
solar radiation budget. The exclusion of 
the albedo effect may even lead to pre- 
dicted changes in surface temperature of 
the wrong sign (9). The effect of solar 
absorption by NO2 should also be includ- 
ed in these models for case studies in- 
volving significant changes in the NO2 
column density. 

At biologically important wavelengths 
in the ultraviolet region (UV-B) (280 to 
320 nm), solar absorption by NO2 has 
only a small effect on the amount of solar 
radiation reaching the earth's surface. In 
this spectral region the optical thickness 
of Oa is several orders of magnitude 
greater than the optical thickness of 
NO2; thus the flux of UV-B radiation 
incident at the earth's surface is much 
more sensitive to changes in the 03 col- 
umn density than to changes in the NO2 
column density. Neglecting solar absorp- 
tion by NO2 leads to a slight over- 
estimate of the biological effects from 
stratospheric injection of NOx. For the 
17- and 20-km injection cases considered 
above, neglecting solar absorption by 
NO2 caused the change in UV-B radi- 
ation at the earth's surface to be over- 
estimated by a factor of 1.02. 
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Sex Pheromone Specificity in the Pine Sawflies: 

Interchange of Acid Moieties in an Ester 

Abstract. 3,7-Dimethylpentadecan-2-ol was identified as the free alcohol in three 
species from two genera of pine sawflies (Hymenoptera: Diprionidae). In Neodiprion 
lecontei and Neodiprion sertifer the acetate of this alcohol is the major component of 
their sex attractant; in Diprion similis it is the propionate. By examining the 
responses of the male antennae of several species of Neodiprion through the 
electroantennographic technique, it was determined that four species responded to 
the acetate and six to the propionate. 
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The sawflies, although hymenopter- 
ans, have interesting similarities to the 
moths. Phytophagous cocoon-spinning 
larvae and nonfeeding adults highly spe- 
cialized only for reproduction are com- 
mon to both groups. The females of both 
groups produce long-range sex attrac- 
tants (1); also, both groups show a multi- 
plicity of closely related species or races 
adapted to different plant hosts and envi- 
ronments (2). In moths, differences in 
the sex pheromones of closely related 
species are based on, and restricted to, a 
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Fig. 1. Juxtaposition of the proton NMR sig- 
nals for the C-1 methyl group of (A) natural 
(from N. sertifer) and (B) synthetic 3,7-di- 
methylpentadecan-2-ol acetate, showing that 
the doublet for the natural product corre- 
sponds to the erythro diastereoisomer (ee') of 
the synthetic. The chemical shift, r, for the 
latter is 8.91 parts per million, and the coupling 
constant is 6.5 hertz. The solvent is deutero- 
benezene. 
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few well-defined chemical changes (3). 
The acetate moiety is a conservative fea- 
ture, although it is sometimes exchanged 
for an alcohol or aldehyde group. 
Changes from acetate to propionate or 
higher esters have not been reported (4). 

A genus of pine sawflies, Neodiprion, 
shows exceptional evolutionary diver- 
sity; in North America about 30 species 
or races are adapted to different host 
conifers (2). This diversity provides an 
opportunity to find out how a group of 
insects, taxonomically distinct from the 
Lepidoptera, has solved the common 
problems of long-range sex attraction 
and species specificity. The pine saw- 
flies, while conservative in the use of 3,7- 
dimethylpentadecan-2-ol as the common 
alcohol moiety, have exploited the inter- 
change of acetate and propionate groups 
as one means of achieving specificity. 
Evidence for this is based on chemical 
identification and on responses by the 
insects to natural and synthetic esters. 

An ether extract was obtained from 
virgin female Neodiprion lecontei by a 
method already described for Diprion 
similis (5). This extract was subjected to 
short-path distillation, exclusion from a 
urea complex (6), and preparative thin- 
layer and gas-liquid chromatography 
(TLC and GLC) (7). These procedures, 
which were monitored by electroanten- 
nograms (EAG) (8), resulted in the 
isolation of an active compound that 
shows a single peak by GLC (9). About 4 
pg of this compound were obtained from 
27,000 insects. Treatment of this com- 
pound with potassium hydroxide in meth- 
anol produced an inactive neutral com- 
pound that has a shorter retention time 
than the original compound by GLC on 
an apolar column. Samples of the in- 
active compound were esterified with 
formic acid and with the anhydrides of 
acetic, propionic, butyric, and isobutyric 
acids in pyridine. After removal of the 
reagents the samples were tested by 
EAG. Of the esters so produced, only 
the acetate was identical to the original 
active compound as shown by GLC posi- 
tion and EAG activity. 

When the remaining (inactive) TLC 
fractions were acetylated one fraction 
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Fig. 2. Relative re- . 
sponses by different 
species of pine sawfly , : -* : S. 
to acetates and pro- ^ . 

pionates of 3,7-dimeth- : | a 
ylpentadecan-2-ol ob- 

. . 
' 

tained from insects of ^~ 
different genera and N. sertifer acetate 

Synthetic acetate 
by synthesis. Hori- Synthetic acetate 
zontal bars represent D. similis acetate 
the magnitude of the - D. similis propionate 
EAG response in ar- eSynthetic propionate 
bitrary units. The N. sertifer propionate 
branching pattern in- 
dicates proposed phy- 
logenetic relationships 
(18). *For N. abietis 
only synthetic esters were tested. tMales from one field collection of D. frutetorum responded 
most strongly to isobutyrates rather than to acetates. Neodiprion abietis were collected in 
Ontario; all other species were collected in Wisconsin. Neodiprion lecontei from Florida showed 
the same response as those from Wisconsin. Responses to esters obtained from N. lecontei are 
not shown since they were identical to those for esters from N. sertifer. 

became intensely active. Preparative 
GLC of the acetylated material yielded 
an active compound that showed a single 
peak by GLC, corresponding to about 50 
pg. According to the GLC position and 
the EAG activity, this compound was 
identical to the active acetate isolated 
previously and to a compound obtained 
in the same way from N. sertifer. The 
mass spectrum showed a strong mass to 
change ratio (mle) 238, indicating the 
loss of acetic acid from an acetate with a 
molecular weight of 298; an abnormally 
strong mle 87 (CH3COOCHCH), in- 
dicating that the acetate moiety was at 
the C-2 position; and a prominent mle 
116, characteristic of a methyl branch in 
the C-3 position. These assignments 
were based on comparisons with spectra 
of appropriate reference compounds. A 
portion of the acetate was hydrolyzed 
back to the alcohol and treated with chro- 
mium trioxide-pyridine complex in meth- 
ylene chloride (10). The mass spectrum 
of the oxidation product showed a strong 
m/e 254 (molecular ion), a base peak 
at m/e 72 that is characteristic of the 
-CH(CH3)-C(O)-CH3 fragment, and a 
relatively intense mle 141 consistent 
with the presence of a methyl branch at 
the C-7 position (11). 

Comparison of the natural product 
with synthetic compounds by GLC in- 
dicated a total chain length for the alco- 
hol moiety of 15 carbons with a methyl 
branch near the middle of the chain in 
addition to that at the C-3 position. In- 
tegration over the methyl and methylene 
regions of the nuclear magnetic reso- 
nance (NMR) spectrum (12) confirmed 
this general structure. Compounds with 
a second methyl group in all possible 
branch positions were synthesized and 
compared to the natural product (as the 
acetate and corresponding methyl ke- 
tone) by GLC and mass spectra. Of these 
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only 3,7-dimethylpentadecan-2-ol was 
identical to the natural alcohol by all 
criteria. Comparison of the synthetic 
compounds by EAG further confirmed 
the assignment of the second methyl 
branch to the C-7 position. 

Comparison of the NMR spectra for 
the natural and synthetic compounds 
showed extra doublets for the latter, cor- 
responding to the methyl groups at- 
tached to the asymmetric carbons at the 
C-2 and C-3 positions. The signal for the 
C-l methyl group was completely re- 
solved (Fig. 1), facilitating application of 
the rule governing the steric control of 
asymmetric induction (13). Since the 
asymmetric center at C-2 was produced 
by the addition of methyl magnesium 
iodide to an aldehyde (14), the doublets 
ee' and tt' should correspond to the 
erythro and threo disastereoisomers, re- 
spectively. Thus, although absolute con- 
figuration is unknown, the natural prod- 
uct has the erythro form. 

The first evidence that propionates 
were used as sex attractants by the pine 
sawflies came from attempts to identify 
the pheromone from D. similis. Since 
there is a well-studied field population of 
this species, each step of the isolation 
could be monitored by responses under 
natural conditions as well as by EAG. 
For the natural pheromones good agree- 
ment was found between the two assays 
(15). An active ester and a corresponding 
inactive alcohol were isolated from D. 
similis, by the procedure described 
above for N. lecontei. The ester was 
hydrolyzed and reesterified with differ- 
ent acid groups (see above). The propion- 
ate obtained in this way was highly ac- 
tive for D. similis; the acetate was less 
active than the propionate by EAG and 
inactive in the field. The propionate of 
the free alcohol was likewise active, and 
it was identical by TLC and GLC to the 

original active ester. It could not be dis- 
tinguished by mass spectrometry or by 
GLC position from the propionate of 
the synthetic 3,7-dimethylpentadecan-2- 
ol (16). The original active ester had posi- 
tions in TLC and GLC corresponding to 
the propionate of the synthetic alcohol 
but not to the acetate. Its mass spectrum 
showed a strong mle 238, indicating 
loss of propionic acid from an ester with 
a molecular weight of 312, and an ex- 
traordinarily strong mle 101 that is 
characteristic of a propionate moiety at 
the C-2 position and a branch at the C-3 
position. 

The acetate and propionate of synthet- 
ic 3,7-dimethylpentadecan-2-ol were 
compared by EAG with esters made 
from the free alcohols isolated from N. 
lecontei, N. sertifer, and D. similis (Fig. 
2). For all 12 species tested the specifici- 
ty for either acetate or propionate was 
apparent. This specificity was confirmed 
in the field for N. lecontei, N. sertifer, 
and D. similis. In addition, several indi- 
viduals that were collected in southern 
Wisconsin and identified as D. fruteto- 
rum responded to isobutyrates rather 
than to acetates. 

While the choice of the acid moiety is 
the most important discriminating factor, 
a more subtle chemical specificity, based 
on the difference in alcohol moieties, 
exists at the level of the genus (Fig. 2). 
For instance, all acetate-preferring spe- 
cies of Neodiprion (N. swainei, N. le- 
contei, N. pinetum, N. nanulus, and N. 
sertifer) always responded better toward 
the acetate of N. sertifer alcohol than to 
the acetate ofD. similis alcohol, while D. 
frutetorum males preferred the acetate of 
D. similis alcohol to that of N. sertifer. 
The same relationship also exists for pro- 
pionate-preferring groups. There are 
three logical alternatives for the chem- 
ical basis for this preference: a difference 
in carbon skeleton, the presence of con- 
taminants, or the presence of different 
optical isomers in the two genera. In 
view of the exhaustive chromatographic 
and spectroscopic data on the chemical 
identicalness of the alcohol moieties 
from these three species, the first alterna- 
tive can be eliminated. The second alter- 
native, although it is unlikely, cannot 
easily be dismissed, since no prepara- 
tions can be ascertained to be 100 per- 
cent pure. The third possibility of the 
involvement of optical isomers is most 
attractive to us, but at present we have 
no supporting evidence for it. In the field 
the synthetic acetate was attractive to N. 
sertifer, N. lecontei, and D. frutetorum 
males, and the synthetic propionate was 
attractive to D. similis and N. swainei at 
various test levels (17). 
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The lack of a simple pattern of specific- 
ity for acetate or propionate esters vis-a- 
vis the phylogenetic scheme proposed by 
Ross (Fig. 2) (18) suggests that the inter- 
change of ester groups may have hap- 
pened more than once during evolution- 
ary history. If such switching back and 
forth between acetate and propionate es- 
ters did actually occur, it indicates that 
the acid moiety may be a site of biochem- 
ical plasticity in pheromone production. 
Indeed, this possibility is consistent with 
our observation that the pheromone is 
stored as the alcohol precursor, which is 
esterified as the last step before its re- 
lease from the insect. Such isolation of 
the esterification step from the other 
steps in pheromone biosynthesis would 
make it especially amenable to the 
changes in the acid moiety that may have 
contributed to the speciation of the pine 
sawflies. 

DOUGLAS M. JEWETT 
FUMIO MATSUMURA 

HARRY C. COPPEL 

Department of Entomology, 
University of Wisconsin, Madison 53706 
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a 2-keto-3,11-methyl substitution pattern and a 
CH3(CH2)7(CH3)CH- moiety at the end oppo- 
site the functional group. These features suggest 
a common, partially isoprenoid, origin for the 
sawfly and cockroach pheromones. 

12. Proton spectrum, Bruker 90 Mhz, Fourier trans- 
form, time averaged; solvent, deuterobenzene. 

13. D. Cram and F. Elhafez, J. Am. Chem. Soc. 74, 
5828 (1952); K. Maskens and N. Polgar, J. 
Chem. Soc. Perkin Trans. 1 (1973), p. 1117. By 
convention the erythro form is defined as fol- 
lows: viewing the molecule along the C-2, C-3 
bond axis, when the two methyl groups are in 
the eclipsed position, then the two H- groups 
are also in the eclipsed position. 

14. 3,7-Dimethylpentadecan-2-ol was prepared by 
the following method: methyl magnesium iodide 
was reacted with 2,6-dimethyltetradecanal ob- 
tained by hydride reduction and subsequent oxi- 
dation (10) of 2,6-dimethyltetradecanoic acid. 
The latter was obtained by reacting diethyl 

2 APRIL 1976 

lows: viewing the molecule along the C-2, C-3 
bond axis, when the two methyl groups are in 
the eclipsed position, then the two H- groups 
are also in the eclipsed position. 

14. 3,7-Dimethylpentadecan-2-ol was prepared by 
the following method: methyl magnesium iodide 
was reacted with 2,6-dimethyltetradecanal ob- 
tained by hydride reduction and subsequent oxi- 
dation (10) of 2,6-dimethyltetradecanoic acid. 
The latter was obtained by reacting diethyl 

2 APRIL 1976 

methylmalonate with I-chloro-4-methyldode- 
cane [J. Cason, P. Brewer, E. Pippen, J. Org. 
Chem. 13, 239 (1948); J. Cason and W. Winans, 
ibid. 15, 143 (1950)]. 

15. All compounds isolated from N. lecontei, N. 
sertifer, and D. similis on the basis of EAG 
activity have subsequently been found active in 
the field. 

16. Although no contaminants could be detected by 
GLC of the propionate ester from D. similis, 
hydrolysis and subsequent oxidation to the ke- 
tone revealed that a second compound was 
present. Because only about I /xg of the ester 
was available, further purification was not at- 
tempted. 

17. To test the possibility that the genus specificity 
might result from different optical isomers at the 
C-2 position, the active alcohols from N. le- 
contei, N. sertifer, and D. similis were race- 
mized at the C-2 position by oxidation to the 
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ketones (10) and reduction back to the alcohols. 
After this procedure these compounds (as the 
appropriate esters) retained their genus specific- 
ity and their attractiveness in the field. 

18. H. Ross, For. Sci 1, 196(1955). 
19. Supported by the College of Agriculture and 

Life Sciences, University of Wisconsin, Madi- 
son, by the Wisconsin Department of Natural 
Resources through the School of Natural Re- 
sources, and by the Research Committee of the 
Graduate School with funds supplied by the 
Wisconsin Alumni Research Foundation. Drs. 
A. Tai, R. Howard, and P. Hart gave us valu- 
able help with chemical problems. We depend- 
ed on Drs. J. Mertins, R. Wilkinson, L. Lyons, 
J. M. McLeod, P. Barald, M. Kraemer, and D. 
R. Wallace for supplying insects and making 
observations in the fields. 
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Nonenzymic Joining of Oligoadenylates on a 

Polyuridylic Acid Template 
Abstract. 3',5'-Linked hexa-adenylic acid with a 2',3 '-cyclic phosphate terminus 

[(A)sA >p] couples on a polyuridylic acid template in the presence of ethyl- 
enediamine to form the dodecamer (24 percent) and octadecamer (5 percent). The 
bond produced is largely that of the 2',5' isomer. 
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The discovery of a nonenzymic sys- 
tem that could carry out the faithful repli- 
cation of a polynucleotide under plau- 
sible prebiotic conditions would have a 
major effect on contemporary thought 
concerning the origin of life. Some ex- 
periments to find such a system have 
already been made. The coupling of 
thymidine oligomers on a polyadenylic 
acid template (1), adenosine derivatives 
on polyuridylic acid [poly(U)] (2), and 2'- 
O-methylinosine oligomers on polycyti- 
dylic acid (3) have been achieved by 
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Fig. 1. The reaction of hexa-adenylate con- 
taining a 2',3'-phosphate terminus to give the 
dodecamer and octadecamer on a poly(U) 
template. Experimental points: 0, hexamer; 
A, dodecamer; and CL, octadecamer. The 
curves have no theoretical significance. The 
reaction mixture was analyzed by means of a 
diethylaminoethyl-Sephadex column with a 
triethylammonium bicarbonate gradient. The 
eluate was monitored at 260 nm with a Zeiss 
PMQ-H spectrophotometer. 
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means of water-soluble carbodiimides, 
but the use of this class of coupling re- 
agent would appear to exclude these ex- 
periments as models of prebiotic polym- 
erization (4). Nucleoside phosphorami- 
dates (5) and imidazolides (4) have also 
been investigated and have appeared 
promising as activated precursors to oli- 
gonucleotides. Nucleoside 2',3'-mono- 
phosphates (cyclic nucleoside mono- 
phosphates) qualify as plausible pre- 
biotic compounds (6), and a driving force 
for polymerization has been sought in 
the large negative standard enthalpy of 
hydrolysis (7) and high reactivity (8) of 
these five-membered ring cyclic phos- 
phates. Adenosine 2',3'-monophosphate 
forms a triple helix with poly(U) at low 
temperatures in the presence of various 
helix stabilizing compounds, which in 
the case of short chain diaminoalkanes 
also catalyze the formation of the inter- 
nucleotide link (6). Later, it was shown 
that the poly(U) can be replaced by 
poly(vinyluracil) (9). The yield of dimer 
did not exceed about 23 percent maxi- 
mum and only traces of the trimer were 
detected; about 97 percent of the inter- 
nucleotide bonds were the unnatural 
2',5' isomer (6). However, it was consid- 
ered on the basis of equilibrium calcu- 
lations that, even if all hydrolysis were 
suppressed (a competing reaction), the 
yield of all oligomers higher than the 
nonamer would total less than 8 percent 
in a solution that was 1M in adenosine 
base residues, and this appeared to place 
a severe restriction on the use of cyclic 
phosphates as activated monomers for 
template directed polymer formation 
(6). 

53 

means of water-soluble carbodiimides, 
but the use of this class of coupling re- 
agent would appear to exclude these ex- 
periments as models of prebiotic polym- 
erization (4). Nucleoside phosphorami- 
dates (5) and imidazolides (4) have also 
been investigated and have appeared 
promising as activated precursors to oli- 
gonucleotides. Nucleoside 2',3'-mono- 
phosphates (cyclic nucleoside mono- 
phosphates) qualify as plausible pre- 
biotic compounds (6), and a driving force 
for polymerization has been sought in 
the large negative standard enthalpy of 
hydrolysis (7) and high reactivity (8) of 
these five-membered ring cyclic phos- 
phates. Adenosine 2',3'-monophosphate 
forms a triple helix with poly(U) at low 
temperatures in the presence of various 
helix stabilizing compounds, which in 
the case of short chain diaminoalkanes 
also catalyze the formation of the inter- 
nucleotide link (6). Later, it was shown 
that the poly(U) can be replaced by 
poly(vinyluracil) (9). The yield of dimer 
did not exceed about 23 percent maxi- 
mum and only traces of the trimer were 
detected; about 97 percent of the inter- 
nucleotide bonds were the unnatural 
2',5' isomer (6). However, it was consid- 
ered on the basis of equilibrium calcu- 
lations that, even if all hydrolysis were 
suppressed (a competing reaction), the 
yield of all oligomers higher than the 
nonamer would total less than 8 percent 
in a solution that was 1M in adenosine 
base residues, and this appeared to place 
a severe restriction on the use of cyclic 
phosphates as activated monomers for 
template directed polymer formation 
(6). 

53 

\ \_ \ \_ 


