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ties of certain portions of the molecules. The P71 space
structure of these erystals and the orthorhombie sub-
structure of the B’ configuration as well as the triclinic
substructure of the A’ configuration were confirmed.
Some strong infrared bands of the highly irregular
tricliniec A’ structure did not seem to be appreciably
polarized. The data on group-frequency bands which
did show clear-cut polarization were in agreement with
prediction. The spectra of form A’, B’, and C’ erystals
did not coincide with data obtained on KBr pellets. It
is eoncluded that in these pellets fatty acids exist in
a form which is not easy to duplicate under more con-
ventional conditions.
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Hydrogenation of Methyl Oleate in Solvents"

E. R. COUSINS and R. O. FEUGE, Southern Regional Research Laboratory,” New Orleans, Louisiana

The hydrogenation of the oleic acid group was investigated
with the objective of determining the effeet of solvents on the
reaction rate and the formation of positional and geometrieal
isomers. Methyl oleate, cither alonc or dissolved in one of
several solvents, hexane, cthauol, n-butyl cther, or acetic aeid,
was hydrogenated to an iodine value ot about 50 under atmos-
pherie pressure and at 30°C. with palladium-on-carbon and the
W-5 form of Raney nickel as eatalysts.

Hydrogenation with palladium catalyst, with or without sol-
vents, produced 76.6 to 79.1% (rans bonds, based on the total
double bonds. This is significautly greater than the 67% ob-
tained previously. Hydrogenation products obtained with Raney
nickel and solvents contained as little as 20.7% trans bonds
at an iodine value of about 50. Tn two cases the frans bonds
were equal to about one-third the positional isomers.

Positional jsomers formed extensively when the Raney nickel
was used in the absenee of solveuts and when the palladium
eatalyst was used. When the Raney nickel and solvents were
used large proportions of double bonds were found in the
original 9-position.

liquid-phase hydrogenation of unsaturated fatty

acids and their esters in the presence of hetero-
gencous catalysts is greatly influenced by the solvent
which is employed. Use of a solvent conceivably pro-
duees one or more of several effects. Among these are:
a) a change in the viscosity of the liguid phase, which
would affect mass transfer resistance, b) a change in
the solubility of hydrogen in the liquid phase, ¢) a
change in the adsorption characteristies of reactants
on the catalyst surface, and d) dilution of the prod-
uct to be hydrogenated.

Fokin (11), who apparently was among the first to
present experimental data in this area, stated that the
best solvents for the hydrogenation of oleic and other
unsaturated acids in the presence of platinum black
were water-soluble acids, alcohols, ether, and related
compounds. Petroleum distillates, aromatic hydro-
carbons, and higher alcohols were claimed to be less
suitable. The use of solvents in the hydrogenation of
oils has been claimed by Sanders (16) to result in
increased selectivity without a concomitant increase

NUMNROUS investigators have concluded that the

1 Presented at the 51st Annual Meeting of the Amervican Qil Chemists’
Society, Dallas, Tex., April 4-6, 1960.

2 One of the laboratories of the Southern Utilization Rescarch and
Development Division, Agricultural Research Service, U. 8. Department
of Agriculture.

in the formation of iso-oleic acid groups. According
to him, the preferred solvents in order of preference
were ethanol, methanol, isopropyl alcohol, cyclohex-
anol, acetone, and ethyl ether. Unpurified commercial
hexane, petroleum cther and dioxane were deemed
undesirable because they slowed the reaction rate.
Vandenheuvel (19) found that the order of reaction
during the hydrogenation of methyl oleate was influ-
enced by the type of catalyst and the nature of the
solvent. employed. Sokol’skii et «l. (17) investigated
the influence of the nature of the solvent on the kinet-
ics of the hydrogenation of cottonseed oil and con-
cluded that the physicochemiceal properties of a solvent
determine the temperature at which the maximum rate
of hydrogenation occurs, Kaufmann (13) found that
the hydrogenation of an oil in hexane at 35°C. pro-
duced very small amounts of 150-oleie acid groups.

Sonte of the conclusions eited above arve not general
facts and are valid only under the experimental con-
ditions which were employed. Therefore data also
have been obtained which on first examination appear
contradictory. For example, in an investigation of the
hydrogenation of methyl linoleate (7), the end-prod-
ety obtained with palladium at 30°C. were found to
be unaffected by the presence or absence of ethanol;
the percentages of the residual double bonds in the
various positions and the proportions of trans isomers
were practically identical. Albright (2) found, on
hydrogenating cottonseced oil alone and when dissolved
in hexane, tsopropyl aleohol, and isopropyl ether, that
the rates of hydrogenation in solvent were less than
the vates for the oil alone. Selectivity and the pro-
portions of trans isomers produced were essentially
unchanged by the presence of solvent. Albright’s
hydrogenations were carried out with a commercially-
used nickel catalyst, at a temperature above 100°C.,
and at constant partial pressures of hydrogen. Thus
much remains to be learned about hydrogenations in
solvents,

The objective of the current investigation was to
develop data on the formation of positional and geo-
metrical isomers during the hydrogenation of methyl
oleate in various solvents. Apparently no such in-
vestigation concerning the oleic acid group has here-
tofore been made.
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Experimental

Materials. The preparation of the methyl oleate
used was deseribed in detail in an earlier publication
(8). To summarize the process briefly, methyl esters
were prepared from a commercial pecan oil by meth-
anolysis and the methyl oleate was separated from the
mixed esters by a preliminary distillation, followed
by crystallization from acetone and by a second distil-
lation. The final product had an iodine value of 83.0
(theoretical, 85.6), a linoleate content of 0.13%., and a
trans isomer content of 0.0%. Propyl gallate (0.01%)
was added as an antioxidant.

The nickel catalyst was of the Raney type prepared
essentially according to the method of Adkins and
Billica (1). This method of preparation yields the
so-called W-5 catalyst, which possesses a very high
activity. Just prior to carrying out hydrogenations
in solvents other than ethanol or in the absence of a
solvent, the ethanol under which the catalyst was
stored was removed by filiration and the appropriate
solvent or methyl oleate was substituted.

The palladium catalyst, obtained from Baker and
0. Ine., was of the carbon-supported type and con-
tained 10% by weight of the metal.

The solvents, all commercial products, were distilled
in the presence of a sizable amount of a nickel catalyst
to remove traces of any catalyst poisons which might
have been present. In addition, the n-butyl ether was
passed through a column of aluminum oxide to remove
any peroxides.

Hydrogenation Apparatus and Procedure. The
equipment and procedure were similar to those de-
seribed previously (8) except for two modifications:
the reaction vessel was immersed in a constant-tem-
perature water bath, and a condenser was placed in
the hydrogen outlet line to trap vaporized solvent and
return it to the reaction vessel.

In the hydrogenations the charge was either 12.5
. of methyl oleate dissolved in an equal weight of
the selected solvent or 25.0 g. of methyl oleate alone.
The reactions were carried out at 30°C. (==1°), at-
mospheric pressure, and a hydrogen flow rate of ap-
proximately 425 ml./min. Hydrogen was dispersed
throughout the charge with the aid of a small, flat,
fritted-glass disk. Tn some instances the rate of dis-
persion was so great that foaming resulted, and the
flow of hydrogen had to be interrupted briefly to
avolid loss of sample. All of the reactions were stopped
at an iodine value of about 50.

When the proper amount of hydrogen had been
consumed, the sample was taken from the system and
the catalyst was removed by filtration. Then the
sample was freed of solvent and stored under hydro-
gen in a refrigerator until analyzed.

Methods of Analysts. The techniques employed to
determine the positions of the double bonds were
essentially those described previously (5). They can
be summarized as follows: Two grams of each sample
were saponified with alcoholic potassium hydroxide,
the alcohol was evaporated, the soaps were acidulated,
and the resulting fatty acids were extracted. A 1-g.
portion of the fatty acids was ozonized in ethyl ace-
tate solution at —5°C., then treated with hydrogen
peroxide. After removing the solvent and any short-
chain monobasic acids, the residual mono- and dibasic
acids were analyzed on two types of chromatographic
columns. One column consisted of silicic acid coated
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with a citrate buffer (12), and the other of silicie acid
coated with a glycine buffer (6).

Trans isomers were determined by a modification
(9) of the infrared spectrophotometric method of
Swern ef al. (18).

Results and Discussion

Reaction Rates. The reaction order of each of the
hydrogenations represented in Table T was apparently
zero. The decrease in iodine value was directly pro-
portional to the reaction time. The rate-determining
step responsible for the zero order undoubtedly was
not the same in all of the reactions though in most it
probably was the rate of solution of hydrogen in the
liquid phase.

The relative activity of the two types of catalysts
cannot, of course, be compared directly on the basis of
the data in Table I. Raney nickel is a nonsupported
catalyst, and some of the nickel must function as a
support, which means that the surface area per unit
of weight is not exceptionally high. TPalladium-on-
carbon would be expected to possess more surface area
per unit of weight of metal. Palladium is generally
regarded as being the most active of hydrogenation
catalysts. Recently Zajeew (20) presented data show-
ing that decreasing the percentage of palladium from
0.02% to 0.0005% merely doubled the time required
to hydrogenate cottonseed oil at 185°C., atmospheric
pressure, and a fixed rate of hydrogen dispersion. In
Runs 8-10 (Table I) the percentage of palladium
probably could have been halved without affecting
the hydrogenation rate.

The Raney nickel which was employed was much
more active than are the nickel catalysts used in the
commercial hydrogenation of oils. The latter cata-
lysts do not appear to hydrogenate methyl oleate
at room temperature and atmospheric pressure even
when used in very high concentrations. The activity
of Raney nickel of the W-5 modification decreases
rapidly during storage. This may be one of the rea-
sons that the Raney nickel used in Run 7 was not as
active as that used in Run 2. Raney nickel did not
hydrogenate methyl oleate in acetic acid solution,
possibly because the acetic acid reacted with a portion
of the catalyst.

In the hydrogenations, use of a solvent greatly
increased the reaction rate. Increases ranged from
approximately three- to cighteen-fold. Others also
have found that the use of these and similar solvents
increased the hydrogenation rate of fatty acid esters
at low temperatures. The rate differences found
among the solvents are not readily explained though
some of the factors influencing the differences can
be mentioned.

Because all hydrogenations were ecarried out at
atmospheric pressure and 30°C., the partial pressure
of hydrogen in the gas dispersed in the reacting sys-
tems did not remain constant. At 30°C. the vapor
pressures of the pure solvents, measured in milli-
meters of mercury, are hexane, 188.6; ethanol, 78.8;
n-butyl ether, approximately 9; and acetic acid, 20.6.
The solubility of hydrogen in the solvent methyl ole-
ate solutions and the viscosity of the solutions are
other properties which could not be kept constant.
However the most important variation probably was
the manner in which the different solvents influenced
adsorption of the reactants on the catalyst surfaces.

Geometrical Isomers. Hydrogenation of the oleie
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TABLE I
Operational and Analytical Data on the Hydrogenation of Methyl Oleate in Solvents at 30°C.
Hydrogenation Conditions
Run Catalyst Hg’g;eog. Todine | .JFrans an(zinsu Dicarboxylic acids obtained on oxidation, mol. %
No. ne, value 1s0mers, ondas,
Solvent min, wt. % %
o

Cone., %| Type Co Cq Cs Cs Cro Cn Ciz Ciz  Cu
1 3.4 Ni None 200 47.5 42.5 76.6 4.6 16.7 24.1 17.0 12.6 7.4 7.4 5.6 4.6
2 3.4 Ni Ethanol 34 49.2 20.1 35.0 5.7 9.1 16.1 45.3 7.9 6.3 4.1 2.8 2.7
3tk 3.4 Ni Hexane 33 50.9 12.3 20.7 11.6 18.0 14.6 44.7 7.8 1.9 0.0 1.5 1.9
4b 3.4 Ni n-Butyl ether 11 51.0 17.6 29.5 2.8 9.2 16.0 54.5 9.2 4.7 1.7 0.9 1.1
5 3.4 Nie Hexaned 37 49.4 13.1 22.7 14.9 16.7 13.5 29.5 6.4 1.8 1.1 6.0 10.0
6e 3.4 Nif Bthanol 65 32.7 18.3 34.8 0.0 16.6 16.1 54.4 9.6 3.8 0.0 0.0 0.0
7e 3.4 Nit Ethanol 45 52.1 13.9 22.8 0.0 10.7 17.3 62.8 9.3 i i
8 0.2 Pd None 83 50.7 46.4 78.3 13.7 15.1 14.9 12.3 15.1 9.9 4.9 4.5 9.7
9 0.2 Pd Ethanol 15 48.7 45.0 79.1 11.7 19.6 19.3 15.2 12.7 8.9 4.1 5.4 3.2
10 0.2 Pd Acetic acid 31 54.0 49.4 78.3 8.4 14.1 15.4 15.1 14.7 117 8.7 6.7 5.2
Original methyl oleate. ..o, 83.0 0.0 0.0 0.0 1.7 7.8 90.6 0.0 iiiih et e eeeeee

2 Based on total number of c¢ts and trons bonds.
include interruptions. ¢ New preparation of catalyst used.
investigation (8).

b Flow oﬁ hydro,fren_ interrupfed several times to permit foam to break. Reaction time does not
4 Citric acid in the amount of 0.1% suspended in hexane.
f Catalyst not of same preparations used in Runs 1-5.

¢ Data obtained in an earlier

acid group at 150° to 200°C. in the presence of nickel
and palladium ecatalysts quickly isomerizes the resid-
nal double bonds to a cis-trans ratio of 1:2 (3,8,10).
This ratio is theoretically attainable at equilibrium
if the probabilities of all transitions arc equal (4).
To attain this equilibrium the cis and trans double
bonds at similar positions along the carbon chain must
be adsorbed on the catalyst with equal case and must
be hydrogenated with equal case.

Among the hydrogenations represented in Table T,
those carried out with the palladium catalyst (Runs
8-10) and that carried out with Raney nickel in the
absence of a solvent (Run 1) did not attain this equi-
librium, which corresponds to 67% trans. Instead the
pereentages of trans bonds ranged from 76.6 to 79.1.
They differ from 679, by amounts greater than can
be attributed to experimental error.

Two possible explanations can be advanced for the
observed deviations, either the frans bonds are formed
preferentially under the experimental conditions em-
ployed, or the cis bonds are hydrogenated (destroyed)
preferentially, Support exists for the latter possibil-
ity. Patrikeev et al. (14) found that, on hydrogenat-
ing over Raney nickel a solution of maleic and fumarie
acids in 96% ethanol, the maleic acid (s bonds)
hydrogenated at a more rapid rate. While this ex-
planation might serve to explain the high percentages
of trans found in Runs 1 and 8 through 10, it would
fail to explain the proportions found in the other
runs. Ienee no conclusion ean be drawn at this time.

In Runs 2 through 5 the pereentages of frans isomers
are far below 67%. A partial explanation might be
that in each ease a large proportion of the double
bonds did not isomerize and instead remained at the
9-position in their original cis configuration. How-
ever this does not explain the fact that in Runs 3 and
5 the amounts of trans bonds were equal to only 37
and 32%, respectively, of the double bonds which
migrated. Heretofore it had been concluded on the
basis of experimental evidence that whenever mew
positional isomers were formed, the cis-trans ratio of
the double bonds in the new positions was 1:2 (3,10).
Present evidence indicates that under certain condi-
tions of hydrogenation the ratio of cis to frans bonds
in new positional isomers is greater than 1:2. Under
these conditions either the {rans bonds are hydro-
genated preferentially or the eis bonds are formed
preferentially.

In Run 5 citric acid was added to determine whether
or not an acidie substance can change the course of
hydrogenation. The citric acid did not dissolve com-

pletely, and its presence apparently had little if any
effect. The differences observed on comparing Runs 3
and 5 might easily be attributed to differences in the
two batches of catalyst. ‘

On comparing Runs 2, 3, and 4 some evidence is
found that the percentage of {rans isomers increases
as the polarity of the solvent increases. On comparing
Runs 2 and 7, an indication is found that as the activ-
ity of the Rancy nickel increases, the tendency to
form trans bonds increases.

Positional Isomers. If the hydrogenation temper-
ature is Jowered while the other operating variables
are kept constant, the proportion of positional isomers
produced generally decreases (7,8). In an earlier in-
vestigation (8) the hydrogenation of methyl oleate
was carried out under conditions like those repre-
sented in Run 1 except that a nickel catalyst pre-
pared by electrolytic precipitation and dry redue-
tion was used and the reaction was carried out at
about 90° (., the lowest temperature at which this
catalyst hydrogenated at an acceptable rate. Under
these conditions 74.5% of the residual double bonds
were found to be in the 9-position. These facts might
imply that a more active nickel catalyst used at
a still Tower temperature would produce even fewer
positional isomers. ITowever the data for Run 1 in
Table 1 do not bear this out. Apparently, increasing
the activity of the nickel also inercased its ability to
produce positional isomers; in fact the W-5 form of
Raney nickel used at 30°C. was about equivalent to
the cleetrolytie nickel nused at 200°C.

When the W-5 form of Raney nickel was used in
the presence of solvents (Runs 2 through 5), the pro-
portion of residual double bonds in the 9-position
inereased markedly. The reaction rate also increased.
Addition of a solvent apparently produced the same
offeet as inereasing the pressure in hydrogenations
conducted in the absence of solvents.

The less active Raney nickel (Run 7) yielded a
product having a higher percentage of double bonds
in the 9-position than did the more-active Raney
nickel (Run 2).

The palladium catalyst produced extensive migra-
tions of the double bonds, and the presence or absence
of solvent had no significant effect. Apparently the
concentration of this highly reactive catalyst was such
as to produce highly selective conditions, which are
conducive to increasing the extent of migration of
double bonds.

Concerning the direction of migration of the double
bonds, some hydrogenated products (Runs 3, 5, 6, and
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9) were found to have more double bonds below than
above the 9-position. This does not necessarily mean
that the predominant direction of migration was to-
ward the ester linkage. As the distance of a double
bond from the ester linkage increases, its rate of hydro-
genation increases (15). Hence a sizable proportion
of double bonds which migrated to the outer positions
may have been preferentially hydrogenated and did
not appear in the end product.
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Biogenesis of Polyunsaturated Acid in Fish’

JAMES F. MEAD,> MITSU KAYAMA,” and RAYMOND REISER,* Laboratory of Nuclear Medicine and
Radiation Biology, Department of Biophysics and Nuclear Medicine, and Department of Physiological Chemistry,

School of Medicine, University of California, Los Angeles

acids of fish are more highly unsaturated and have

greater average chain-lengths than those of most
mammals. That the differences may be even more
basi¢ became apparent as the struetures of the fatty
acids were determined. Despite their high unsatu-
ration fish oils, in general, did not serve as a source
of essential fatty acids (1). This would indicate that
they do not belong to the linoleic family

[CH3(ClTy) 4 — CII = termination]

(2,3) as do most of the mammalian polyunsaturated
acids. Structure determinations of individual fatty
acids have confirmed these ideas. For example, Klenk
and his coworkers (4,5) have shown that most of
the polyunsaturated fatty acids of herring oil belong
to the linolenic family (CH; — CHs — CH = termina-
tion) (2,3), a finding which appears to agree with
those of Stoffel, Insull, and Ahrens (6) for menhaden
oil.

If the fatty acids of fish are so different from those
of maminals, the question of their derivation and trans-
formations is of interest. It has been shown in these
laboratories (3) that the synthesis of polyunsaturated
fatty acids in the rat (and presumably other mam-
mals) is accomplished by the addition of double bonds
in the divinyl methane relationship to unsaturated
fatty acids derived from the diet or synthesized in the
animal body. In mammals the parent acid is usually
linoleic from the diet, thus leading to the family of
essential fatty acids including y-linolenie, 8,11,14-eico-

IT HAS BEEN KNOWN for many years that the fatty

1 This paper is based on work pervformed under contract No. AT-04-1-
gen-12 between the Atomic Energy Commission and the University of
California at Los Angeles.

2 Part of this work was carried out at the Hawaii Marine Laboratory,
where it was supported by a grant from the Pauley Fund.

3 Visiting scientist from Tohoku University, Sendai, Japan. Partially
supported by a training grant from the National Heart Institute, Be-
thesda, Md. Present address: Department of Biochemistry and Nutrition,
Texas Agricultural Experiment Station, College Station, Tex.

4 Department of Biochemistry and Nutrition, Texas Agricultural Ex-
periment Station, College Station, Tex.

satrienoie, and arachidonic acids. In the absence of
Iinoleie acid, dietary linolenic and biosynthetic oleic
and palmitoleie acids can also be eonverted to higher
polyunsaturated acids. The problems to be consid-
ered in this connection are whether the polyunsatu-
rated acids of the fish are predominantly of the lino-
lIenie family because the fish, unlike the mammal, can
synthesize their precursor or whether they are formed
by the familiar process from dietary fatty acids largely
of the linolenic type. The possibility that fish possess,
to a greater degree than mammals, the ability to ex-
tend oleic acid must also be considered.

Klenk (personal communication) found that, fol-
lowing the injections of acetie-1-C'* acid into fish,
ozonolytic degradation of their polyunsaturated acids
acids revealed some activity in the malonic acid frac-
tion. This could only have arisen by a synthetic proe-
ess, but the nature of the fatty acids degraded was
uneertain. Reiser and his coworkers (7,8) found that
the nature of the fish fatty acids is markedly influ-
enced by diet and came to the conclusion that although
the differences between the fatty acid compositions
of marine- and fresh-water fish are due to differences
in their diets, they also have a marked ability to
synthesize polyunsaturated but not necessarily essen-
tial fatty acids. When these authors placed fish on a
fat-free diet, their polyunsaturated fatty acids were
reduced but they did not appear to develop any defi-
ciency symptoms. This would be expected from the
results of similar treatment of adult rats.

In the present experiment an attempt was made to
ascertain which, if any, polyunsaturated acids might
be synthesized by fish and to study further the effect
of dietary fat on their deposited fatty acids.

Experimental

Treatment of Animals. Three mature female Tilapia
mossambica which had been raised in salt water and



