r the p e r i o d 1974-78 w i t h c o o p e r a t i o n between 
e n t o m o l o g i s t s at the Norwegian F o r e s t Research I n s t i t u t e and che­
m i s t s a t the Chemical I n s t i t u t e a t the U n i v e r s i t y of O s l o . The 
c h e m i c a l r e s e a r c h was l e d by P r o f e s s o r L a r s S k a t t e b 0 l . The aims 
were t o i d e n t i f y the a g g r e g a t i o n pheromone components of Ips ty­
pographies, t o develop syntheses f o r commercial p r o d u c t i o n and t o 
work out methods f o r the u t i l i z a t i o n of pheromones i n b e e t l e con­
t r o l . The c o n t r o l measures p r e s e n t e d i n t h i s paper are m a i n l y 
based on r e s u l t s from t h i s r e s e a r c h program. 

Pheromone Components 

The major a g g r e g a t i o n pheromone components of X. typographus are 
c i s - v e r b e n o l and 2-methyl-3-buten-ol ( 1 ) . C i s - v e r b e n o l i s common 
to s e v e r a l Ips s p e c i e s ( 2 ) . Only the Ts)-(-) enantiomer evokes 
response i n f i e l d experiments ( 3 ) . M e t h y l b u t e n o l i s s p e c i f i c t o 
J . typographus. A d i f f e r e n t isomer i s p a r t of the pheromone of 
the r e l a t e d s p e c i e s Ips oembrae, which l i v e s on l a r c h i n Europe 
04). I p s d i e n o l (2-methy1-6-methylene-2, 7 - o c t a d i e n e - 4 - o l ) , which 
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i s shared by most Ips s p e c i e s , a l s o o c c u r s i n J . typographus, but 
seems to p l a y a minor r o l e i n the a g g r e g a t i o n pheromone complex. 
The a d d i t i o n of i p s d i e n o l i n c r e a s e s the number of b e e t l e s c a p t u ­
r e d i n t r a p s by an average of 50%, m a i n l y by i n c r e a s i n g the num­
ber of f e m a l e s . ( R ) - ( - ) - i p s d i e n o l i s i d e n t i f i e d from the s p e c i e s 
( 5 ) , and f i e l d d a t a i n d i c a t e t h a t t h i s enantiomer i s more a t t r a c ­
t i v e than i t s a n t i p o d e . I p s e n o l (2-methyl-6-methylene-7-octene-
4-ol) and verbenone, two o t h e r components of s e v e r a l bark b e e t l e 
s p e c i e s , have a l s o been i d e n t i f i e d from the gut of J . typographus 
male b e e t l e s . Both of these components i n h i b i t the response t o 
the a g g r e g a t i o n pheromone ( 6 ) . They are r e l e a s e d a f t e r the fema­
l e s have en t e r e d the g a l l e r y and seem t o r e g u l a t e the g a l l e r y den­
s i t y and cause the s h i f t of a t t a c k t o new bark areas o r n e i g h b o u r ­
i n g t r e e s . Male b e e t l e s are the main producers of a l l pheromone 
components, but o n l y i p s d i e n o
i t i o n of h o s t - v o l a t i l e
has not g i v e n an i n c r e a s e d response i n the f i e l d . 

A p p l i c a t i o n of Pheromones 

A major outbreak of J . typographus i n S c a n d i n a v i a gave urgency to 
the immediate a p p l i c a t i o n of the new knowledge of the b e e t l e s ' 
c h e m i c a l communication system. M i l l i o n s of spruce t r e e s were k i l ­
l e d by the b e e t l e i n the l a t e 1970's and s e v e r a l m i l l i o n more 
t r e e s were overmature and h i g h l y s u s c e p t i b l e t o a t t a c k . T h i s 
g r e a t l o s s r e s u l t e d from a c o m b i n a t i o n of drought, storm f e l l i n g s 
and a h i g h i n i t i a l b e e t l e p o p u l a t i o n . F o r e s t s of more than a hun­
dred thousand i n d i v i d u a l ownerships were i n f e s t e d i n Norway. A t t ­
acks were s c a t t e r e d over an area of 140,000 km^, which i s e q u a l t o 
the a r e a of East-Germany o r the s t a t e of Kentucky i n the U.S.A. . 
More than 90% of the ownerships are l e s s than 100 h e c t a r e s and be­
l o n g t o farmers whose main income i s from f a r m i n g . The severe and 
widespread outbreak r e q u i r e d a c t i v e involvement of the government, 
and an i n f o r m a t i o n campaign was s t a r t e d t o c o n v i n c e the f o r e s t ow­
n e r s of the n e c e s s i t y of p a r t i c i p a t i o n i n a c o n t r o l program ( 7 ) . 
Pheromone d i s p e n s e r s were an i m p o r t a n t p a r t o f the c o n t r o l p r o ­
gram. 

The Pheromone D i s p e n s e r s and t h e i r use. Two k i n d s of d i s p e n ­
s e r s were used, b o t h marketed by B o r r e g a a r d I n d . L t d . , S a r p s b o r g , 
Norway. 1. A p l a s t i c bag f o r m u l a t i o n produced by Celamerck, I n -
g e l h e i m , West-Germany. 2. A l a m i n a t e d p l a s t i c - t a p e f o r m u l a t i o n 
produced by H e r c u l i t e P r o d u c t s I n c . , New Y ork, N.Y., U.S.A. One 
d i s p e n s e r c o n t a i n e d 1500 mg m e t h y l b u t e n o l , 70 mg ( S ) - c i s - v e r b e n o l 
and 10 mg (1979) or 15 mg (1980) i p s d i e n o l . 

The Qpheromone r e l e a s e r a t e i s i n s i g n i f i c a n t a t temperatures 
below 10 C. D i s p e n s e r s exposed i n s i d e t r a p s i n the f i r s t p a r t of 
May c o l l e c t e d b e e t l e s d u r i n g a two-month p e r i o d , showing t h a t they 
were r e l e a s i n g pheromones d u r i n g the b e e t l e s main f l i g h t p e r i o d . 
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The d i s p e n s e r s were e v a l u a t e d by the P e s t i c i d e s Board of the 
M i n i s t r y of A g r i c u l t u r e and were approved f o r p r a c t i c a l use i n 
f o r e s t r y . 

The d i s p e n s e r s were a p p l i e d as p a r t of t h r e e t r a p p i n g methods. 
1. To aggregate the b e e t l e i n s t a n d i n g t r a p - t r e e s which were f e l ­
l e d and removed soon a f t e r a t t a c k (8, 9 ) . 2. On l i n d a n e - s p r a y e d 
l o g s e c t i o n s t h e b e e t l e s were k i l l e d by the i n s e c t i c i d e a f t e r they 
had landed and s t a r t e d b o r i n g i n the b a r k ( 1 0 ) . 3. I n b a i t e d 
t r a p s ( 1 1 ) . For economic r e a s o n s , the t r a p method was the one 
most commonly used. 

The T r a p s . The t r a p ( F i g u r e 1) was made of p o l y e t h y l e n e 
tubes w i t h about 900 h o l e s j u s t l a r g e enough (3-4 mm) t o a l l o w 
b e e t l e - p a s s a g e . The tubes were capped a t the top and had a f u n ­
n e l at the base l e a d i n g t o a c o l l e c t i n g c o n t a i n e r  The model used 
i n 1979 ( F i g u r e 1A) has a
b o t t l e s e r v i n g as the c o l l e c t i n
1B) was i n t r o d u c e d i n 1980 on a minor s c a l e . I t s p i p e i s 130 cm 
l o n g and 16 cm wide and t h e r e i s a f u n n e l a t the base r e a c h i n g 10 
cm out from the p i p e t o c o l l e c t b e e t l e s f a l l i n g down a l o n g the 
p i p e . The c o l l e c t i n g c o n t a i n e r i s p e r f o r a t e d t o p e r m i t r a i n water 
t o pass through. 

The 1980 t r a p model caught 50-100% more b e e t l e s than d i d the 
1979 model, but an u n s u c c e s s f u l l y made c o l l e c t i n g c o n t a i n e r caused 
the escape of many b e e t l e s . 

The p r i c e of one t r a p i s about $5 and one d i s p e n s e r c o s t s 
about $2 when or d e r e d i n l a r g e q u a n t i t i e s . The t r a p i s easy t o 
handle and can be used f o r s e v e r a l y e a r s . 

About 600,000 t r a p s were used i n Norway i n 1979 and 1980. 
They were p o s i t i o n e d m a i n l y i n areas where t r e e s had been k i l l e d 
by the b e e t l e the y e a r s b e f o r e . G u i d e l i n e s were worked out f o r 
the l o c a t i o n of t r a p s . 

P r i n c i p l e s f o r the i n t e g r a t e d C o n t r o l Program. I t must be 
emphasized t h a t the use of pheromone d i s p e n s e r s and t r a p s was o n l y 
one p a r t of the e x t e n s i v e c o n t r o l program. The major l o n g t e r m ob­
j e c t i v e was t o s t i m u l a t e i n c r e a s e d h a r v e s t i n g of overmature stands 
i n areas t h r e a t e n e d by b e e t l e a t t a c k . Government funds were a v a i l ­
a b l e f o r the support of road c o n s t r u c t i o n i n areas c o n t a i n i n g 

overmature s t a n d s , l o g g i n g o p e r a t i o n s i n steep t e r r a i n s , and the 
purchase o f modern l o g g i n g equipment. A f o r e s t p r a c t i c e s law was 
amended t o p r o h i b i t s t o r a g e o f unbarked l o g s i n the f o r e s t d u r i n g 
summer, and t o r e q u i r e clean-up a f t e r storm damage and l o g g i n g . 

I n a d d i t i o n t o mass t r a p p i n g , f e l l i n g and removal of b e e t l e -
i n f e s t e d t r e e s was the main s h o r t - t e r m measure. I t was s t r o n g l y 
recommended t h a t i n f e s t e d t r e e s s h o u l d be removed from the f o r e s t 
i n J u n e - J u l y b e f o r e the a d u l t of the next g e n e r a t i o n had emerged. 
Traps were t o be deployed p r e f e r a b l y i n areas w i t h minor i n f e s t a ­
t i o n , one t r a p f o r every 3-5 t r e e s k i l l e d by the b e e t l e the p r e ­
v i o u s y e a r . T r a p p i n g was not recommended f o r s a v i n g o l d stands 
w i t h e x t e n s i v e b e e t l e i n f e s t a t i o n o r stands s e v e r e l y weakened by 
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Figure 1. Pipe-trap models used in the bark beetle control program. Key: A, the 
1979 model, andB, the 1980 model. 
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drought. C l e a r - f e l l i n g was recommended f o r such s t a n d s . I n s t r u c ­
t i o n s were g i v e n t o p l a c e t r a p s i n c u t - o v e r areas t o c o l l e c t emer­
g i n g b e e t l e s and thereby p r e v e n t t h e i r d i s p e r s a l t o o t h e r a r e a s . 

R e s u l t s from the Mass Tr a p p i n g Program. Traps l o c a t e d 
throughout the b e e t l e - i n f e s t e d areas were randomly s e l e c t e d f o r 
a n a l y s i s of b e e t l e catches and the degree of changes i n damage t o 
the f o r e s t around the t r a p s . About 1% of the t o t a l t r a p s were s e ­
l e c t e d i n 1979 (5679 t r a p s ) and \% (2847 t r a p s ) i n 1980. The 
t r a p s were emptied f o u r times on g i v e n dates by l o c a l f o r e s t o f f i ­
c e r s . A form was completed f o r each t r a p c o n t a i n i n g i n f o r m a t i o n 
p e r t a i n i n g to f o r e s t c o n d i t i o n w i t h i n a r a d i u s of 100 m (1980), 
number of b e e t l e - k i l l e d t r e e s each y e a r , and the s i z e of the c a t c h 
0 2 ) . 

Trap Catches. Averag
c o u n t i e s , the h i g h e s t numbers b e i n g r e c o r d e d  c o u n t i e s w i t  the 
most severe b e e t l e a t t a c k (Table I ) . The ca t c h e s were h i g h e s t i n 
1980, when the average c a t c h per t r a p was 7406 b e e t l e s . Average 
t r a p c a t c h e s i n 1980 were 10,000-12,000 b e e t l e s i n c o u n t i e s w i t h 
e x t e n s i v e b e e t l e damage, whereas a c a t c h of 2000-4000 b e e t l e s was 
u s u a l i n c o u n t i e s w i t h minor damage. Numbers of b e e t l e s caught 
per t r a p v a r i e d from a few hundred t o s e v e r a l thousand. Traps 
l o c a t e d i n areas c u t - o v e r the p r e v i o u s w i n t e r had the h i g h e s t 
c a t c h e s . Average catch e s per t r a p decreased w i t h i n c r e a s i n g age 
of the f e l l i n g ( F i g u r e 2 ) . Traps surrounded ( w i t h i n 100 m d i s ­
tance) by many b e e t l e - k i l l e d t r e e s from the year b e f o r e , had the 
h i g h e s t c a t c h e s (Table I I ) . The t o t a l c a p t u r e i n Norway by a l l 
t r a p s was e s t i m a t e d t o be 2.9 b i l l i o n b e e t l e s i n 1979 and 4.5 
b i l l i o n b e e t l e s i n 1980. 

Table I . Average c a t c h e s per t r a p i n some c o u n t i e s 
of Norway. Number of t e s t t r a p s i n p a r e n t h e s e s . 

1979 1980 
Counties w i t h severe damages 

V e s t f o l d 6,919 (808) 11,701 (447) 
Telemark 5,654 (1416) 9,967 (741) 
Buskerud 4,682 (879) 7,806 (440) 

Co u n t i e s w i t h minor damages 
Oppland 2,809 (490) 2,468 (253) 
Hedmark 3,167 (596) 3,165 (206) 
0 s t f o l d 3,634 (204) 4,337 (199) 

A l l c o u n t i e s 4,701 (5679) 7,406 (2847) 
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Figure 2. Average catches in 1980 in traps located in clear-cut areas of different 
ages. Key: 1, felling in 1979/80; 2, felling in 1978/79; 3, older felling; and 

4, other open areas. 
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Table I I . Average catch e s i n 1980 from t r a p s a t 
s i t e s w i t h d i f f e r e n t number of k i l l e d t r e e s i n 1979. 
The damage i s re c o r d e d w i t h i n 100 m from the t r a p s . 
Number of t r a p s i n p a r e n t h e s e s . 

Number of k i l l e d t r e e s i n 1979. 
None 1-5 6-30 More than 30 

A l l s i t e s 3421 4342 7329 12,150 
(438) (552) (1164) (720) 

Counties w i t h 
severe damage 
V e s t f o l d and 
Telemark 

4712 5248 10,352 15,938 
(108) (189

The main reason f o r the h i g h e r c a t c h e s i n 1980 was p r o b a b l y 
the b e t t e r l o c a t i o n of the t r a p s . I n 1980, the g u i d e l i n e s empha­
s i z e d the importance of s e t t i n g the t r a p s c l o s e t o the ground, i n 
groups of 3-8 t r a p s (about 5 m a p a r t ) , i n f e l l i n g areas and a t a 
minimum d i s t a n c e of 30 m from mature spruce s t a n d s . 

T r a p p i n g of n o n - t a r g e t i n s e c t s . More than 99% of the i n ­
s e c t s trapped were b e e t l e s of the genus Ips. I. typographus p r e ­
dominated, but a few per cent i n c e r t a i n l o c a l i t i e s were J . dup­
licatas ( S a h l b e r g ) , which responds t o the i p s d i e n o l . The p r e d a ­
t o r y a n t - l i k e checkered b e e t l e s ( C l e r i d a e ) Thanasirrus forrrdearius 
(L.) and T. femoralis ( Z e t t . ) a r e a t t r a c t e d by i p s d i e n o l and cis-
v e r b e n o l (13) and were found i n most t r a p s . I n 1979, the average 
c a p t u r e of Thanasimus was 1.6 per thousand J p s , and i n 1980 1.4 
per thousand. I n the t r a p model of 1980, t h e r e were o n l y 0.5 c l e -
r i d s caught per thousand Ips. The c h a l c i d wasp Tomioobia seitnei 
(Ruschka), which o v i p o s i t i n a d u l t b e e t l e s w h i l e they are on the 
s u r f a c e of t r e e s b e i n g c o l o n i z e d , were observed on the s u r f a c e of 
the d r a i n p i p e , but v e r y few, i f any, e n t e r e d the t r a p . These 
data i n d i c a t e t h a t the d r a i n p i p e t r a p i s v e r y s e l e c t i v e and b e t ­
t e r than s t i c k y t r a p s and window t r a p s i n p r e v e n t i n g the k i l l i n g 
of u s e f u l p r e d a t o r s . 

B e e t l e - k i l l e d Trees around the Traps. I n 1980, t r e e m o r t a l i ­
t y was r e c o r d e d w i t h i n a d i s t a n c e of 100 m from the t r a p s . The 
t r a p s i t e s were c l a s s i f i e d i n f o u r groups a c c o r d i n g t o the number 
of t r e e s k i l l e d i n 1979; none, 1-5, 6-30, and more than 30. There 
was a c l e a r c o r r e l a t i o n between the p r o b a b i l i t y o f new i n f e s t a ­
t i o n s around the t r a p s and the number of b e e t l e - k i l l e d t r e e s the 
ye a r b e f o r e t r a p s were s e t up. At 70% of the s i t e s w i t h 1-5 k i l ­
l e d t r e e s the year b e f o r e , no new i n f e s t a t i o n s were r e c o r d e d , and 
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Table I I I . Per cent of t r a p - s i t e s where no new i n ­
f e s t e d t r e e s were r e c o r d e d i n 1980 i n r e l a t i o n t o 
the number of b e e t l e - k i l l e d t r e e s i n the same a r e a 
i n 1979. Records are made w i t h i n 100 m from t r a p s . 

Number of b e e t l e - k i l l e d A l l c o u n t i e s 
t r e e s i n 1979 
None 95 
1-5 70 
6-30 51 
More than 30 30 

a t 30% of the s i t e s w i t
were a l s o no new i n f e s t a t i o n

The degree of change i n the number of b e e t l e - k i l l e d t r e e s 
from 1979 t o 1980 was a l s o r e c o r d e d . There were d i s t i n c t improve­
ments on s i t e s w i t h a l l grades of damage i n 1979. The changes 
were about the same i n most of the c o u n t i e s (Table I V ) . The t o t a l 
s i t e number showed improvement i n 69% of the s i t e s . 26% had un­
changed s i t u a t i o n w h i l e 5% had i n c r e a s e d damages. 

Traps compared to Trap T r e e s . T r a p - t r e e s have been used i n 
Europe f o r more than 200 y e a r s to c o n t r o l the spruce bark b e e t l e 
( 1 4 ) . One r e a s o n f o r d e v e l o p i n g pheromone t r a p s i s t o r e p l a c e 
the t r a p - t r e e method, which has become more and more e x p e n s i v e . An 
average t r a p - t r e e (20 cm d.b.h.) w i l l be o c c u p i e d by about 6500 
b e e t l e s ( 1 2 ) . Average t r a p - c a t c h e s i n 1980 were 7406 b e e t l e s . 
W i t h i n 2-3 weeks par e n t b e e t l e s o c c u p y i n g a t r a p - t r e e have u t i l ­
i z e d the phloem s u i t a b l e f o r b r e e d i n g so most of them emerge to 
a t t a c k another t r e e . A f t e r 3-4 weeks o n l y 10-20% of the b e e t l e s 
are l e f t . T r a p - t r e e s t h e r e f o r e have to be removed from the f o r e s t 

Table IV. Degree of change i n the amount of b e e t l e -
k i l l e d t r e e s around the t r a p s i n 1980, on s i t e s w i t h 
d i f f e r e n t degree of damage i n 1979. Per cent of t r a p 
s i t e s w i t h i n the d i f f e r e n t groups of damage i n 1980 
compared to the degree of damage i n 1979. 
( C o u n t i e s i n s o u t h - e a s t Norway). 

Number of i n f e s t e d New i n f e s t e d t r e e s i n 1980 
t r e e s around the 
t r a p s i n 1979 None 1-5 6-30 More than 30 η 
None 95 1 4 0 122 
1-5 70 22 8 0 142 
6-30 17 49 30 4 282 
More than 30 26 10 40 24 143 
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w i t h i n a s h o r t p e r i o d a f t e r the i n f e s t a t i o n has taken p l a c e . T h i s 
i s a major disadvantage of the t r a p - t r e e method and s t r e n g t h e n s 
the case f o r the use of pheromone-traps. 

Another disadvantage of the t r a p - t r e e system i s t h a t the t r a p 
- t r e e s remove l a r g e numbers of p a r a s i t e s and p r e d a t o r s of the bark 
b e e t l e . By s e l e c t i v e l y t r a p p i n g bark b e e t l e s i n pheromone b a i t e d 
t r a p s , the r a t i o of n a t u r a l enemies to b a rk b e e t l e s i s i n c r e a s e d . 
I t i s p r o b a b l e t h a t t h i s a l t e r e d s u r v i v o r s h i p i n t u r n may r e s u l t 
i n h i g h e r bark b e e t l e m o r t a l i t y r a t e s . 

E v a l u a t i o n of the Method. Pheromone b a i t e d t r a p s p r o b a b l y 
w i l l not supress outbreaks i n overmature stands a f t e r an outbreak 
has s t a r t e d . The o n l y measure f o r such stands i s c l e a r - f e l l i n g . 
I n areas w i t h minor i n f e s t a t i o n , the t r a p s may be u s e f u l i n r e d u c ­

i n g the b e e t l e - p o p u l a t i o
overcome the r e s i s t a n c
at some of the s i t e s . New i n f e s t a t i o n s i n 1980 were r e c o r d e d o n l y 
at 30% of the t r a p - s i t e s which had minor damage i n 1979. 

At 70% of the s i t e s w i t h e x t e n s i v e damages i n 1979, t h e r e 
were new a t t a c k s a l s o i n 1980, d e s p i t e the presence of t r a p s , but 
i n most s i t e s , the number of b e e t l e - k i l l e d t r e e s was reduced. Such 
r e d u c t i o n s are v e r y important because the f e l l i n g and removal of 
newly i n f e s t e d t r e e s i n summer has been a b o t t l e - n e c k i n the con­
t r o l program. 

No c o n t r o l measures have been undertaken over l a r g e a r e a s , 
p a r t i c u l a r l y i n steep t e r r a i n and where l a c k of roads makes f e l l ­
i n g and t r a n s p o r t uneconomical. The t o t a l damage i n c u b i c meters 
i n Norway i n 1980 was about the same as i n 1979. Reasons f o r t h i s 
may be t h a t the outbreaks c o n t i n u e w i t h f u l l s t r e n g t h , p a r t i c u l a r ­
l y i n i n a c c e s s i b l e areas and i n f o r e s t s where the owner has not 
been m o t i v a t e d to employ c o n t r o l measures. 

The mass t r a p p i n g program i s not easy to e v a l u a t e from a 
s c i e n t i f i c v i e w p o i n t . We can e s t i m a t e the number of trapped 
b e e t l e s , but we are unable t o determine the s i z e of the n a t u r a l 
p o p u l a t i o n . We can a l s o compare t r e e m o r t a l i t y b e f o r e and a f t e r 
the t r a p p i n g program, but we know l i t t l e about the r e s i s t a n c e of 
the t r e e s and the p r i m a r y reason f o r m o r t a l i t y . The importance 
of h a v i n g c o n t r o l areas w i t h o u t t r a p s i s o b v i o u s . However, the 
e s t a b l i s h m e n t of a r e s e a r c h program which i n c l u d e s c o n t r o l areas 
e n t a i l s many d i f f i c u l t i e s , p r a c t i c a l as w e l l as s c i e n t i f i c . 

Pheromones w i l l undoubtedly be a major component of most 
f u t u r e i n t e g r a t e d b a r k b e e t l e management programs. However, more 
team-work i s needed t o get a b e t t e r u n d e r s t a n d i n g on how the 
method i n f l u e n c e s b e e t l e p o p u l a t i o n s . 
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Management of the Gypsy Moth with Its Sex 
Attractant Pheromone 

J A C K R. P L I M M E R , B. A. L E O N H A R D T , and R. E . W E B B 
U.S. Dept. of Agriculture, Beltsville Agricultural Research Center, Beltsville, MD 20705 

C. P. S C H W A L B E 
Otis Methods Development Center, Otis A i r Force Base, MA 02542 

The sex a t t rac tan
moth [Lymantri
7,8-epoxy-2-methyloctadecane). The na tu ra l 
a t t r a c t a n t i s the (+) enantiomer; it is a 
powerful a t t rac tan t for male moths and is used 
throughout the United States as a ba i t in traps 
to detect i n f e s t a t i o n s . A convenient and 
economic synthes is , recent ly reported, involves 
ox idat ion of an i nac t i ve unsaturated precursor 
w i t h an optically ac t ive complex to yield an 
epoxide of h igh enantiomeric purity. 

The racemic form is as e f fec t ive as the (+) 
enantiomer for d i s rup t ing mating. This t ech ­
nique for populat ion suppression has been eva lu ­
ated in experiments to compare the effects of 
f ormulat ion , dose rate and populat ion densi ty on 
its e f f i c a c y . In light i n f e s t a t i o n s , gypsy moth 
mating is effectively suppressed. M i c r o ­
capsules , laminated polymeric " f l akes " and 
hollow f ibe rs were compared as con t ro l l ed ­
-re lease formulat ions . 

The gypsy moth [ L y m a n t r i a d i s p a r ( L . ) ] has been c o n t i n u a l l y 
e x t e n d i n g i t s range throughout the n o r t h e a s t e r n U n i t e d S t a t e s 
and Canada s i n c e i t s a c c i d e n t a l i n t r o d u c t i o n i n Massachusetts i n 
1869, and p o p u l a t i o n s have f r e q u e n t l y b u i l t up to d e f o l i a t i n g 
l e v e l s . Areas of n o r t h e r n Maryland now l i e w i t h i n the major 
i n f e s t e d zone, and t h e r e a r e o u t l y i n g i n f e s t a t i o n s i n V i r g i n i a 
and West V i r g i n i a , Ohio, M i c h i g a n , W i s c o n s i n , Washington, 
C a l i f o r n i a , and Nebraska. The zone extends as f a r as Ohio i n 
the west. I t i s not known what f a c t o r s may l i m i t the u l t i m a t e 
e x t e n t of the i n f e s t a t i o n . I s o l a t e d i n f e s t a t i o n s have a l s o 
o c c u r r e d i n s e v e r a l w e s t e r n and midwestern s t a t e s . In 1980, 5.1 
m i l l i o n acres of f o r e s t were d e f o l i a t e d by the gypsy moth. I n 

This chapter not subject to U.S. copyright. 
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1981, more than 12 m i l l i o n a c r e s of t r e e s from Maine to Maryland 
were s t r i p p e d of t h e i r l e a v e s by the l a r v a e , or c a t e r p i l l a r s . 
The c o s t of d e a l i n g w i t h t h i s i n s e c t by a p p l i c a t i o n of 
i n s e c t i c i d e s , by i m p o r t a t i o n of p a r a s i t e s , and by survey t r a p s 
has exceeded $100 m i l l i o n s i n c e i t s i n t r o d u c t i o n from Europe. 

The gypsy moth i s a u n i v o l t i n e i n s e c t . Egg h a t c h occurs i n 
l a t e A p r i l or May. During the l a r v a l p e r i o d , the i n s e c t feeds 
v o r a c i o u s l y on about 500 s p e c i e s of v e g e t a t i o n a l t h o u g h i t i s 
most commonly thought of as a pest of oak f o r e s t s . The l a r v a e 
pupate i n June and emerge as a d u l t s i n l a t e June o r J u l y . The 
a d u l t s do not f e e d ; t h e i r s o l e f u n c t i o n i s r e p r o d u c t i o n . The 
a d u l t male a c t i v e l y searches f o r the a d u l t female, who g e n e r a l l y 
does not f l y , but remains on the bark of a t r e e and emits a 
pheromone t h a t a t t r a c t s the male. The pheromone, d i s p a r l u r e , 
can be d e t e c t e d from a lon  d i s t a n c  b  th  mal  wh  ha  w e l l
developed f e a t h e r y antenna
A f t e r m a t i n g , the female y  egg
t h a t h a t c h the f o l l o w i n g y e a r . 

The egg masses are b u f f c o l o r e d and merge w e l l w i t h n a t u r a l 
background. T r a n s p o r t of egg masses on r e c r e a t i o n a l v e h i c l e s , 
p l a n t s , wood, o r outdoor equipment may t r i g g e r new i n f e s t a t i o n s , 
sometimes i n remote s i t e s . A network of t r a p s i s m a i n t a i n e d 
throughout the c o u n t r y to d e t e c t the presence of the gypsy moth. 

The gypsy moth a f f e c t s l a r g e p u b l i c and p r i v a t e l y owned 
wooded areas and f o r e s t s . I n s e c t i c i d e a p p l i c a t i o n i s u s e f u l 
when the l a r v a e appear, but i t s s c a l e i s l i m i t e d by the c o s t of 
t r e a t m e n t . S t a t e and l o c a l a u t h o r i t i e s spend a g r e a t d e a l on 
such programs. 

The a p p l i c a t i o n of p e s t i c i d e s i s a l s o l i m i t e d by r e g u l a ­
t i o n , which imposes wide b u f f e r zones, and by community.action 
t o v e t o p e s t i c i d e a p p l i c a t i o n . C a r b a r y l ( 1 - n a p h t h y l N-methyl 
carbamate, S e v i n ) , acephate (0,_S-dimethyl acetylphosphoroamido-
t h i o a t e , Orthene ) , d i f l u b e n z u r o n (_N-[[(4-chlorophenyl)amino]-
c a r b o n y l ] - 2 , 6 - d i f l u o r o b e n z a m i d e , D i m i l i n ), and o t h e r i n s e c t i ­
c i d e s are e f f e c t i v e a g a i n s t the l a r v a e . 

A d d i t i o n a l c o n t r o l measures i n c l u d e use of B a c i l l u s 
t h u r i n g i e n s i s f o r m u l a t i o n s and the r e l e a s e of p a r a s i t e s and 
p r e d a t o r s . There i s a c o n t i n u i n g program to f i n d new s p e c i e s 
t h a t can be imported and r e l e a s e d . A v i r u s has a l s o been 
r e g i s t e r e d f o r use a g a i n s t the i n s e c t . Work on r e l e a s e of 
s t e r i l e males i s i n an e a r l y s t a g e . 

There has been c o n s i d e r a b l e p r o gress i n the u t i l i z a t i o n o f 
the gypsy moth pheromone, d i s p a r l u r e ( c i s - 7 , 8 - e p o x y - 2 - m e t h y l -
o c t a d e c a n e ) , as a component of a management program. The 
s t r u c t u r e of the pheromone was announced i n 1970 (1) and 
d i s p a r l u r e has been used s i n c e t h a t time f o r t r a p p i n g and mating 
d i s r u p t i o n . T h i s program was undertaken by the USDA and 
c o o p e r a t i n g s t a t e u n i v e r s i t i e s and Departments of A g r i c u l t u r e , 
and I would l i k e to f o c u s on r e s e a r c h undertaken p r i m a r i l y by 
t h e A g r i c u l t u r a l Research S e r v i c e , t h e Animal and P l a n t H e a l t h 
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I n s p e c t i o n S e r v i c e of the USDA and the Maryland S t a t e Department 
of A g r i c u l t u r e d u r i n g the l a s t 4 o r 5 y e a r s . 

Pheromone Chemistry 

The i n i t i a l i n v e s t i g a t i o n of d i s p a r l u r e o b t a i n e d from 
n a t u r a l sources d i d not r e v e a l i t s o p t i c a l a c t i v i t y . However, 
subsequent b i o a s s a y of s y n t h e t i c m a t e r i a l s suggests t h a t the 
n a t u r a l l y o c c u r r i n g m a t e r i a l i s ( + ) - d i s p a r l u r e (_2-5)· 

Racemic m a t e r i a l i s a v a i l a b l e i n b u l k and i s used f o r 
mating d i s r u p t i o n i n c o n t r o l programs. I t c o s t s about $400 per 
k i l o g r a m i n l a r g e q u a n t i t i e s . The (+) enantiomer i s much more 
ex p e n s i v e , and a number of syntheses have been d e s c r i b e d t h a t 
e n t a i l the use of o p t i c a l l y a c t i v e s t a r t i n g m a t e r i a l s or 
i n t e r m e d i a t e s ( 6 - 1 0 ) . Th
over racemic d i s p a r l u r
l a t e d e f f o r t s to d e v i s e more convenient and economical 
s y n t h e s e s . 

A s y n t h e s i s r e c e n t l y r e p o r t e d by S h a r p l e s s of MIT and h i s 
coworkers appears to be the most p r o m i s i n g of those d e s c r i b e d 
s i n c e 1974 ( 1 0 ) . I t s advantage l i e s i n the f o r m a t i o n of an 
o p t i c a l l y a c t i v e epoxide i n 90 t o 95 percent e n a n t i o m e r i c 
e x c e s s . Thus, by a v o i d i n g s e p a r a t i o n of d i a s t e r e o m e r s , i t 
e l i m i n a t e s a p o t e n t i a l l y d i f f i c u l t and w a s t e f u l f e a t u r e of t h e 
s y n t h e s i s . 

Asymmetric e p o x i d a t i o n i s accomplished by r e a c t i o n of an 
a l l y l i c a l c o h o l w i t h t e r t - b u t y l h y d r o p e r o x i d e i n the presence of 
_D-(-) o r _ L - ( + ) - d i e t h y l t a r t r a t e and t i t a n i u m t e t r a i s o p r o p o x i d e 
( F i g u r e l a ) . The o r i e n t a t i o n of the product can be p r e d i c t e d i n 
advance; (-) t a r t r a t e s e p o x i d i z e from the top f a c e of the double 
bond when the bond i s viewed i n a h o r i z o n t a l plane and t h e 
c a r b i n o l group i s on the r i g h t , as seen from the f r o n t of the 
p l a n e . The (+) t a r t r a t e s e p o x i d i z e from below the p l a n e ( F i g u r e 
l b ) . 

The i n t e r m e d i a t e i n t h i s s y n t h e s i s of d i s p a r l u r e , ( Z ) - 2 -
t r i d e c e n o l , i s o b t a i n e d by hydrogénation of 2 - t r i d e c y n o l i n the 
presence of a p a l l a d i u m c a t a l y s t poisoned w i t h barium s u l f a t e 
and q u i n o l i n e . O x i d a t i o n of ^ Z ) - 2 - t r i d e c e n o l w i t h t e r t - b u t y l 
h y d r o p e r o x i d e / t i t a n i u m t e t r a i s o p r o p o x i d e / D - ( - ) - d i e t h y l t a r t r a t e 
g i v e s (2R,3j5)-epoxytridecanol i n e n a n t i o m e r i c excess r e p o r t e d t o 
be as much as 98 percent a f t e r r e c r y s t a l l i z a t i o n . 

The s y n t h e s i s i s completed by o x i d a t i o n of the a l c o h o l t o 
an aldehyde w i t h a p y r i d i n e - c h r o m i c o x i d e complex. The r e a c t i o n 
of the a l c o h o l w i t h a W i t t i g r e a g e n t , 4 - m e t h y l p e n t y l i d e n e 
t r i p h e n y l p h o s p h o r a n e , g i v e s an o l e f i n which can be hydrogenated 
t o ( + ) - d i s p a r l u r e , (7jt,8j3)-epoxy-2-methyloctadecane. 

The s y n t h e s i s has been e v a l u a t e d i n a number of l a b o r a ­
t o r i e s , i n c l u d i n g our own. M o d i f i c a t i o n s may be made over 
s e v e r a l stages to improve y i e l d s but the b a s i c f e a t u r e s of the 
s y n t h e s i s recommend i t as a convenient and economical r o u t e . 
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Ο 
CH 3 rCH 2 ) û N v ^ C H 2 O H Λ τ . . C - C . 

1 J 9 ) X = C ^ D-Tartrate» CH 3(CH 2) 9- i fc""CH,OH 
Η Η t-Bu hydroperoxide H H 

Ti (Oi Pr)4 

A . 
• CH 3 (CH 2 ) / Î Î'.(CH 2) 4CH(CH 3) 2 

H H 
Disparlure 

Figure la. Asymmetric synthesis of (+)-disparlure.(Reproduced from J. Amer. 
Chem. Soc.) 
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( + ) - D i s p a r l u r e i s c o n s i d e r a b l y more a c t i v e than the racemic 
m a t e r i a l and i s the most d e s i r a b l e a t t r a c t a n t f o r t r a p p i n g 
males. I t s use f o r t h i s purpose i s now widespread. 

The Pheromone and I t s U s e f u l n e s s I n C o n t r o l Programs 

Traps. The racemic form of the pheromone has been used f o r 
a l o n g time i n survey t r a p s p l a c e d throughout the U n i t e d 
S t a t e s . The (+) enantiomer i s now a v a i l a b l e i n s u f f i c i e n t 
q u a n t i t y to p r o v i d e a b a i t f o r many thousands of t r a p s . Only 
o n e - h a l f a m i l l i g r a m i s needed i n each t r a p throughout a season 
because d i s p a r l u r e i s f o r m u l a t e d i n a l o n g - l a s t i n g , c o n t r o l l e d -
r e l e a s e d e v i c e , u s u a l l y a Hereon l a m i n a t e d p o l y m e r i c d i s p e n s e r . 

A v a r i e t y of t r a p s c o n t a i n i n g ( + ) - d i s p a r l u r e as b a i t are 
now a ppearing on the market
r e d u c i n g p o p u l a t i o n s r e q u i r e
a c o n t r o l t e c h n i q u e can be e v a l u a t e d . T h i s s t udy i s p a r t of t h e 
c u r r e n t ARS r e s e a r c h program. 

M a t i n g D i s r u p t i o n . "Mating d i s r u p t i o n " i m p l i e s the use of 
the pheromone to i n t e r f e r e w i t h the r e p r o d u c t i v e c y c l e and 
suppress a p o p u l a t i o n by r e d u c i n g the number of f e r t i l e eggs 
l a i d by the females. In a p e s t management system, the method 
c o u l d be used a f t e r the a p p l i c a t i o n of i n s e c t i c i d e o r B a c i l l u s 
to the l a r v a l stage of the i n s e c t . M a t i n g d i s r u p t i o n has t h e 
advantage of not a f f e c t i n g n a t u r a l p r e d a t o r s or p a r a s i t e s of the 
gypsy moth. I t s disadvantage i s t h a t i t appears to be more 
e f f e c t i v e a t low p o p u l a t i o n l e v e l s than i n h e a v i l y i n f e s t e d 
a r e a s . The o b j e c t i v e of our experiments was to d i s c o v e r t h e 
most e f f e c t i v e way of a p p l y i n g d i s p a r l u r e and to l e a r n how i t s 
e f f e c t i v e n e s s was a f f e c t e d by dose r a t e and p o p u l a t i o n d e n s i t y . 

Comparison of (+)- and Racemic D i s p a r l u r e . ( + ) - D i s p a r l u r e 
was shown to be a b e t t e r a t t r a c t a n t than racemic d i s p a r l u r e 
(_4,5)> and the a d d i t i o n of ( - ) - d i s p a r l u r e to ( + ) - d i s p a r l u r e 
caused a decrease i n t r a p c a t c h , as i s shown i n F i g u r e 2. I n 
our experiments i n 1977, the t r a p c a t c h w i t h ( + ) - d i s p a r l u r e 
i n c r e a s e d as the amount of the (+) enantiomer used as l u r e was 
i n c r e a s e d , up t o dose l e v e l s of 50-100 yg. Above t h i s dose, the 
c a t c h d e c l i n e d w i t h i n c r e a s e d amounts of ( + ) - d i s p a r l u r e , 
p r o b a b l y because of a d i s r u p t a n t e f f e c t . 

We a l s o wanted to know whether ( + ) - d i s p a r l u r e was more 
e f f e c t i v e than racemic d i s p a r l u r e as a mating d i s r u p t a n t . We 
c o u l d not compare mating d i s r u p t i o n by (+)- and racemic d i s p a r ­
l u r e i n a l a r g e - s c a l e experiment such as was used to e v a l u a t e 
f o r m u l a t i o n s of d i s p a r l u r e because of the h i g h c o s t of t h e (+) 
enantiomer. However, we c o u l d o b t a i n r e p r o d u c i b l e and s t a t i s ­
t i c a l l y s i g n i f i c a n t r e s u l t s f o r the r e d u c t i o n of male-moth c a t c h 
i n s m a l l p l o t s (25x25 m). T h i r t y - s i x c o t t o n w i c k s suspended on 
s t r i n g s 2 m above the ground were t r e a t e d w i t h (+)- o r racemic 
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d i s p a r l u r e ( F i g u r e 3)· The r e d u c t i o n of c a t c h i n a c e n t r a l 
a r r a y of 5 t r a p s , each b a i t e d w i t h ( + ) - d i s p a r l u r e , as a p e r c e n t ­
age of the c a t c h i n an u n t r e a t e d p l o t was used as a b a s i s f o r 
comparison. 

Trap catches w i t h 500, 5 and 0.05 mg racemic d i s p a r l u r e per 
c o t t o n w i c k showed r e d u c t i o n s of 96, 84 and 38 percent r e s p e c ­
t i v e l y , w h i l e 5 mg ( + ) - d i s p a r l u r e gave 79 pe r c e n t r e d u c t i o n . 
Thus t h e r e was no s i g n i f i c a n t d i f f e r e n c e i n t r a p - c a t c h 
r e d u c t i o n s o b t a i n e d w i t h 5 mg of racemic d i s p a r l u r e or of the 
(+) enantiomer. R e s u l t s are shown i n Table I . 

F o r m u l a t i o n Development 

C o n t r o l of i n s e c t s w i t h pheromones depends on s a t i s f a c t o r y 
f o r m u l a t i o n . For the gyps
needed t h a t c o u l d be a p p l i e
S e v e r a l years of r e s e a r c  were spent d e v e l o p i n g f o r m u l a t i o n s 
t h a t would r e l e a s e pheromone a t a s a t i s f a c t o r y r a t e through the 
mating season (about 8 weeks). 

Three types of c o n t r o l l e d - r e l e a s e f o r m u l a t i o n s were 
u l t i m a t e l y used. These were: 

(1) M i c r o c a p s u l e s , a f o r m u l a t i o n based on p l a s t i c -
c o a t e d , g e l a t i n - w a l l e d c a p s u l e s ( N a t i o n a l Cash R e g i s t e r 
Corp., Dayton, Ohio) e n c a s i n g 3:1 xylene/amyl a c e t a t e 
s o l u t i o n of 2.2 percent d i s p a r l u r e (NCR-2). The c a p s u l e s 
were suspended i n water c o n t a i n i n g a t h i c k e n i n g agent 
( h y d r o x y e t h y l c e l l u l o s e ) , a s t i c k e r ( 1 % RA-1645 , Monsanto 
Corp., S t . L o u i s , MO), and s u r f a c t a n t ( 0 . 1 % T r i t o n X-
202 , Rohm and Haas, P h i l a d e l p h i a , PA). S e v e r a l s i m i l a r 
f o r m u l a t i o n s were prepared: 1976-NCR-10 was based on 
m i c r o c a p s u l e s c o n t a i n i n g 11% d i s p a r l u r e , and 1976-NCR-4 a 
m i x t u r e of 3 p a r t s of NCR-2 and 1 p a r t of NCR-10. The 
1978 NCR f o r m u l a t i o n was the same as 1976-NCR-2 w i t h t h e 
e x c e p t i o n of the diameter of the m i c r o c a p s u l e s ; the 
former had a cap s u l e diameter of 20-60 y whereas a l l of 
the 1976 f o r m u l a t i o n s had c a p s u l e diameters of 50-250 u 
The f o r m u l a t i o n s were a p p l i e d u s i n g c o n v e n t i o n a l a i r c r a f t 
s pray equipment. 

(2) Hereon D i s r u p t , a f o r m u l a t i o n of p o l y m e r i c 3-
l a y e r l a m i n a t e d f l a k e s ca 3 mm χ 3 mm c o n t a i n i n g r acemic 
d i s p a r l u r e (20 mg/in ) (Health-Chem Corp., New York, 
NY). A s t i c k e r such as RA-1645 was i n c o r p o r a t e d i n the 
f o r m u l a t i o n which was a p p l i e d a e r i a l l y u s i n g s p e c i a l l y 
designed equipment. 

(3) Albany I n t e r n a t i o n a l (Needham H e i g h t s , MA) 
h o l l o w f i b e r s , a f o r m u l a t i o n of 11.5% by weight 
d i s p a r l u r e i n polyoxymethylene copolymer h o l l o w f i b e r s . 
One k i l o g r a m of f i b e r s was mixed w i t h B i o Tac 3 as a 
s t i c k e r . S p e c i a l l y designed equipment was used f o r 
a e r i a l a p p l i c a t i o n . 
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Figure 2. Decrease in trap catch caused by the addition of (-)-disparlure to the 
(-{-) enantiomer. 
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Figure 3. Small plot design for tests to measure the reduction in male-moth catch. 
Key: wicks (X) and traps (O). 

Table I. Male Gypsy Moth Trap Catch Reduction: Small Plot Tests* 

Disparlure 
500 mg. M 

5 mg. (±) 
0.05 mg. (!) 

5 mg 
Control 

M 

Catch 
3.70 b 
13.73 b 
52.83 ab 
1810 b 
84.74 a 

%Reduction 
95.63 
83.79 
37.65 
78-64 

* Means followed by the same letter are not statistically different at the 95% 
level of confidence according to Duncan's multiple range test. 
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Many t e s t s were conducted b e f o r e r e p r o d u c i b l e r e s u l t s c o u l d 
be o b t a i n e d , but by 1976, we were f a i r l y c o n f i d e n t t h a t u s e f u l 
t e s t p r o t o c o l s had been e s t a b l i s h e d . These have been improved, 
e s p e c i a l l y i n r e l a t i o n to measurement of b i o l o g i c a l e f f e c t s , and 
I would l i k e to summarize our p r o g r e s s . 

In 1976, we conducted t e s t s to e v a l u a t e s e v e r a l f o r m u l a ­
t i o n s of d i s p a r l u r e f o r mating d i s r u p t i o n . Each f o r m u l a t i o n was 
a e r i a l l y a p p l i e d to 4 r e p l i c a t e p l o t s (16 ha each) a t 20 g per 
ha i n b o t h Maryland and M a s s a c h u s e t t s . M a t i n g d i s r u p t i o n was 
measured by the r e d u c t i o n b o t h i n the numbers of males caught i n 
( + ) - d i s p a r l u r e - b a i t e d t r a p s i n t r e a t e d a r e a s , as compared w i t h 
u n t r e a t e d a r e a s , and i n the numbers of females mated i n t r e a t e d 
p l o t s , compared w i t h c o n t r o l p l o t s . Ten l a b o r a t o r y - r e a r e d 
females were p l a c e d i n each p l o t and were r e p l a c e d a p p r o x i m a t e l y 
e v e r y 2 days. Recovere
whether i n s e m i n a t i o n ha
examined a f t e r 4 t o 6 weeks f o r evidence of embryonation. I t 
was f e l t t h a t we c o u l d not a d e q u a t e l y demonstrate r e d u c t i o n o r 
c o n t r o l of moth p o p u l a t i o n s w i t h o u t f u r t h e r i n f o r m a t i o n r e l a t i n g 
to the growth and d e c l i n e of i n s e c t p o p u l a t i o n s ; t h i s was 
u n o b t a i n a b l e w i t h o u t i n t e n s i v e p o p u l a t i o n m o n i t o r i n g and a study 
of the q u a l i t y of the p o p u l a t i o n . Although c o n t r o l of moth 
p o p u l a t i o n s might be a c h i e v a b l e by a combination of p e s t 
management t e c h n i q u e s , i n c l u d i n g pheromone a p p l i c a t i o n , our 
o b j e c t i v e s i n these t e s t s were l i m i t e d to comparison of the 
e f f e c t s of d i s p a r l u r e treatments on the number of male moths 
caught i n t r a p s and the number of females mated. 

T h i s program formed the b a s i s f o r t e s t s i n subsequent 
y e a r s . G r e a t l y improved b i o l o g i c a l i n f o r m a t i o n i s now 
a v a i l a b l e . C o n t r o l l e d - r e l e a s e f o r m u l a t i o n s of d i s p a r l u r e have 
been improved. On the b a s i s of t h i s e x p e r i e n c e , we can now 
d e f i n e where f o r m u l a t i o n s of d i s p a r l u r e might p l a y a r o l e i n 
gypsy moth c o n t r o l . 

To improve the e f f e c t i v e n e s s of a e r i a l l y a p p l i e d f o r m u l a ­
t i o n s of racemic d i s p a r l u r e , f u r t h e r f i e l d t e s t s were conducted 
i n 1978 and 1979. I n 1978, m i c r o e n c a p s u l a t e d d i s p a r l u r e (1976 
NCR) was a p p l i e d a t 50 g a i / h a to 16-ha p l o t s , and a new 
f o r m u l a t i o n (1978 NCR) was a p p l i e d a t 5 g a i / h a and 50 g a i / h a . 

The d e l t a t r a p s used gave o n l y l i m i t e d i n f o r m a t i o n because 
the e f f i c i e n c y of the t r a p f a l l s o f f r a p i d l y a f t e r 10 t o 15 
moths have been caught. The s t i c k y s u r f a c e soon becomes coated 
w i t h i n s e c t s and s c a l e s ; s u b s e q u e n t l y many i n s e c t s e n t e r i n g the 
t r a p may escape. Thus, catches tended to be lower than might be 
expected i n u n t r e a t e d p l o t s a t peak f l i g h t . Improved t r a p s of 
l a r g e r c a p a c i t y were subs e q u e n t l y i n t r o d u c e d . 

The d i f f e r e n c e between the 1976 and 1978 NCR m i c r o c a p s u l e s 
used i n the f o r m u l a t i o n s l i e s i n t h e i r diameter (50-250 w f o r 
1976 and 20-60 μ f o r 1978 f o r m u l a t i o n s ) . A l t h o u g h the e m i s s i o n 
r a t e from the l a t t e r i s h i g h e r , t h e r e was no d i f f e r e n c e i n f i e l d 
performance a t 50 g a i / h a . 
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There was a c l e a r d i f f e r e n c e between the 5 g a i / h a and 50 g 
a i / h a t r e a t m e n t s (1978 NCR). The l a t t e r caused a c o n s i d e r a b l e 
decrease i n mating and t r a p c a t c h . The f i g u r e s were 34 perc e n t 
r e d u c t i o n i n t r a p c a t c h a t 5 g a i / h a compared w i t h 86 percent a t 
50 g a i / h a . Corresponding f i g u r e s f o r mating r e d u c t i o n were 
75.7 percent and 97.6 p e r c e n t . A c l e a r i n d i c a t i o n of response 
t o dose was o b t a i n e d . 

I n 1979, NCR m i c r o c a p s u l e s , Hereon f l a k e s and Albany 
I n t e r n a t i o n a l h o l l o w f i b e r f o r m u l a t i o n s of racemic d i s p a r l u r e 
were a p p l i e d by a i r i n M a s s a c h u s e t t s . P l o t s of 16 ha were 
t r e a t e d w i t h each f o r m u l a t i o n a t 2 g a i / h a o r 20 g a i / h a . Three 
p l o t s s e r v e d as c o n t r o l s , and each treatment was a p p l i e d to 
t h r e e p l o t s , except t h a t d u r i n g the a p p l i c a t i o n of the h o l l o w 
f i b e r f o r m u l a t i o n , one p l o t r e c e i v e d 10 g a i / h a i n s t e a d of 20 g 
a i / h a . Data from t h i s p l o
r e d u c t i o n f e l l between
20 g a i / h a a p p l i c a t i o n s , p r o v i d i n g a f u r t h e r i n d i c a t i o n t h a t 
e f f e c t i v e n e s s i n c r e a s e s w i t h i n c r e a s i n g a p p l i c a t i o n r a t e s . 

The r e d u c t i o n i n t r a p c a p t u r e f o r t h e NCR f o r m u l a t i o n a t 
the 2 g a i / h a l e v e l was 44.6 p e r c e n t . F o r the Hereon and Albany 
I n t e r n a t i o n a l f o r m u l a t i o n s , i t was 42.9 and 46.2 p e r c e n t , 
r e s p e c t i v e l y , a t the same a p p l i c a t i o n r a t e . At 20 g a i / h a , the 
c o r r e s p o n d i n g f i g u r e s f o r the t h r e e f o r m u l a t i o n s were 63.4, 75.7 
and 91.6 pe r c e n t (Table I I ) . These f i g u r e s were p a r a l l e l e d by 
the percentages of females t h a t had been mated: a t the 2 g a i / h a 
r a t e t h e r e was 33.6, 38.4 and 40.3 perc e n t r e d u c t i o n i n females 
mated. At t h e 20 g a i / h a r a t e , the c o r r e s p o n d i n g f i g u r e s were 
62.6, 88.3 and 90.9 percent r e d u c t i o n f o r the t h r e e f o r m u l a ­
t i o n s . In the check p l o t s , o v e r a l l mating of females was 71.2 
per c e n t d u r i n g the p e r i o d of the experiment, and 1512 moths were 
caught i n the t r a p s . In the 1979 experiments, new l a r g e -
c a p a c i t y t r a p s were used i n p l a c e of d e l t a t r a p s ; these d i d not 
s u f f e r from the same d e f e c t s as the s m a l l e r t r a p s when l a r g e 
numbers of moths are pr e s e n t i n the p l o t s . 

E v a l u a t i o n of Te s t s f o r M a t i n g D i s r u p t i o n 

The r o l e t h a t pheromones w i l l p l a y i n pe s t management 
programs w i l l u l t i m a t e l y be determined by t h e i r e f f i c a c y , 
d e s p i t e t h e i r many p e r c e i v e d advantages, which i n c l u d e t h e i r low 
p o t e n t i a l f o r en v i r o n m e n t a l p o l l u t i o n , the r e a d i n e s s w i t h which 
they are degraded, t h e i r low t o x i c i t y t o mammals, and t h e 
absence of h a r m f u l e f f e c t s on b e n e f i c i a l i n s e c t s . However, 
q u a n t i t a t i o n of e f f i c a c y as pest c o n t r o l agents has proved much 
more d i f f i c u l t w i t h these b e h a v i o r - m o d i f y i n g c h e m i c a l s than i t 
i s w i t h c o n v e n t i o n a l i n s e c t i c i d e s because i t must be based on 
measurements of t h e i r e f f e c t s on p o p u l a t i o n growth and d e c l i n e 
t h a t are not easy to o b t a i n . The e f f e c t s must be observed over 
a f a i r l y l a r g e t e s t a r e a i f s t a t i s t i c a l l y v a l i d r e s u l t s are to 
be o b t a i n e d . 
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Damage to f o r e s t s by d e f o l i a t i o n and t r e e k i l l i s a c l e a r 
i n d i c a t i o n of a heavy gypsy moth i n f e s t a t i o n , but s i n c e phero­
mone tre a t m e n t s a r e not e f f e c t i v e a t the h i g h p o p u l a t i o n 
d e n s i t i e s p r e s e n t when such damage becomes apparent, r e d u c t i o n 
i n damage cannot be used to determine e f f i c a c y of tr e a t m e n t . 
Egg mass surveys a r e another means used to determine l e v e l s of 
i n f e s t a t i o n , but a t the low p o p u l a t i o n s e x i s t i n g i n s u i t a b l e 
t e s t a reas they are not c o n s i d e r e d r e l i a b l e as i n d i c a t o r s of 
p o p u l a t i o n d e n s i t y and thus cannot be used t o o b t a i n s a t i s f a c ­
t o r y c r i t e r i a of e f f e c t i v e n e s s . 

E v a l u a t i o n of mating d i s r u p t i o n t e s t s was i n i t i a l l y based 
on the r e d u c t i o n i n numbers of male moths caught i n d i s p a r l u r e -
b a i t e d t r a p s i n t r e a t e d a r e a s , compared w i t h the c a t c h i n areas 
t h a t had not been t r e a t e d . W i t h i n r e c e n t y e a r s , such t r a p s have 
been b a i t e d w i t h ( + ) - d i s p a r l u r e h s t r o n g e  a t t r a c t a n t
The frequency of mating
measure of mating r e d u c t i o n
l a b o r a t o r y and females t h a t have emerged from f i e l d - c o l l e c t e d 
pupae have been used f o r t h i s purpose. In h e a v i l y i n f e s t e d 
a r e a s , i t may be p o s s i b l e to determine the r e l a t i v e numbers of 
females t h a t a r e mated a f t e r emerging n a t u r a l l y i n the t e s t 
p l o t s . 

Measurement of l a r v a l p o p u l a t i o n u s i n g burlap-band l a r v a l 
t r a p s was found by Webb e t a l . (11) to p r o v i d e a s e n s i t i v e 
measure of r e l a t i v e gypsy moth p o p u l a t i o n s i n d i f f e r e n t p l o t s . 
Older l a r v a e feed i n t r e e s a t n i g h t and l e a v e the f o r e s t canopy 
t o f i n d convenient h i d i n g p l a c e s d u r i n g the day. Thus, b u r l a p 
bands on t r e e s p r o v i d e i d e a l s i t e s f o r t r a p p i n g . The o l d e r 
l a r v a e w i t h i n the p l o t tend to remain i n the a r e a , and s i n c e the 
a d u l t females t h a t s u b s e q u e n t l y emerge from pupae do not f l y , 
the numbers of l a r v a e trapped p r o v i d e a good i n d i c a t i o n of the 
p o t e n t i a l a d u l t p o p u l a t i o n s . 

R e d u c t i o n of male t r a p c a t c h i s a measure of the e f f e c t of 
pheromone tre a t m e n t , but the e f f i c a c y of the treatment w i l l be 
i n f l u e n c e d by p o p u l a t i o n d e n s i t y . T h e r e f o r e , i t was suggested 
t h a t not o n l y t r a p - c a t c h r e d u c t i o n but a l s o a measurement of 
p o p u l a t i o n based on l a r v a l counts be taken i n t o account to 
o b t a i n an i n d i c a t i o n of the p o t e n t i a l e f f e c t of pheromone 
treatment ( 1 1 ) . 

I n Table I I I , mating communication d i s r u p t i o n has been used 
as an i n d i c a t o r of the success of pheromone treatment. Male 
moth c a t c h i n ( + ) - d i s p a r l u r e - b a i t e d t r a p s has been n o r m a l i z e d 
a g a i n s t the number of l a r v a e trapped pre-season, thus i n t r o ­
d u c ing a measure of r e l a t i v e p o p u l a t i o n i n t o the c a l c u l a t i o n of 
comparative e f f e c t i v e n e s s . The r e s u l t s o b t a i n e d i n 1980 i n 
Maryland i l l u s t r a t e not o n l y the v a r i a t i o n of response w i t h 
dose, but a l s o the dependence of the e f f i c a c y of the te c h n i q u e 
on p o p u l a t i o n l e v e l s . 
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Table II. Reduction in Trap Capture and Mating Caused by Aerially 
Applied Racemic Disparlure 

Gypsy moth:(i)disparlure treatment 
7/22-8/20 No. of males 

caught 
%Reduction 
in capture 

%Females 
Mated 

%Mating 
Reduction 

Check 1512 - 71.2 -
NCR 29/ha 
Flake 11 
Fiber H 

837 
86
81

44.6 47.3 33.6 

Fiber 10g/ha 211 86.0 27.6 61.1 

NCR 20g/ha 553 63.4 26.9 62.2 
Flake n 367 75.7 8.3 88.3 
Fiber 20g/ha2 127 91.6 6.5 90.9 

1 One plot at this dosage 
2 Two plots at this dosage 
Data from Schwalbe et al., 1981. 

Table III. Mating Communication Disruption* : Male Moth Catch Normalized 
Against Number of Larvae Found Under 50 Burlap Band Larval Traps 

(A Measure of Relative Population) Maryland 1980 

Treatment 
Wdisparlure 

g/A 

Larvae 
50 traps 

Male/plot 
12 traps 

Ratio 
Males/Larvae 

% C D 

30 471 222 0.94 92 

12 1047 405 0.67 94 

3 838 2531 4.96 59 

— 612 7905 12.08 

* %CD = [males/larva(control) — males/larva (treatment)]/[males/larva 
(control)] χ 100 
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C o n c l u s i o n 

The a r e a d e f o l i a t e d by the gypsy moth i n c r e a s e d 
c o n s i d e r a b l y d u r i n g 1981· The use of d i s p a r l u r e i n pest 
management i s p r i m a r i l y f o r d e t e c t i o n of male moths. The (+) 
enantiomer of d i s p a r l u r e i s now a v a i l a b l e by a con v e n i e n t 
s y n t h e t i c r o u t e and c o n t r o l l e d - r e l e a s e f o r m u l a t i o n s of (+)-
d i s p a r l u r e have r e p l a c e d racemic d i s p a r l u r e as a b a i t i n 
t r a p s . S m a l l - p l o t t e s t s suggest t h a t the two forms would be 
e q u i v a l e n t i n t h e i r a b i l i t y t o d i s r u p t mating. The pheromone 
can be e f f e c t i v e l y used t o reduce mating i n l i g h t l y i n f e s t e d 
a r e a s . Our r e s e a r c h i n r e c e n t y e a r s suggests t h a t i t might be 
wo r t h w h i l e to e v a l u a t e h i g h e r dose l e v e l s of pheromone than 
those t h a t have been g e n e r a l l y used. There are p r e l i m i n a r y 
i n d i c a t i o n s t h a t h i g h e r l e v e l s may be u s e f u l i n more h e a v i l y 
i n f e s t e d a r e a s . T h i s p o i n
Sower e t a l . (12) i n t h e i
programs i n v o l v i n g s e v e r a l f o r e s t i n s e c t s . 

M e n t i o n of a p r o p r i e t a r y product i s f o r i n f o r m a t i o n o n l y and 
does not c o n s t i t u t e endorsement by the USDA. 
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Challenges in the Use of Pheromones for 
Managing Western Forest Lepidoptera 

GARY E. DATERMAN, LONNE L. SOWER, and CHARLES SARTWELL 

U.S. Dept. of Agriculture Forest Service, Pacific Northwest Forest & Range 
Experiment Station, Corvallis, OR 97331 

Pheromones are rapidly taking their place as 
operational monitoring and suppression tools for 
managing wester
operational use
recently registered for suppression of western 
pine shoot borer, Eucosma sonomana, by mating 
disruption; and traps baited with a low-strength 
bait formulation for monitoring early build-up of 
Douglas-fir tussock moth, Orgyia pseudotsugata, 
populations. Remaining challenges for development 
of pheromones as suppression agents by the mating 
disruption technique include: population density 
effects, effects on the natural enemy complex, 
pheromone purity, limits on disruptant dosages, 
distribution of disruptant releasers, and a 
probable mode of action of the mating disruption 
technique. Discussions of releaser distribution 
and mode of action are based on recent f ield 
experiments with western pine shoot borer. 
Results indicate large, widely-spaced releasers 
are as effective as thousands of small releasers, 
and further suggest that false-trail-following is 
a likely factor contributing to the mating 
disruption effect. Discussion of monitoring 
populations with pheromone-baited traps emphasizes 
low-strength baits as a means of avoiding the 
trap-saturation problem, and describes how 
formulating baits may be complicated by the 
different release rates of compounds comprising 
multicomponent pheromones. 

Two major objectives in preparing this paper were to 
provide an update of some recent successes in the development 
of pheromones for managing western forest Lepidoptera and to 

This chapter not subject to U.S. copyright. 
Published 1982 American Chemical Society. 
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discuss some of the remaining challenges related to f i e l d 
applications of pheromones. The applications discussed w i l l 
include the mating disruption approach to suppress pest 
populations by blocking their reproduction, and trapping 
systems for monitoring populations. 

Population Suppression 

Probably the most exciting management application with 
pheromones i s the control of pests by interrupting or blocking 
their normal reproductive behavior. In recent years there have 
been several operational-level successes to control 
lepidopteran pests by the mating disruption technique. This 
approach involves the release of synthetic pheromone in sane 
type of controlled-releas
chemical communicatiio
synthetic signals. Ά notable operationa  mating disruptio
treatment has been the successful control of pink bollworm, 
Pectinophora gossypiella, (Sanders), on cotton i n the 
southwestern united States (1, 2, 3). Attempts to control 
western forest pests by mating disruption have been limited i n 
number but the experience with western pine shoot borer, 
Eucosma sonomana, Kearfott, has been most encouraging. Two 
companies, Albany International's Controlled Release Division 
and Health Chemical's Hereon Division, have registered 
formulations (mention of proprietary products do not 
necessarily constitute endorsement by the USDA) which w i l l 
control this pest (£, 5, 6). Table I summarizes results of 
controlling this insect with diff e r e n t formulations. 

Table I. Efficacy of mating disruption for controlling western 
pine shoot borer i n various f i e l d t r i a l s . (1980 data 
from personal communication with Dr. D. Overhulser, 
Weyerhaeuser Co., Centralia, Wash.). 

Year Hectares Pheromone Damage 
Formulation Treated Treated (q/ha) Reduction (%) 

PVC Strips 1978 8 3.5 83 
Albany Int. Fibers 1978 20 15.0 67 
Hereon Flakes 1979 100 20.0 88 
Albany Int. Fibers 1979 600 10.0 76 
Albany Int. Fibers 1980 634 5.0 75 

We also hope to control Douglas-fir tussock moth, Qrgyia 
pseudotsugata (McDunnough), by mating disruption. Studies 
dating from 1977 show that production of f e r t i l e eggs can be 
greatly reduced by pheromone treatments (7)· As i l l u s t r a t e d i n 
Table I I , population density of the pest apparently influences 
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the success of disruption treatments. Even at high densities, 
however, the mating disruption treatment successfully reduced 
f e r t i l e egg production by 77 percent. Thus, we are optimistic 
that this approach to suppression may also be useful for 
controlling populations of this insect. 

Table II. Efficacy of mating disruption for low and high 
density Douglas-fir tussock moth populations. 
(Condensed from: Sower, L. L; Daterman, G. E.; 
Sartwell, C. In "Management of insect pests with 
semiochemicals," Ε. R. M i t c h e l l , ed. Plenum 
Press, New York, 1981.) 

Disruption Treatment (g/ha pheromone) 

0 92 100 

0 - 77 

low-density 
population 

high-density 
population 

Many challenges remain for improvement and better 
understanding of the mating disruption technique for insect 
control. Here we discuss several points which should rank high 
on any l i s t of further research needs for development of the 
technique. 

Population Density. In general, mating disruption i s more 
effect i v e at lower pest densities. This is probably why the 
technique i s so effective against western pine shoot borer, 
since t y p i c a l populations of that species reach only several 
hundred adult moths per hectare. The population density factor 
i s most si g n i f i c a n t , however, for pest species which fluctuate 
greatly i n population numbers. For such pests i t i s important 
to know the mating disruption e f f i c a c i e s that can be expected 
at different population density thresholds. Both e f f i c a c i e s 
and population density thresholds w i l l l i k e l y d i f f e r by 
species. Adult behaviors may d i f f e r , p a r t i c u l a r l y with respect 
to the role of non-pheromone stimuli influencing mate-finding 
and courtship. I t follows that those species most dependent on 
pheromone communication in their reproductive behavior, w i l l be 
more susceptible to control by the mating disruption technique. 

The Natural Enemies Complex. The high s p e c i f i c i t y of 
pheromones i s often promoted as a major advantage for their use 
i n control. There is generally assumed to be no adverse 
treatment effects on the complex of predators and parasites 
associated with the pest. Only scant data exist on this 
subject (8), however, and further research i s needed. The 
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effect of disruption treatments on a pest's natural enemy 
complex is important for reasons of environmental safety and 
treatment efficacy. We do not want to endanger any b e n e f i c i a l 
species by disruption treatment. Ά further consideration i s 
the influence a pest-specific pheromone treatment might have on 
the relative effectiveness of the natural enemy complex. 
Within l i m i t s , we believe control would be enhanced, because 
the unharmed complement of natural enemies would now exert 
their influence against a pest population diminished by the 
disruption treatment. Following this l o g i c , we can envision a 
disruption treatment that resulted in a 90 percent reduction in 
mating, ultimately being more efficacious than a non-specific 
toxic pesticide that k i l l e d 98 percent of the pest insects plus 
a large proportion of their key natural enemies. Research i s 
needed to quantify the effects of disruption treatments on 
natural enemies of the pest
effects could ultimatel
disruption programs. 

Pheromone Purity. An intriguing challenge concerns 
chemical purity of disruptant formulations. For disruption 
purposes, i s i t necessary to treat with the precise blend of 
pheromone isomers and secondary components or i s only the major 
pheromone chemical necessary? The answer to this question 
could be d i f f e r e n t for d i f f e r e n t pests, but in most cases i t 
could influence treatment costs. Our experience with the 
western spruce budworm, Choristoneura occidentalis, Freeman, 
suggests that only the major component of that pheromone i s 
necessary for disruption. Conversely, some recent work on an 
orchard pest {9) indicates that a complete pheromone-blend 
disruption treatment i s more ef f e c t i v e . 

Disruptant Dosage. Another variable deserving of more 
research consideration i s the pheromone dosage applied for 
mating disruption. We may have become overly-fascinated with 
the virtue of treating with small quantities of pheromone. 
Certainly the potency of pheromones i s phenomenal, and i t i s 
amazing to observe 5 grams of pheromone per hectare suppress 
reproductive a c t i v i t y of a species for several weeks1 On the 
other hand, insect species d i f f e r in the quantities of 
pheromone they produce and to which they have a s e n s i t i v i t y . 
Consequently, we believe larger quantities - perhaps hundreds 
of grams per hectare - should be considered and at least tested 
for efficacy against certain pests. This consideration may be 
especially appropriate for some forest pests, because the 
resource to be protected may be considerably larger in quantity 
of foliage than an a g r i c u l t u r a l crop. There could easily be 
100-times the volume of foliage and a i r space requiring 
disruptant coverage i n a coniferous forest, for example, as 
compared to the same acreage of lettuce or artichokes. This 
raises economic questions, of course, but that should not 
preclude the research. From the viewpoint of environmental 
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safety there should be no major problems associated with such 
applications. I f lepidopteran pheromones are truly non-toxic, 
then the application of 200 grams (7 ounces) per hectare versus 
5-20 grams should make l i t t l e difference. Higher dosages 
should receive more attention by pheromone research and 
development s p e c i a l i s t s . 

Distribution of Disruptant Releasers. A "best way" to 
distribute synthetic pheromone for mating disruption has yet to 
be described. The p r i n c i p a l questions concern the number and 
relat i v e strength of releasers needed per hectare. Because the 
s c i e n t i f i c l i t e r a t u r e includes innumerable references to 
pheromone " a i r permeation" i n disruption treatments, one might 
assume that maximizing numbers of uniformly distributed 
releasers would be preferred. Thus, we might envision 
releasers i n the form of spray-sized p a r t i c l e s causing a cloud 
of pheromone vapor ove
suggest that a maximum
most uniform and effe c t i v e cloud. 

For perspective, however, we must also consider the 
successful disruption treatments that have resulted from 
placement of r e l a t i v e l y few releasers at wide spacing s. Farkas 
et a l . (10) reported disruption of cabbage looper, Trichoplusia 
ni (Hubner), with releasers spaced at up to 400 m. Hand 
applied releasers placed at intervals of 5-10 m and emitting 
ca. 3.5-14.0 g pheromone/ha/season have been successful in 
reducing damage caused by western pine shoot borer (5). 
Further, s i g n i f i c a n t reductions i n trap captures of western 
pine shoot borer were achieved with only one high-strength 
disruptant releaser per hectare (11). Therefore, air 
permeation by pheromone i s not always required for disruption, 
because a single large releaser per hectare w i l l obviously not 
provide a uniform cloud of pheromone vapor. Thus, there appear 
to be no firm guidelines for a "best-way" to apply disruption 
treatments. For a particular pest, the best application method 
w i l l be dictated by benefit cost considerations, the pest's 
pheromone-related behavior, and characteristics of the resource 
to be protected. The challenge to the researcher i s to 
determine what w i l l work within each given set of circumstances. 

Mode of Action. Better understanding of how the mating 
disruption technique disorients male moths and prevents their 
locating females would help i n determining the most effective 
means for application of disruptant formulations. Results of 
some recent experiments with western pine shoot borer suggest 
that " f a l s e - t r a i l - f o i l o w i n g " i s a key factor i n how the mating 
disruption technique works. That i s , mate-seeking males orient 
to the strongest pheromone odor plume and follow i t upwind to 
i t s source. Presumably when this source i s a synthetic 
pheromone releaser, the male i s exposed to a pheromone emission 
much stonger than that released by an unmated female. The 
male's sensory system becomes habituated to the synthetic odor 
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and he i s consequently desensitized for detecting and orienting 
to the lesser quantities of pheromone emitted by the female. 

In a 1981 study on western pine shoot borer, three sets of 
traps baited with synthetic pheromone i n controlled release PVC 
(polyvinyl chloride) p e l l e t s (12) were placed i n ponderosa pine 
plantations (16 or more ha i n s i z e ) , treated with (a) Health 
Chemicals Hereon laminated flakes at some 20,000 flakes/ha with 
a pheromone release capacity of 10 g/ha/season; (b) st r i p s of 
Hereon laminated p l a s t i c (30 χ 2 cm) at 25 strips/ha stapled on 
trees at 20 m intervals with a pheromone release capacity of 
5 g/ha/season; and, (c) an untreated check plot. The Pherocon 
II adhesive traps were baited with PVC p e l l e t s at five 
different bait strengths of 0.001%, 0.01%, 0.1%, 1.0%, and 10% 
pheromone by weight. Each of these baits was replicated seven 
times i n each disruptio  3
plantation and 105 o v e r a l l
five with each bait concentratio  represented once  eac
l i n e . The positions of the traps were randomized by bait 
concentration within each l i n e , and traps were spaced at least 
20 m apart. A l l traps were l e f t i n place through 4-weeks of 
the shoot borer's seasonal f l i g h t . 

The results of this experiement are pertinent to the mode 
of action question for two reasons. F i r s t , there was no 
sig n i f i c a n t difference in disruption of male response between 
plots treated by the smaller, more numerous flakes and the one 
treated by the widely-spaced large releasers (Table III and 
Figure 1). Secondly, and perhaps most s i g n i f i c a n t , was the 
capture of moths i n the treated plots by traps baited with the 
high strength pheromone p e l l e t s . The release rate of pheromone 
from the 1 and 10% pheromone baits was apparently s u f f i c i e n t to 
at least p a r t i a l l y overcome the effects of the disruption 
treatments. We estimate these bait concentrations released 
pheromone at rates 100-1000 times higher than an average 
unmated female. Pheromone release from the higher 
concentration PVC bait p e l l e t s probably exceeded or rivaled the 
release from the disruptant formulations. In par t i c u l a r , no 
si g n i f i c a n t differences were found i n captures by traps baited 
with lew-strength (.001 and .01%) PVC p e l l e t s in the untreated 
check plot and traps baited with high-strength (10%) PVC 
pe l l e t s i n the two treated plots (Table I I I ) . Thus, by 
increasing trap-bait strength as much as 10,000-fold, 
equivalent numbers of males could be trapped in the disruption 
plots I 
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Figure 1. Response of western pine shoot borer males to pheromone-baited traps 
in plots treated with different mating-disruption formulations and an untreated 
check plot. Key: check ( Ο ; 10 g pheromone in 20,000 flakes/ha (ffi); and 5 g 

pheromone in 25 strips/ha (R). 
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We believe these results support a f a l s e - t r a i l - f o l l o w i n g 
theory for the mode of action of mating disruption. The fact 
that males were able to discern and orient to a strong releaser 
while i n the center of areas treated for disruption, 
demonstrates that omnipresence of pheromone vapor per se i s not 
always adequate to achieve mating disruption. Rather, the key 
factor appears to be the re l a t i v e strength of the pheromone 
signals produced fcy trap-baits - or female moths - versus those 
produced by disruptant p a r t i c l e s . 

Table III. Capture of western pine shoot borer males by traps 
containing pheromone-baits of different strengths 
and placed in plots treated for mating disruption. 

Disruption Pheromon
Treatment in Trap-baits (%) Captured/Trapi/ 

10.0 9 4 . 4 (a) 
1.0 57.1 (b) 

Untreated 0.1 25.0 (c) 
Check Plot 0.01 8.1 (d) 

0.001 5.3 (d) 

10.0 5.7 (d) 
10 g Pheromone 1.0 1 .4 (e) 
in 20,000 0.1 0.6 (e) 
Hereon Flakes/ha 0.01 0 (e) 

0.001 0 (e) 

10.0 6.3 (d) 
5 g Pheromone 1.0 0 .4 (e) 
in 25 Hereon 0.1 0.1 (e) 
P l a s t i c Strips/ha 0.01 0 (e) 

0.001 0 (e) 

y Means followed by same l e t t e r not s i g n i f i c a n t l y 
d i f f e r e n t at .05 probability l e v e l . Evaluation by 
Analysis of Variance and Duncan's New Multiple Range Test. 

These results suggest an upper l i m i t might exist for the 
number of pa r t i c l e s used in formulations to release pheromone 
in mating disruption applications. The greater the number of 
part i c l e s i n which a given dosage of pheromone i s formulated, 
the lower the release rate from any single p a r t i c l e (assuming 
the duration of release remains constant)· Disruption 
applications might f a i l i f release rates from disruptant 
releasers f a l l below or near the release rate of female moths, 
because the pheromone odor t r a i l s produced by females would 
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then r i v a l those emitted from disruptant releasers^ Thus, 
while coverage with synthetic pheromone releasers i s important 
for successful mating disruption, ,we conclude that the r e l a t i v e 
strength of synthetic releasers versus the natural scent 
produced by the female i s also a key consideration for 
development of formulations. 

Population Monitoring 

Trapping insects with pheromone-baited devices i s now 
commonplace for many pest species. From a management viewpoint 
trap-captures can be very useful, simply by showing where 
populations exist and when they are active. More refined 
trapping systems may also be used to assess population 
densities and help predic
occur. Special baits o
case, since the concern i s with re l a t i v e numbers caught and not 
just presence or absence of a species. 

The Trap Saturation Problem. Traps with a limited capture 
capacity may become ineffective as monitoring devices when they 
f i l l with insects and can no longer r e l i a b l y r e f l e c t continuing 
upward trends i n population densities. One way to avoid this 
problem is by deliberately formulating a very weak trap-bait. 
Weak baits w i l l attract few or no insects when low-density 
populations p r e v a i l , because of the bait's small active-space 
of attractiveness. Captures go up when pest numbers increase, 
simply because the increased numbers i n f l i g h t increase the 
probability that some w i l l intercept the active space of the 
monitoring traps. This approach to population monitoring has 
been successful as an early-warning system against approaching 
outbreaks of Douglas-fir tussock moth (Table IV). 

Table IV. Summary of Douglas-fir tussock moth population 
monitoring with pheromone-baited traps. 

TUSSOCK MOTH P0PUIATI0N MONITORING 

Follow-up 
Plots with "Sub-outbreak" 

Year No. Plots > 20 Males/Trap Plots 

1977 105 7 2 
1978 118 9 7 
1979 246 5 0 
1980 550 3 2 

In Insect Pheromone Technology: Chemistry and Applications; Leonhardt, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1982. 



252 I N S E C T P H E R O M O N E T E C H N O L O G Y 

The major value of this approach i s that i t signals an 
a l e r t for only those areas where an outbreak might be 
developing. These areas are r e l a t i v e l y few (Table IV), and 
consequently managers are able to focus their limited resources 
on these few locations. 

There are f of course, other approaches to solving the 
trap-saturation problem for insect monitoring. Our main point 
here, however, i s that the trap design used and the trapping 
objective may dictate the type of bait formulation and release 
rate of the attractant. I t i s not always best, for example, to 
formulate the strongest possible lure. For some survey or 
monitoring purposes, i t may be necessary to match the female 
release-rate as nearly as possible, or, as i n the case of the 
tussock moth, to formulate for a very low delivery rate of 
pheromone which w i l l remai
period of time. We believ
clear challenge to applications of pheromone-baited traps, 
p a r t i c u l a r l y from the viewpoint of matching the release-rate of 
the trap-baits to their trapping objective. 

Formulating Pheromone Blends 

Lepidopteran pheromones usually consist of blends of two or 
more closely-related compounds. Investigations have become 
increasingly precise i n identifying components of these blends 
and their proportions of d i f f e r e n t compounds and isomers. This 
precision, however, does not always carry over into the f i e l d 
bioassay or applications. Commonly, test compounds are loaded 
into bait releasers i n the same ratios i n which they are found 
being released by the insect. Release rates of these materials 
from the synthetic substrates, however, may vary considerably. 
Butler and McDonough (13) have quantified the release rates of 
a series of pheromone-related compounds from red rubber septa. 
Their results show marked differences in rates of release 
associated with differences i n molecular chain length and 
oxygenated functional groups. A change of only two carbons in 
chain length may result in a 2 to 8-fold difference i n release 
rate from rubber septa baits (13). 

By holding uniform-sized PVC samples at constant 
temperatures and p e r i o d i c a l l y weighing them, we were able to 
show differences i n release rates of 14-carbon acetates, 
alcohols, and aldehydes. Table V summarizes these data, and 
shows that the aldehyde component i s released about twice as 
fast as the acetate, with the alcohol being emitted at an 
intermediate rate. 
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Table V. Release rates of 14-carbon acetate, alcohol, and 
aldehyde pheromone components from a PVC matrix. 

RELEASE RATES IN PVC PELLETS 
(2% A.I., 22.5° C) 

Compound Average Compound 
Relea se/cm/dayi/ 

(ug) 

E11-14:AC 8 (a) 
Ell-14:0H 10 (b) 
E11-14:AL 15 (c) 

1/ Means followed by same l e t t e r not s i g n i f i c a n t l y different 
at .05 probability l e v e l . Data evaluated by Analysis of 
Variance and Duncan's New Multipe Range Test. 

Thus, release rates of at least some closely related 
pheromone components may vary greatly when formulated in either 
rubber septa or PVC p e l l e t s . If proper proportions of Blend 
components are necessary to induce the appropriate behavioral 
response by a species, this influence of the formulation on 
release rates could be c r i t i c a l . We believe pheromone 
sp e c i a l i s t s need to be more a l e r t to this potential problem, 
regardless of the type releaser substrate being used. 
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