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in Olefinic Acids, Including Trienes and Tetraenes!
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ABSTRACT

Increased versatility has been achieved
in the identification of unknown olefinic
fatty acids by ozonolysis. The method
has been applied to purified methyl esters
containing up to four double bonds. Alde-
hydic fragments, obtained from esters by
the Stein-Nicolaides procedure (2), were
determined by GLC on two columns of
different polarity. Equivalent chain lengths
of each fragment on the two columns
provide identification. For monoenoic es-
ters the location of the double bond is
clearly indicated by the aldehyde and alde-
hyde-ester fragments. Dienes are identi-
fied by the aldehyde and aldehyde-ester
fragments when the original chain length
of the ester is known; the dialdehyde frag-
ment provides confirmatory evidence.
Trienes and tetraenes are analyzed by in-
terrupting the ozonolysis at various times,
thereby producing unsaturated, as well as
saturated, aldehydes and aldehyde-esters.
Unsaturated fragments locate the central
or interior double bonds.

INTRODUGTION

In the GLC analysis of methyl esters pre-
pared from vegetable oils, components are
usually identified as to chain length and num-
ber of double bonds. Such identification is
not specific unless supported by rigorous char-
acterization by chemical or physical means.
Ozonolysis has become widely used in de-
termining the location of double bonds in
fatty acids. The method reported here can
be used without repeated ozonolysis-of known
materials in order to identify components and
is of general applicability to mono- and poly-
enoic fatty acids, even those containing double
bonds more widely separated than the common
methylene interruption. The method was used
with esters having both cis and trans unsat-
uration.

METHODS
A 0.2% solution of purified methyl esters

1Presented at the AOCS Meeting, Chicago, October 1967.
2No. Utiliz. Res. Dev, Div., ARS, USDA.
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(1 to 10 mg) was prepared in dichlorometh-
ane (Matheson Coleman and Bell, superior
grade). The solution was cooled in an ace-
tone-dry ice bath and the ozone-oxygen mix-
ture from a Bonner (1) ozone generator was
bubbled through at 30 ml/min. The concen-
tration of ozone was such that 5 mg 18:1
was completely ozonized in 1Y2 min. After
this treatment, ozonides were reduced by add-
ing to the solution a few crystals of triphenyl-
phosphine (2), and 15 pliter aliquots of
the solution were analyzed in an F&M 402
gas chromatograph equipped with glass col-
umns and flame ionization detectors. One 12 ft
X Y4 in. column was packed with 5% LAC-
2-R 446 (3) on Chromosorb W-AWDMCS and
the other was 4 ft x %4 in. packed with 5%
Apiezon L on Chromosorb W-AWDMCS.
Samples were injected onto the two columns
simultaneously and the temperature was pro-
grammed from 80 to 200 C at 7.5 C/min.

When trienoic or tetraenoic esters were an-
alyzed, the ozonolysis reaction was inter-
rupted three to five times at 15 to 30 sec inter-
vals. After each interval, the entire reaction
mixture was reduced with triphenylphosphine
and two 15 pliter aliquots were analyzed by
GLC as above.

Equivalent chain lengths (ECLs) (3) were
calculated with even chain length methyl esters
(C,-C,,) as standards using the equation:

x—t51.

ECL = S, + (S,~S,) ~
tsz"ts1

where: S, chain length of first standard
ester; S, = chain length of second standard
ester; 8., or ,) = standard retention time: and
tx = retention time of peak. The ECL of
each peak was calculated using the two stan-
dards closest in retention time to that of the
peak. ECLs and relative area percentages for
each component were calculated by computer.
In the case of monoenoic esters, the computer
program provided identification of the frag-
ments and the molar ratio of the parent esters.

In esters with (0 3) bonds, the ozonides
were formed at —23 C in CCl, and reduced
with triphenylphosphine. The C, aldehyde
formed was determined by GLC on a 9 ft
X Y in. stainless steel column packed with
Porapak Q and held at 155C in an F&M
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Fic. 1. Area vs. calculated response of monoenoic ester ozonolysis products from LAC-2-R
446 column. Variable f = nonresponding carbon atoms.

810 chromatograph equipped with a hydrogen
flame detector (4).

Known fatty acid methyl esters of high
purity were obtained from commercial sup-
pliers, by preparation from known plant
sources, or by synthesis.

RESULTS AND DISCUSSION

The products resulting from the ozonolysis
reported by Stein and Nicolaides (2) are essen-
tially all aldehydic in nature. Side products
resulting from chain degradation or other
anomalies (5) are almost completely absent
from the mixture. This method has the fur-
ther advantages that it involves no transfer
of sample to a special reaction vessel, no
catalyst preparation (6), no solvent purifica-
tion, and employs standard injection tech-
niques.

Our chromatographic method, which en-
tails on-column injection into glass columns
without preheaters, minimizes polymerization
and loss of reactive ozonolysis products. Re-
tention characteristics in the two columns,
which have different stationary phases, provide
identification of each fragment.

Relative Response of Flame lonization
Detectors to Ozonolysis Products

The aldehyde-ester fragments have been used
in the past to quantitate the relative amounts
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of monoenoic esters (7,8); little has been done
quantitatively to relate the aldehyde fragments
to the aldehyde-ester fragments and to the par-
ent ester. In the use of the flame ionization
detector, quantitation is complicated by the
unequal detector response to different organic
molecules. The response has been reported to
be proportional to the number of carbon atoms
in the molecule. Dal Nogare and Juvet (9)
describe a correction factor (C-factor) for con-
version of area response to weight response.
They equate this factor to (molecular weight)/
(12 X number of carbon atoms) and suggest
that carbon atoms bonded to oxygen be ex-
cluded from this calculation. A later report
(10), however, indicates that methoxyl carbon
atoms do respond to flame ionization detectors
and that the absolute response of carboxyl
carbon atoms is not clearly defined. In Figure
1 the ratios of the areas of aldehyde fragments
to the areas of their corresponding aldehyde-
esters from individual monoenoic esters are
plotted against the ratios of the number of
responding carbon atoms in each fragment.
Aldehydic carbon atoms are assumed to have
zero response while the number of nonrespond-
ing atoms in aldehyde-esters is set equal to
the variable (f) so that a one to one relation-
ship between the two ratios can be established.
The line with £ = 2.1 has unit slope. An addi-
tional assumption that the carboxyl carbon
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Fic. 2. Equivalent chain lengths (based on saturated methyl esters) of aldehydes and alde-
hyde-esters. Points on aldehyde lines were omitted for clarity but showed the same relation to

the lines as in the aldehyde-ester plots.

is unresponsive and that the methoxyl carbon
has nine-tenths the response of a methylene
carbon would conform to this result. For
practical use, it is adequate to consider that
the carbonyl and carboxyl carbon atoms give
no response and that the methoxyl carbon
atoms respond equally with methylene carbon
atoms. Therefore, the response of aldehyde
fragments is proportional to number of carbon
atoms in the molecule minus one and the
aldehyde-ester response is proportional to its
number of carbon atoms minus two.

Analysis of Monoenoic Esters

The. products from reductive ozonolysis -of
monoenoic esters are aldehydes (A) and alde-
hyde-esters (AE). Ozonolysis of esters of
known structure (16:13; 16:19; 18:1 (indi-
vidual isomers A 5 through A 12); 20:15;
20:1%%; 22:118; 24:115) produced a variety of
fragments of known chain length as reference
materials. ECLs (based on saturated methyl
esters) of these fragments were determined
from both Apiezon L and LAC-2-R 446
columns and were then plotted vs. their re-
spective chain lengths. The straight line re-
lationships evident in Figure 2 show that
ECLs from the two columns can be used to
identify ozonolysis fragments without further

comparison with fragments from ozonized ref-
erence compounds. Methyl esters were used
as standards instead of aldehydes because they
are stable and readily available in high purity.

The ECLs of an aldehyde are essentially
the same from both Apiezon L and LAC-2-R
446 columns, but those of aldehyde-esters dif-
fer markedly. Therefore, each component can
be identified from the ECL data. Furthermore,
components which overlap in one column are
well separated by the other and quantitative
relationships can be determined (11). The
identification and quantitation of mixtures of
monoenes of the same chain length and of
simple mixtures of different chain lengths (if
the relative proportions of esters of each chain
length are known) are easily accomplished.
In mixtures of monoenoic esters, peak areas
from the ozonolysis fragments are used to
calculate the mole percentages of the parent
esters from the following relationships:

wt % = area % X C-factor, and C-factor

= MW/ (responsive carbon atoms X 12).

Responsive carbon atoms = No.. of carbon
atoms — [carbonyl + carboxyl carbon(s)].

area % X N{W_
(N-f) X 12
total number of carbon atoms and f =

Lirips, VoL. 4, No. 2

Therefore wt % = , where

N =
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FiG. 3. Graphical determination of double bond position in monoenes from the ratio of peak
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number of carbonyl + carboxyl carbons.

wt %,

Mole Fraction, X,

\ wt %,
4___MW,
Xx = 1

area %, X MW,
_ MW, x (N-), x 12

X,
X = n
area %, X MW,
MW, X (N=-f}, X 12 .
x =1
area %,
x, = (N-Da
X = n
area %,
(N-1),

x = 1}

The mole fractions of the fragments pro-
duced on complete ozonolysis of a monoenoic
ester are equal and, in a mixture of pure
monoenes, their sum equals mole fraction of
the parent ester in the original mixture. The
ratios of the mole fractions of the fragments
from the parent esters are the same as the
ratio of the parent esters, even upon incom-
plete ozonolysis; the aldehyde fragments serve
as well as the aldehyde-ester to establish the
ratio.

A correlation was found when the logarithms
of the ratios of the peak areas of the alde-
hydes to the corresponding aldehyde-esters
were plotted vs. the ratios of the position of
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the double bond to the original chain length
(Fig. 3). The calculated points, log[(N, —1)/
(Njg— 2)}], vs. position of the double bond/
chain length of original ester, are essentially the
same as those found from the peak area ratios
from the LAC-2-R 446 column. The relation-
ship between the areas from fragments and the
double bond position allows calculation of the
position of the double bond from the peak areas
of the aldehyde and aldehyde-ester if the parent
chain length is known. Location of the double
bond is a check on the identification of the
aldehyde-ester made from retention data.

The ozonolysis procedure used permitted de-
tection of some components not usually found
from KMnO,/KIO, oxidation (12). For ex-
ample, analysis of KMnO,/KIO, cleavage of
16:13 showed only one product, tridecanoic
acid (13,14). Using the above ozonolysis pro-
cedure both 13A and 3AE were observed.

Analysis of Dienoic Esters

The products formed from the ozonolysis
of dienoic methyl esters are aldehydes, alde-
hyde-esters and dialdehydes. To establish the
positions of the olefinic bonds in pure single
component esters, only correct identification of
the aldehyde and aldehyde-ester fragments are
necessary, although dialdehydes supply confirm-
atory evidence.

An example of a dienoic methyl ester from
which the dialdehyde fragment is a major com-
ponent is the 22:25:12 from Limnanthes doug-
lassii (15, 16). The eight carbon dialdehyde
(AA) has ECLs of 13.9 (LAC-2-R 446) and
8.8 (Apiezon L). A plot of ECLs of several
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Fic. 4. Equivalent chain length (based on sat-
urated methyl esters) of dialdehydes.

dialdehydes vs. their chain length is shown in
Figure 4. The sources of these dialdehydes
are listed in Table 1. The detector response
to dialdehydes is analogous to that of other
aldehydic components in that neither carbonyl
carbon atom responds to flame ionization.
Therefore, 3AA has only one responding car-
bon atom and is not easily detected.

Another example of the superiority of the
ozonolysis procedure for double bond location
is shown by its application to the allenic diene,
5,6-octadecadienoic acid from Leonotis nepe-
taefolia (17). When the methyl ester of this
acid was oxidized by KMnO,/KIO, (12) only
lauric acid was observed (17). Addition of
acetic acid before oxidation was necessary be-
fore glutaric acid was detected (17). Ozonoly-
sis revealed two products, 5AE and 12A, which
clearly define the positions of the double bonds.

ic and Tetr

Complete ozonolysis of trienoic and tetra-
enoic esters and identification of the resulting
aldehyde and aldehyde-ester fragments to re-
veal the structure of the esters is well docu-
mented (6,18). In both reports, the unsatura-

Analysis of Tri ic Esters

TABLE 1
Source of Known Dialdehydes

Dialdehyde Source Reference
3AA 20:45.11.34,17 25
4AA 18:3%9.12 21
5AA Aldrich Chem. Co. —
6AA 20351, 14 25
8AA 22:2%1 17

10AA 18:3%:5.18 22
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18:33:8.2

A5 M

A9

SAE + 13:24 914 + QUIAE 12:28F + 64

6A + T:1AA T:1AA + SAE

4AL + 9IAR—-6A + JAA  4AA + SAE=—U:1AE + JAA

Fic. 5. Reaction scheme for ozonolysis of
18:3%%%

tion in the esters is either all conjugated or all
methylene-interrupted. Complete ozonolysis,
therefore, resulted in aldehydes and aldehyde
esters which served as identifying fragments.

If an ester has isolated olefinic bonds, com-
plete ozonolysis would not unequivocally lo-
cate the positions of unsaturation. For example,
20:4511,14,17 ester, upon complete ozonolysis,
yields SAE, 3A, 6AA, and 3AA as the only
products. These products could also result
from complete ozonolysis of two other esters:
20:45:811,17 and 20:45:821417 Schlenk solved
this problem in the characterization of the
20:4511,14,17 ester from Ginkgo lipids (19) by
ozonolysis of the ester before and after alkali-
isomerization, thereby locating the bonds that
were methylene-interrupted. By interrupting the
ozonization at various stages before completion,
unsaturated fragments (20) are produced as
well as the products from complete reaction.
The unsaturated intermediates serve to locate
the interior olefinic bonds. For example, the
“interrupted ozonolysis” method, when applied
to the 20:45111417 ester, produced two struc-
ture-determining unsaturated fragments,
11:1AFE and 6:1A. These fragments together
with the end products (SAE, 3A, 6AA, and
3AA) determine the locations of all double
bonds.

A simpler ester, 18:3%%12 (21), serves to
illustrate the many possible unsaturated frag-
ments that can form during interrupted ozo-
nolysis (Fig. 5). The fragments necessary
to locate the double bonds correctly are: 5AE,
6A, 9:1AE, or 9:1A (Fig. 6 and 7). The
other fragments supply confirmatory evi-
dence. The 3AA from an ester such as the
20:4511,14,17 or 18:3%1%15 j5 quite evident as
two of these fragments are produced per ester
molecule.

Identification of unsaturated fragments was
made on the basis of their ECLs on both the
LAC-2-R 446 and the Apiezon L columns.
The ECLs of fatty acid methyl esters are

Lipips, VoL. 4, No. 2
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FiG. 6. Concentration of ozonolysis fragments from 18:3%** vs, reaction time.

greater by 0.4 units per double bond on the
polar LAC-2-R 446 column than their sat-
urated analogues and unsaturated esters usu-
ally have ECLs approximately 0.3 units less
than their saturated analogues on the Apiezon
L column (3). Similarly, 9AE has an ECL
of 15.0 on LAC-2-R 446 while the ECL of
the 9:1AE is 15.4; the ECLs on Apiezon L
are: 9AE = 10.8 and 9:1AE = 10.5. This
relationship holds for all chain lengths. Table

II shows the ECLs of the components formed
from ozonolysis of 18:359:12 ester.
Confirmation of the unsaturated nature of
the components formed early in the ozonization
is provided by their decrease and disappearance
as ozonolysis continues. Figure 6 illustrates this
phenomenon. As expected, the molar amounts
of the SAE, 4AA, and 6A increase throughout
the experiment, but the 9:1A, 9:1AE, 7:1AA,
and 13:2A increase for a time and then de-

13:28  T1AA
\

LAC-2-R 446

Fic. 7. GLC of ozonolysis products of 18:3%%* after 45 sec reaction time from LAC-2-R 446 and

Apiezon L columns.
Lipios, VoL. 4, No. 2
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TABLE II
Ozonolysis Products of 18:3%9.12

Reac- _.___EC_L_*, Area % Toniz-
tion Com- LAC-2-R Apie-(LAC-2-R able Mole
time ponent 446  zon L 446) carbons %
sec
45 6A 5.2 52 12.0 5 20.3
SAE 10.9 6.8 11.8 4 25.0
9:1A 8.7 7.8 3.1 8 3.3
9:1AE 15.4 10.5 2.7 8 2.9
13:2A 13.3 11.8 1.1 12 0.8
12:2AE 18.3 13.3 tr 12 tr
7:1AA 13.2 7.6 1.8 5 3.0
4AA 9.1 4.0 4.0 2 16.9
18:3 194 17.7 59.0 18 27.8
105 6A 52 52 37.3 5 29.6
5AE 10.9 6.8 41.3 4 41.0
9:1A 8.7 7.8 0.2 8 0.1
4AA 921 4.0 14,0 2 27.7
18 1.6

18:3 19.4 17.7 7.1

crease. The 9:1A is the unsaturated fragment
produced in the largest amount and is the only
one remaining after 105 sec (Table II).

The allenic triene, 18:3%%:16 from Lamium
purpureum (22), was investigated by the in-
terrupted ozonolysis method. After 30 sec
ozonization, four major components were de-
tected: SAE, 10AA, 16:2AF (ECL: LAC-2-R
446 = 23.8, Apiezon L = 17.4), and un-
reacted 18:3. The 16:2AE was 28% of the
total peak area. The trienoic ester disappeared
completely before a significant decrease (to
19% at 2 min) in the 16:2AE peak area was
observed. Three minutes were required to com-
pletely ozonize the 16:2AE. Since the double
bonds of this component are allenic, it appears
that such bonds react more slowly than isolated
bonds.

Three other esters with isolated double bonds
were ‘analyzed. These and their identifying
products are as follows: 18:33.%12 (23), 3AE,
6A, 6AA, 9:1A and 9:1AE; 20:35111¢ (24,-
25), SAE, 6AA, 6A, 9:1A and 11:1AE; and
20:4511,1417 (19,24.25), 5AE, 3A, 6AA, 6:1A
and 11:1AF.
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