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Fig. 1. (A) Annual running means of the sea level difference across the equatorial 
countercurrent. [After Wyrtki .(1)] (B) Corresponding values of the stiength of the 
subtropical 700-mbar westerlies as measured between 150?E to 110?W between 20?N 
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correlation with the sea level zonal 
wind index immediately below is .85 
(2). 

Figure 1A reproduces Wyrtki's graph 
of the sea level difference across the 
countercurrent. Figure 1B shows the 
700-mbar zonal index (zonal compo- 
nent of the geostrophic mean air flow 
at 700 mbar between 20?N and 35?N 
averaged from 150?E to 110?W). To 
conform to Wyrtki's procedure, the 
zonal index has been smoothed by tak- 
ing a running annual mean centered 
on the indicated month. The correla- 
tion coefficient between these two series 
is .48. Inspection suggests that there 
is a lag between the two graphs, such 
that certain singular features in the 
zonal winds show up later in the 
countercurrent transport index. The 
broken lines in Fig. 1 indicate some 
of these possible connections before 
1965, after which time such connec- 
tions are less prominent or lacking. 
Lag correlations between the curves 
yield a maximum of .54 at a 4-month 
lag with a drop off to .40 at 9 months 
and .48 at no lag. 

Since the strength of the trade winds 
seems to influence the future strength 
of the countercurrent and since the 
countercurrent, in turn, influences the 
sea surface temperatures off Central 
America (Wyrtki suggests a 3-month 
lag for the latter), it is of interest to 
check the total lag relationship between 
winds and water temperature. In this 
case, only the annual means of sea 
surface temperature centered on Janu- 
ary have been examined-this is in 
accordance with the usual time of 
emergence of El Niiio and the defini- 
tion of an El Niiio year. The best lag 
correlation, .55, was between these 22 
annual means of sea surface tempera- 
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ture and the mean annual subtropical 
zonal index at 700 mbar centered on 
May, -8 months earlier. This agrees 
with the average lag suggested by the 
broken lines in Fig. 1, about 5 months, 
plus Wyrtki's 3-month lag. This peak 
value drops off to .48 at lag 0 and 
.35 at lag 12. 

The significance of these statistics 
is that the east-to-west wind stress 
on the equatorial countercurrent, im- 
plied by the upper-level westerlies in 
the subtropics, causes variations in 
the east-west sea level difference and 
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the countercurrent flow, variations 
which are reflected in the north-south 
sea level difference (used by Wyrtki) 
and at a later time in the surface tem- 
peratures in the extreme eastern por- 
tion of the countercurrent off Central 
America. When the subtropical upper 
westerlies are strong, the trade winds 
are weak and the countercurrent starts 
to flow more strongly eastward bring- 
ing warm water about 8 months later 
off Central America. When the sub- 
tropical upper westerlies are weak (the 
trades strong) the countercurrent is 
slowed down or possibly annihilated. 
In this case colder water, often as- 
sociated with upwelling, appears off 
Central America. These findings, along 
with Wyrtki's, suggest that when more 
refined researches are completed the 
life history of the El Nifio may be 
predictable. 

JEROME NAMIAS 

Scripps Institution of Oceanography, 
University of California, San Diego, 
La Jolla, California 92037 
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N-Nitrosation by Nitrite Ion in Neutral and Basic Medium 

Abstract. Formaldehyde catalyzed the conversion of various secondary amines 
to nitrosamines in the pH range 6.4 to 11.0. Chloral was also an effective catalyst. 
The reaction proceeds easily enough to have potential synthetic applications; 
the proposed mechanism could explain some reported anomalies regarding the 
synthesis of carcinogenic N-nitroso compounds in vivo and in vitro. 
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There is considerable debate at pres- 
ent concerning the public health 
significance of amine-nitrite interactions 
in the human environment (1), but there 
has been little disagreement regarding 
the pH requirements of such interac- 
tions. Investigations on mechanisms 
have suggested that "the protonation of 
nitrous acid appears necessary for ini- 
tiating all nitrosation reactions" (2, 3), 
and it is generally assumed that poten- 
tially hazardous quantities of carcino- 
genic N-nitroso compounds cannot be 
produced unless the interaction of nitrite 
and amine occurs in acidic medium (3). 

We describe experiments here that 
reveal a new dimension to the con- 
troversy by showing that nonenzymatic 
nitrosation occurs smoothly under neu- 
tral and basic conditions in the presence 
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of appropriate catalysts. Aqueous buffer 
solutions of diethylamine, sodium ni- 
trite, and formaldehyde led to significant 
yields (4) of diethylnitrosamine at room 
temperature over the entire pH range 
studied (pH 6.4 to 11.0) (Fig. 1). In the 
absence of formaldehyde, no nitrosa- 
mine could be detected above pH 7.5 
under these conditions (5). The yield is 
almost independent of hydrogen ion 
concentration in basic medium, the 
quantity of product at pH 11.0 being 
40 percent of that found at pH 7.5 
(Fig. 1). 

Except for diisopropylamine, all sec- 
ondary amines we have studied have 
been easily nitrosated in alkaline 
formaldehyde solution. Nitrosamine 
yields varied roughly according to steric 
accessibility of the nitrogen atom toward 
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electrophilic attack. We found that the 
order of decreasing reactivity was 
pyrrolidine - piperidine = dimethyla- 
mine > diethylamine - di-n-propyl- 
amine >> diisopropylamine. 

Under appropriate conditions, the re- 
action proceeds with enough facility to 
be useful for preparative applications. 
When 0.13M pyrrolidine was refluxed 
with 4.0M sodium nitrite and 13M 
formaldehyde in 0.1M sodium hydrox- 
ide for 1 hour, the resulting nitrosopyr- 
rolidine could ,be isolated in 46 percent 
yield (6). While higher nitrosamine 
yields are generally possible under 
milder conditions in acidic media, 
formaldehyde catalysis could prove 
crucial in nitrosating amines containing 
acid-labile functional groups. 

Although formaldehyde has been 
said to "bear little resemblance" to other 
aldehydes with respect to its reactivity 
toward amines (7), we found that 
chloral was almost half as effective in 
catalyzing alkaline N-nitrosation, and it 
is possible that other carbonyl com- 
pounds might also perform this func- 
tion. However, acetone and 2,2-di- 
methylpropionaldehyde failed to pro- 
mote observable nitrosation under the 
same conditions, and we conclude that 
catalytic effectiveness is strongly de- 
pendent on the structure of the carbonyl 
compound employed. 

We propose that the mechanism of 
catalysis involves initial interaction of 
aldehyde with the secondary amine (8). 
Among the expected products of this 
interaction are iminium ions (1), which 
are known to be highly reactive toward 
nucleophiles (9), and which therefore 
could be expected to undergo attack by 
nitrite ion. If the adduct, 2, assumes a 
conformation in which the two nitro- 
gen atoms can approach each other, 
direct collapse to the nitrosamine could 
occur. Tertiary amines and their quater- 
nary salts should not be subject to such 
catalysis because they are incapable of 
directly forming aldehyde adducts of 
structure 1. 

-OH- + 
R2NH + R2'C = O =- R2N = CR2' 

ONO- 1 

R2N - CR2'1 

R2N-NO + Ra'C = 0 NI- 
N- 

o 2 J 

As a preliminary test of this mech- 
anism we prepared N,N-dimethylformal- 
diminium (1; R'= CH3, R' = H) tri- 
fluoroacetate (10) and reacted it with a 
slight excess of silver nitrite in anhy- 
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Fig. 1. Percent yield of diethylnitrosamine 
after 17 hours at 24?C as a function of 
pH in the reaction of O.05M diethyla- 
mine with 0.2M sodium nitrite (in 0.5M 
phosphate buffer with and without 0.05M 
formaldehyde). 

drous acetonitrile solution. As predicted, 
dimethylnitrosamine was produced in a 
yield greater than 90 percent (11). 

Significant environmental synthesis 
of N-nitroso compounds must now be 
considered possible even in nonacidic 
media. Formaldehyde is one of this 
nation's leading industrial products (12) 
and is widely distributed in our environ- 
ment (13). It is a germicide and fungi- 
cide for plants and vegetables (13, 14) 
and is used in combination with nitrite 
(15) as a preservative for fish (16), 
Formaldehyde is formed during the in- 
complete combustion of many organic 
substances, and it is especially abundant 
in smoke used for smoking ham and 
fish (14), two foodstuffs which some- 
times contain detectable dimethylni- 
trosamine (16). Chloral is used as a 
sedative and anesthetic for farm ani- 
mals (14), and a number of other 
aldehydes which might also catalyze N- 
nitrosation are likely to be found in 
foodstuffs or other environmental com- 
ponents as well. 

Our results hold several additional 
implications for those studying environ- 
mental nitrosation mechanisms. First, 
adequate descriptions of bacterial or 
other enzymatic syntheses of nitrosa- 
mines must demonstrate, not assume, 
the absence of catalysis in a boiled 
system (17). Second, since the two 
curves of Fig. 1 appear to diverge at 
the low pH extreme (that is, at pH 6.4, 
the most acidic solution we investigat- 
ed), kineticists (18) seeking to estimate 
in vivo nitrosamine yields on the basis 
of data from in vitro model systems 
must consider the possibility that this 
kind of catalysis might also be important 
in gastric contents and other acidic 
media. Finally, N,N-disubstiltuted imin- 

ium ions produced from other than 
secondary amines should be considered 
as possible nitrosamine sources by way 
of their potential reactivity toward ni- 
trite ion (19, 20); thus carbon-protona- 
tion of the tertiary enamine aminopy- 
rine should give an iminium ion (1; R = 
CH3, R2' = CnH12N2O), the reaction 
of which with nitrite ion could explain 
the exceptional facility of the drug's 
conversion to dimethylnitrosamine in 
vitro (21) and in vivo (22). 

LARRY K. KEEFER 
PETER P. ROLLER 

Division of Cancer Cause and 
Prevention, National Cancer Institute, 
Bethesda, Maryland 20014 
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The chromatographic data we report 
here provides direct evidence that the 
molecules of different odorants migrate 
at different rates across the olfactory 
mucosa. This gives further support to 
chromatography as one of the models 
for explaining olfactory discrimination 
at the level of the olfactory mucosa. 

Mozell previously supported this 
chromatographic model with electro- 
physiological evidence only. He sam- 
pled the activity elicited by different 
odorants in two widely separated re- 
gions of the olfactory mucosa by 
simultaneously recording the multiunit 
discharges from the two branches of 
the olfactory nerve serving those re- 
gions (1). The more medial branch 
(MB) reflected the activity at a mu- 
cosal region where odorized air first 
enters the olfactory sac through the 
external naris. The more lateral branch 
(LB) reflected the activity farther along 
the flow path where the air exits from 
the olfactory sac through the internal 
naris. The ratio of the discharge magni- 
tude recorded from the lateral branch 
to that recorded from the medial 
branch (LB/MB ratio) was used to 
quantify the gradient of activity across 
the mucosa which results from an odor- 
ant stimulation; the smaller this ratio, 
the sharper the decline in activity from 
the entrance region of the mucosa to 
its exit region. Mozell found that dif- 
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ferent odorants produced different LB/ 
MB ratios, so that the analysis of odor- 
ants might depend in part on the dif- 
ferent gradients of activity they estab- 
lish across the mucosa (2-4). They 
might also be temporally differentiated 
because the elapsed time (that is, the 
latency difference) between the onset 
of the discharges recorded from the 
two nerve branches also depended on 
the odorant used. Two further ob- 
servations influencing Mozell's conclu- 
sions were that those odorants yielding 
the smallest LB/MB ratios also yielded 
the longest latency differences (3) and 
that reversing the direction of the odor- 
ized air flow across the mucosa re- 
versed the nerve branches giving the 
larger and smaller discharges (1). 

Mozell suggested that all these ob- 
servations could be explained by the 
same underlying mechanism-differ- 
ences in the rate at which the 
molecules of different odorants migrate 
across the mucosa. As Beidler (5) sug- 
gested earlier in a somewhat different 
context, perhaps those molecules that 
are more strongly attracted to the 
mucosa migrate toward its far end less 
rapidly (producing longer time lapses) 
and in fewer numbers (producing 
smaller LB/MB ratios) than those with 
less attraction. If the olfactory mucosa 
can separate the molecules of different 
odorants by their differing abilities to 
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migrate across it, an analogy could be 
made between the initial events in ol- 
factory discrimination and those events 
that are fundamental to chromatogra- 
phy. That is, the analysis of different 
chemicals by chromatographic tech- 
niques likewise depends upon the phe- 
nomenon of differential molecular mi- 
gration which is based upon the differ- 
ential attraction of molecules to the 
medium through which they pass. 

As one test of this analogy Mozell 
compared the LB/MB ratios produced 
by 16 different odorants to the reten- 
tion times of the same odorants as mea- 
sured by a standard gas chromatograph 
fitted with a Carbowax 20M column 
(4). With only one major exception 
(butanol) those odorants that took 
longest to migrate through a Carbowax 
column (that is, those having longest 
retention times) also had least facility 
to migrate across the mucosa (that is, 
produced the smallest LB/MB ratios). 

These electrophysiological observa- 
tions provide only indirect evidence of 
differential molecular migration pat- 
terns across the mucosa since they are 
made at a level several steps beyond 
the molecular events that are presumed 
to initiate them. Furthermore, even if 
there were, as Moncrieff (6) demon- 
strated in vitro, some chromatographic 
effect across the mucosa, it is possible 
that the mucosas of most animals are 
too short to allow an adequate separa- 
tion of different odorants. Therefore, 
we decided to determine whether the 
molecules of different odorants do in- 
deed migrate at demonstrably different 
rates across mucosas by measuring di- 
rectly their relative retention times as 
they pass along the frog's olfactory 
mucosa in vivo. 

We replaced the standard column of 
a gas chromatograph (Varian-Aero- 
graph model 600D) with the olfactory 
sac of an intact frog (Rana catesbeiana) 
anesthetized with urethane. We con- 
nected the inlet port of the gas chro- 
matograph to the frog's external naris 
and the frog's internal naris to the 
chromatograph's flame ionization de- 
tector with Teflon tubing. We also made 
provision to bypass the frog with this 
Teflon tubing, thus producing a direct 
connection from the inlet port to the 
detector. In either case we determined 
retention times in the usual manner by 
measuring the time between the injec- 
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connection from the inlet port to the 
detector. In either case we determined 
retention times in the usual manner by 
measuring the time between the injec- 
tion of the odorant sample and the 
maximum pen deflection of the re- 
corded chromatogram, a deflection that 
signals the arrival of the maximum 
number of odorant molecules at the 
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Abstract. The column of a standard gas chromatograph was replaced with 
in vivo frog olfactory sac. The wide range of relative retention times as measured 
across the olfactory mucosa for 15 different odorants supports the concept of 
a chromatographic separation along the mucosa as a mechanism for distinguishing 
different odorants. 
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