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constitutes confirmation for these assignments. A few 
bands appear in the spectrum of 6-aminohexanoic 
acid which cannot be accounted for from investiga- 
tions on the long-chMn fat ty  acids nor on the infrared 
absorption studies of the amine group. 

With the exception of a few unassigned bands the 
spectra confirnl the structures of lauraldehyde oxime, 
adipa]dehydic acid oxime and 6-aminohexanoie acid. 

The best yields of dodecylamine and of 6-amino- 
hexanoic acid were obtained by the procedure given 
under Experimental. The yield of the dodecylamine 
was 48% of the theoretical calculated on the wt of 
petroselinie acid used, the yield of 6-aminohexanoie 
acid was 44%. 

The yields of the aldehydes from the reduction of 
the ozonides with zine-acetic acid was 77-85% of the 
theoretical. The yields of oximes was in the same 
range, as calculated from their weights and nitrogen 
contents, assuming that all the nitrogen present was 
in the form of oximes. 

Various modifications of the procedure for the 
preparation of the amines were tried: using the pro- 
cedure given under Experimental but without sep- 
arating the oximes; using the same procedure except 
hydroxylamine was added before the reduction of 
the ozonides with zinc and acetic acid; direct cata- 
lytic aminative reduction of the aldehydes in the 
presence of ammonia and hydrogen; ozonizing methyl 
petroselinate instead of the acid; and catalytic reduc- 
tion with hydrogen of the ozonides to aldehydes. 
None of these procedures gave as high yields as the 
procedure outlined above. A problem encountered 

in all procedures was the solubility of tile adipalde- 
hydic acid and its oxime in water, and especially in 
water-alcohol mixtures. For this reason more diffi- 
culty was encountered in isolating the adipMdehydic 
acid and its oxime than would be the case with the 
corresponding derivatives from oleic acid. 

Acknowledgments 
Much credit is due to the following: A. F. Cucullu 

and A. L. Alford for mieroanalyses, and to G. J. 
Boudreaux and S. H. Miles for determining the in- 
frared spectra. 

I%EFEigENCE S 

1. Adkins, ti. ,  and FI. R. Billica, g. Am. Chem. Soc. 70, 695-698 
(1948).  

2. Bailey, P. S., Chem. Revs. 58, 925-1010 (1958).  
3. Bellamy, L. a., "The In f ra red  Spectra of Complex Molecules," 

2nd ed., Wiley, New York (1958).  
4. Block, R. J., E. L. Durrum,  and G. Zweig, 2rid ed., Academic 

Press, New York (1958),  p. 151. 
5. Califano, S., and ~V. Luthe, Z. physik. Chem. (Frankfur t )  5, 

240-259 (1955),  6, 83-104 (1956) .  
6. Carpenter, A. S., and F. Reeder, (Courtaulds, Ltd.) British Pats. 

741,739 (1955),  743,491 (1956).  
7. Duyckaerts, O., Bull. soc. roy. sci. Liege 21, 196-206 (1952).  
8. Fore, S. P., R. L. Holmes, and W. G. Biekford, JAOCS 37, 490-  

491 (1960).  
9. Goddu, B,. F., Anal Chem. 80, 1707-1708 (1958).  
10. Jones, 1%. N., A. 1~. McKay, and R. G. Sinclair, a. Am. Chem. 

Soc. 74, 2575-2578 (1952).  
11. Meyers, O. Y., and L. E. Miller, Organic Syntheses 32, 13-16 

(1952).  
12. Moore, S., and W. H. Stein, J. Biol. Chem. 211, 907-913 

(1954) ;  Ibid. 176, 367-388 (1948).  
13. O'Connor, 1%. T., E. T. Field, and W. S. Singleton, JAOCS 28, 

154-160 (1951) ;  O'Connor, R. T., Ibid. 82, 1-15 (1956).  
14. Otsuki, H., and H. Funahashi,  Japan Pat.  8417 (1954),  U. S. 

Pa. t  2,862,940 (1958).  
15. Palm, A., and H. Worbin, Can. a. Chem. 31, 1004-1008 (1953).  
16. Ralston, A. ~V., and C. W. Hoerr,  Ind.  and Eng. Chem., Anal. 

Ed., 16, 459-460 (1944).  

[Received April 11, 1962] 

Determination of Structure of Unsaturated 
via Reductive Ozonolysis 12 
O. S. PRIVETT and CHRISTENSE NICKELL, The Hormel Institute, 
University of Minnesota, Austin, Minnesota 

Fatty Acids 

Abstract 

An improved method of reductive ozonolysis 
for the determination of structure of unsatu- 
rated fat ty acids is reported. 

The ozonization is carried out at - 6 0 - - 7 0 C  
by adding the sample dissolved in pentane to a 
.02-.03 M pentane solution of ozone. The reduc- 
tion is effeeted by the Lindlar catalyst at 0C in 
pentane or in other solvents, such as the methyl 
esters of short-chain fat ty  acids or in dimethyl 
phthalate, and the aldehydic fragments are ana- 
lyzed by gas-liquid chromatography (GLC). 

The method is applied to the structural an- 
alyses of methyl esters of oleic, linoleic, linolenie, 
and araehidonic acids. The sensitivity of the 
method is demonstrated by the analysis of methyl 
oleate containing a small amount of added methyl 
linolenate. Mixtures of methyl oleate and pet- 
roselinate are analyzed to demonstrate the identi- 
fication of the simple aldehydes and ester-alde- 
hydes, and to show the potential of the method 
for quantitative analysis of mixtures of unsatu- 
rated esters. 

1 Supported in par t  by the U. S. Public Health Service, N.I .H. Grant  
FI-5735, and in par t  by a contract with the U. S. Department of 
Interior, Fish and Wildlife Service. 
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Introduction 

O ZONIZATION, followed by oxidative or reductive 
fission of the ozonides, has been used by many 

investigators for the determination of structure of 
unsaturated fatty acids (1,3,6,9,10,11,14,16,18). How- 
ever, a completely satisfactory procedure has not been 
developed. In general, the determination of struc- 
ture by ozonolysis is complicated by side reactions 
which give spurious results (4,6,8). The products of 
the ozonization of double bonds are markedly influ- 
enced by the conditions of the reaction and may be 
very complex (2,7). Herein, we describe a procedure 
which is based on the quantitative and instantaneous 
formation of true ozonides and their reductive cleav- 
age to aldehydes. The location of the double bonds 
is based on the analysis of the aldehyde fragments 
by gas-liquid chromatography (GLC). 

Experimental 
Methyl Ester Standards. Highly purified methyl 

oleate, linoleate, linolcnate, petroselinate, and arachi- 
donate were obtained from The Hormel Foundation, 
Austin, Minn. These esters were used without fur- 
ther purification, except for methyl arachidonate, 
which was further purified by reversed-phase parti- 
tion chromatography as previously described by the 
authors (13). No impurities could be detected in 
these preparations by GLC. 
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Procedure 
Reagents a~,,t Solvents. N-pentane (Mathesou Co., 

Inc.)  is freed of unsa tura ted  contaminants  by the 
following t reatment .  Oxygen containing 2 -3% ozone 
generated f rom a Donner ozone generator  (5) is bub- 
bled through the pentane at - 6 0 - - 7 0 C  until  it 
takes on a distinct blue color. Then purified nitro- 
gen is bubbled through the solution as it warms up to 
room temp to remove the dissolved ozone and oxygen. 
The pentane is then shaken with concentrated sul- 
phuric acid (20:1 v/v) in a separa tory  fmmel ,  washed 
with water  until  neutral ,  dried, and distilled f rom 
P20~. 

Hep tane  and isooetane nmst  be similarly purified 
when used as solvents for  ozonization and /o r  the 
reduction. However,  when these solvents are only 
used to dissolve the f ragments  collected for GLC 
analysis, they may  be used af ter  t rea tment  with P_oO5 
and distillation. 

Methyl eapryla te  and methyl  caprate,  used as sol- 
vents for  catalytic reduction, were obtained f rom The 
Hormel  Founda t ion ;  dimethyl  phthalate  was obtained 
f rom Eas tman  Organic Chemicals, Rochester, N.Y. 

The Lindlar  catalyst  is a lead poisoned pal ladium 
catalyst  precipi tated on ealeimn carbonate and is pre- 
pared according to the procedure described by Lind- 
lar  (12). The pal ladium (ous) chloride used in its 
prepara t ion  was obtained f rom Fisher Scientifi(~. Co., 
Fa i r  Lawn, N. J .  

The oxygen used in the prepara t ion  of ozone shouhl 
be dried prior  to use by passing it through a t ra in  
consisting of concentrated sulphurie acid and cal- 
cium chloride. Finally,  the oxygen containing the 
ozone emerging f rom the ozone generator  should be 
passed through a U tube packed in dry  ice. This 
U tube serves to t rap  traces of moisture and preeools 
the gas. 

Ozonization. A solution of ozone is p repared  by 
bubbling oxygen containing 2 -3% ozone at  about 100 
mI per  rain through 10 ml of pentane in a 25 ml 
round-bottom flask immersed in a d ry  ice bath at 
- 6 0 - - 7 0 C  for  5 rain. At the end of this time, the 
solution has a dark  blue color and contains about 0.3 
mmole of ozone. 

The ozonization is performed by adding the sam- 
ple (1-50 rag) dissolved in 2-3 ml of purified pen- 
tane, cooled as low as possible without causing crys- 
tallization of the sample, to the 10 ml of the ozone 
solution p repared  as described above. 

The reaction of ozone with double bonds is vir tu-  
ally instantaneous under  these conditions. Therefore, 
the excess dissolved oxygen and ozone are immedi- 
a tely removed a f te r  the solutions are mixed by con- 
necting the flask to a water  aspira tor  and evaporat ing 
a port ion of the solvent. The entire process requires 
less than one rain to complete. 

Ten ml of the ozone solution is sufficient to ozonize 
50 mg of methyl  oleate. This relationship is used as 
a guide for  the ozonization of other esters, the amount  
of solution or size of the sample, or both, being ad- 
justed, depending on the degree of unsaturat ion of 
the sample. Af te r  the reaction is complete, the solu- 
tion should be pale grey in color. I f  the solution 
deeolorizes completely, indicating an insufficiency of 
ozone, the flask is connected direetly to the ozone 
generator  for  several see to introduee sufficient ozone 
to eomplete the reaction. An excess of ozone is indi- 
cated by the re tu rn  of a fa in t  bluish color to the 
solution. I f  there is any  suspicion that  the ozoniz~- 
tion is not complete, the sample is analyzed by thin- 
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layer  chromatography  (TLC)  using Silica Gel G as 
the adsorbent  and a solvent system of 2% diethyl 
ether in petroleum ether, B.P. 30-60C. 

Catalytic Reduction of Ozo~ides. The ozonides of 
unsa tura ted  f a t t y  acid methyl  esters yielding frag-  
ments of 5 carbon atoms o1' longer, may be reduced 
direct ly in the pentane solution in which the ozoni- 
zation is carried out. Pr ior  to fission the vol of the 
solution is usually reduced to about 2 nil. Gener- 
all3" , and especially the esters yielding short-chain 
f ragments  or a mixture  of short-  and long-chain 
fragments ,  the I)entane is removed completely by 
evaporat ion at 0C under  reduced pressure,  pr ior  to 
reduction. Then the ozonides are reduced in about 
2 ml of methyl  eaprylate,  other methyl  esters of 
short-chain f a t t y  acids, or dimethyl  phthalate  which 
have a relatively long retention time on GLC analysis. 

The reduction is carried out as follows. In  order 
to avoid secondary oxidation of the aldehyde frag-  
ments, products  of the reduction must be protected 
f rom oxygen at all times. 

About  25 rag. of catalyst  and 2 nil. of the solvent 
arc added to the reaction flask (Fig.  1) which is 
immersed in an ice-water bath at 0C. The solution 
is sa turated with hydrogen while s t i r r ing it vigor- 
ously by  means of a magnetic st irrer.  The sample, 
dissolved in a minimum amount  of solvent, is also 
sa tura ted  with hydrogen in a similar manner,  usu- 
ally in a small test tube. Then, with a s tream of 
hydrogen t)assing over the solution in the reaction 
flask (Fig. 1), the sample is introduced through the 
side a rm of the flask by means of a syringe. The flask 
is closed to give a slight positive pressure to hydro- 
gen. The reduction of ozonides of normal  straight-  
chain methyl  esters is complete in less than  15 rain. 
Thus, af ter  a reaction period of about 15 rain, the 
side arm containing the stopcock is connected to a 
series of three U-tubes of the type shown in F igure  1. 
These are packed in d ry  ice and filled with purified 
nitrogen through the T tube A (Fig.  1). The stop- 
cock eolmeeting the reaction flask with the U tubes is 
opened; simultaneously, ni trogen is passed into the 
appara tus  by the two-way stopcock on top of the 
reaction flask, over the solution, and through the 
U-tubes. Af te r  about 15 min, the reaction flask is 
warmed in a water  bath to facil i tate the distillation 
of the more volatile fragments.  The length of t ime 
of this operation and the temp is governed by  the 
volati l i ty of the fragments.  This technique increases 
great ly  the sensitivity of the method, permit t ing 
the analysis of samples of 1 mg or less. 

The f ragments  in the t raps  usual ly are combined 
in about 0.5 ml of heptane  or a higher boiling hydro- 

iFIo. 1. IT~tube and reaction flask. 
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Fro. 2. Infrared spectra o2 the products os the ozonization 

of methyl oleate: (A) in pentane and (B) in ethyl acetate as 
described in text; (C) by bubbling oxygen containing ozone 
through a pentane sohtion os the sample. 

carbon, depending on the nature  of the fragments ,  
and analyzed by  GLC. The solution in the reaction 
flask is also analyzed by  GLC in order to provide a 
complete analysis of the fragments .  

GLC analyses were carried out with an F and M 
Model 609 Hydrogen  Flame A p p a r a t u s  (F  and M 
Scientific Corp., Willmington,  Del.),  using a 12 f t x  
1~ in. column packed with Chromosorb W containing 
30% silicone or a 6 f t  x I/r in. colunm containing 15% 
ethylene glycol succinate polyester on Chromosorb 
W. The silicone phase consisted of the residue f rom 
a molecular distillation of Dow Corning Silicone 
F lu id  200 (viscosity 10 cs) (15). The analyses were 
per formed using tempera ture  programming.  

Results 
The in f ra red  spectra of the products  of methyl  

oleate ozonized by the procedure described above, 
(a) in pentane, (b) in ethyl acetate, (e) by bubbling 
oxygen containing 2 -3% ozone through a pentane 
solution of the sample as commonly practiced, are 

1~m. 3. TLC of the product of the ozonization of methyl 
oleate--1 rain at --60C, in: A, pentane; B, methylene chloride; 
C, ethyl acetate; D, methyl alcohol. Adsorbent Silica-Gel G 
solvent system 20% diethyl ether in petroleum ether, B.P. 30- 
60C. 
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shown in F igure  2, A, ]3, and C, respectively. The 
ozonide baud (not shown) occurs at 9.05 tL. 

These results showed that  secondary reaction prod- 
ucts exhibiting absorption bands in the hydroxyl  and 
carbonyl region of the spect rum were formed, except 
when the reaction was carried out in pentane as 
directed above. 

Thin-layer ehrolnatographic analysis (Fig. 3) also 
showed tha t  little t rue ozonide was formed when the 
ozonizatiou was carried out in polar solvents. 

F igure  4 shows the per t inent  regions of the infra-  
red spectra of the products  of the reduction of methyl  
oleate ozonide by pal ladium on charcoal and the 
Lindlar  catalyst.  These analyses showed tha t  appre-  
ciable amounts  of alcohols and acids were formed, 
and the yields of aldehydes were low when the reduc- 
tion was carried out with pal ladium on charcoal. In  
contrast, reduction with the Lindlar  catalyst  was 
accompanied by little side reactiou. 

The GLC analyses of the f ragments  obtained on 
the ozonolysis of about 10 rag. samples of linoleate, 
]inolenate, and araehidonate are shown iu Figures  
5, 6, and 7, respectively. Two analyses were made on 
each sample: one on the distilled fragments ,  and one 
on the residual solution. In  these analyses the reac- 
tion flask was warmed at a t empera ture  of 45C for  
about 15 rain. 

Identification of nmlonaldehyde (Figs. 5,6,7) was 
made on the basis of the isolation of this compound 
f rom the products  of the reductive ozonolysis of 
methyl  linoleate. The isolation was accomplished by 
extract ing a peutane solution of the reaetiou mixture  
with water. The slight amount  of pentaue and hex- 
anol that  was extracted into the water  was removed 
by evaporation of a small amount  of the water  at 
room tempera ture  by means of a water  aspirator.  
Most of the malonaldehyde reinaiued in the water  
under  these conditions because of its high solubility 
in this solvent. The presence of malonaldehyde in the 
water  was checked by analysis of an aliquot of the 
aqueous solution by GLC. The removal of traces of 
pentane and hexauol by evaporation was also fol- 
lowed by GLC. When the aqueous solution showed 
only one peak on GLC analysis corresponding to that  
designated as malonaldehyde in Figures  5-7, a small 
amount  of thiobarbi turic  acid reagent  was mixed with 
it. The spectral  propert ies  of the derivative that  
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FIG. 4. Infrared spectra of the products of the reduction 
of methyl oleate ozonide: A, using palladium on charcoal; 
B, using the Lindlar catalyst. 
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Fro. 8. GLC of the distilled fragments  of the reductive 
ozonolysis of methyl oleate containing 2% methyl linolenatc. 

formed were identical to the malonaldehyde-TBA de- 
rivative reported by Simlhuber et al. (17). 

The sensitivity of tile method is demonstrated in 
Figure 8 by the results on a 25 mg sample of methyl 
oleate containing 2% added methyl linolenate. The 
peaks for propional and malonaldehyde (Fig. 8) 
which originate from the methyl linolenate, are 
easily detected. 

Figure 9 shows the GLC analyses of the products 
of the reduetive ozonolysis of a mixture of methyl 
oleate and methyl petroselinate on polar and nonpolar 
phases. These analyses were performed to demon- 
strate that simple aldehydes and half-ester-half-alde- 
hyde fragments may be distinguished from each other 
in a mixture by this technique. 

Quantitative analysis of several mixtures of methyl 
oleate and methyl petroselinate are presented in 
Table I. 

T A B L E  I 

Analyses  of ~{ixt.ures of ~[ethyl Olea te  and  P e t r o s e l i n a t e  by 
Reduc t ive  Ozonolysis 

Composi t ion 

Mix tu r e  F o u n d  
K n o w n  ( *GLC ana lys i s  

of f r a g m e n t s )  

( %  a r e a  o f  
( %  w t . )  t o t a l  a r e a )  

48.8  oleate 49 
A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I 51.2  pe t rose l ina t e  51 

74.2  oleate 73 
B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , 25 .8  pe t ro se l i na t e  27  

I 25 .5  oleate 27 
:,,. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  L 74.5  pe t rose l ina te  73 

* The  a reas  of thc peaks  for n o n a n a l  and  methyl  nouanoate-9-a l ,  
were  used to ca lcu la te  the p e r c e n t a g e  of methyl  oleate.  The  a r e a s  of 
t,he p e a k s  for  dodeeana l  and  ~ ethyl  hexanoa te -6-a l  w e r e  used to cal- 
cu la te  the p e r c e n t a g e  of inethyl pe t rose l ina te ,  
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Fro. 7. GLC of the f ragments  of the reductive ozonolysis of methyl arachidonale:  A, analysis of the distilled f ragments ;  
B, analysis of the residual solution (dimethyl phthalate) .  
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Discussion 
Perhaps  the most significant feature  of the method 

of ozonolysis reported here is that  it permits,  essen- 
tially, a complete analysis of the f ragments  corre- 
sponding to the position of all of the double bonds 
because both the ozonization and reduction are un- 
complicated by  side reactions. 

TLC played an impor tan t  role in working out the 
conditions of the method, because by means of it, 
the extent and nature  of both the ozonization and 
reduction could be analyzed. 

Simple aldehydes may  be identified by comparison 
with reference compounds which are available f rom 
commercial sources. Although ha l f -es te r -ha l f -a lde -  
hyde s tandards  are not readily available, calibration 
curves of these compounds, as well as simple alde- 
hydes, can be p repared  fronb the analyses of selected 
methyl  esters. 

Since the ozonization and subsequent reduction are 
essentially free of side reactions and no fraet ionation 
procedures need be used which result  in loss of f rag-  
ments, the method may  be used for  quant i ta t ive an- 
alysis of mixtures  of f a t t y  acid esters. I t s  greatest  
value may  be for  the analysis of mixtures  of methyl  
esters such as positional isomers which cannot be sep- 
ara ted quant i ta t ively  by GLC. The results of the an- 

alyses of nlixtures of methyl  oleate and petroselinate 
demonstrate  this potential  of the method. 
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FIG. 9. G L C  o f  t h e  f r a g m e n t s  o f  t h e  r e d u e t i v e  o z o n o l y s i s  o f a n  e q u a l  m o l a r  m i x t u r e  o f  m e t h y l  o l e a t e  a n d  m e t h y l  p e t r o s e l i -  
h a t e  o n  n o n p o l a r  ( s i l i c o n e )  a n d  p o l a r  ( e t h y l e n e  g l y c o l  s u e c i n a t e  p o l y e s t e r )  p h a s e s .  


