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Branched Carboxylic Acids from Long-Chain Unsaturated

Compounds and Carbon Monoxide at

Atmospheric Pressure*

EDWARD T. ROE and DANIEL SWERN, Eastern Regional Research Laboratory,”> Philadelphia, Pennsylvania

Carbon monoxide at atmospheric pressurc adds readily to the
double bonds of certain long-chain unsaturated compounds in
concentrated sulfurie acid to produce branched earboxylic acids.
Unsaturated compounds studied were oleic acid, 10-hendecenoie
acid, oleyl alecobol, methyl riecinoleate, and linoleic aeid. A
major component from the reactions of the last two compounds
is the same.

Infraved spectropliotometry and gas-liquid chromatography
have been the major tools employed in determining eomposition
and structure of the products in addition to the usual chemical
and physical determinations.

Both the coneentrution and quantity of sulfurie acid are
eritically important variables in determining the yields. Water
is an essential reactant also and must be availuble throughout
the reaction,

Carbon monoxide has been prepared and utilized in situ by a
modification of Koeh’s (1) method in which the unsaturated
compound mixed with formic aeid is added to concentrated
sulfurie acid or carbon monoxide from a eylinder is passcd
through sulfurie acid to which the unsaturated compound is
added. A method for preparing methyl and butyl esters of
carboxyl groups which are difficult to esterify is deseribed.

Reacetion mechanisms involving intermediate earbonium and
oxocarbonium ions are proposed to aceount for the products.

in the preparation of polymers, plasticizers,
Iubricants, and other functional fluids. At the
preseut time the only commercial methods of prepa-
ration of dicarboxylic acids from fat sources are
cleavage methods. The most important of these arce
ozonolysis and alkaline fusion although in the vecent
past chromic acid oxidation has also been employed.
One of ithe inherent drawbacks to a cleavage method
is that it may mnot be sufficiently selective in its point
of attack, thereby producing not just two but many
products. Aside from the obvious difficulties in cleanly
separating complex mixtures on a commerecial scale,
there is the ever-present problem that all of the cleav-
age products are not cqually valuable and are salable
only at unprofitable price levels, if at all. This is self-
defeating from the fat-utilization standpoint inasmuch
as dicarboxylic acids from nonfat sources are rela-
tively low-priced substances and those prepared from
fats must also be low cost to compete effectively.

DIUARBOXYL.IC ACIDS are important intermediates
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H
CH, — (CH.): — CH = CH — (CH.)-.COOH + CO + H.O

An approach to which we have been giving congid-
erable thought and attention is one in which the entire
fatty molecule is employed. This demands that a) a
group be introduced which is readily converted to the
carboxyl group (the nitrile group is one example),
or b) a direct carboxylation technique be utilized.

It has been known for some time that carbon mon-
oxide under high pressure in the presence of the Lewis
type of catalysts can be used for the direet carboxyla-
tion of alkenes and unsaturated fatty materials. The
necessity for the use of high pressure and the rela-
tively modest yields are discouraging features to such
work. Our interest in carboxylation with carbon mon-
oxide was revived by the interesting reports of Koch
and IHaaf (1), who showed that a wide variety of
unsaturated compounds could be directly carboxyl-
ated with carbon monoxide and water at atmospheric
or only moderate pressures in the presence of con-
centrated sulfuric acid, as solvent and reaction me-
dinum, a system with which we had worked exten-
sively (2). Although Koch studied numerous alkenes,
only two long-chain unsaturated fatty compounds were
reported, namely, undecylenie and oleic acids. With
the former, carboxylation was reported to give two
Ci2 dicarboxylic acids, and limited characterizing data
were supplied. With olei¢ acid, no characteristics of
the products were given. The only statement concern-
ing the reaction of oleie acid with carbon monoxide and
water in the presence of concentrated sulfuric acid

was that a Cyy dicarboxylic acid was formed in good
yield. b

In this paper is described the direct carboxylation
at atmospherie pressure of some unsaturated fatty
acids, esters, and aleohols in coneentrated sulfuric
acid with either gaseous (eylinder) carbon monoxide
or by an in sitw method which is a modification of that
described by Koch, in which formic acid is decom-
posed to carbon monoxide and water by the concen-
trated sulfuric acid while the unsaturated componeut
is being added. As shown later in the experimental
part, to obtain high carboxylation yields it is neces-
sary to employ ratios of formie acid and sulfuric acid
to double bond which are considerably different from
those recommended (1). In a formal sense, as illus-
trated with oleic acid, the moleenles of carbon mon-
oxide and water add across a double bond to intro-
duce a carboxyl group as a branch in the chain:

.80
5 OHy —~ (CHa)y — CH — (CH.)y — COOH (x +y = 15)

COOH
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In addition, we have isolated the reaction products,
characterized them by chemical and physical meth-
ods, and prepared esters from them. The role of
water in obtaining high yields of carboxylated prod-
ucts has also been examined. The infrared spectra of
the products have been obtained as an aid in the proof
of their structure, and these are also reported. In
certain cases gas-liquid chromatography (GLC) has
been utilized to indicate that a number of isomers are
formed.

Experimental

Starting Materials. Oleic acid (93%) was prepared
from commercial oleic acid by one low-temperature
crystallization and fractional distillation. Highly
purified (98-99%) oleyl aleohol (3), methyl ricin-
oleate (4), linoleic acid (H), and 10-hendecenoic acid
(6) were prepared by deseribed procedures.

Preparation of Branched-Chain Carbozylic Acids.
Gascous Carbon Monoxide Method. Carbon monoxide
was passed through 80.4 g. (0.795 mole) of 97.2%
sulfuri¢ acid contained in a H00-ml., three-neck flask,
using a gas dispersion tube with a coarse fritted cyl-
inder. With stirring 7.1 g. (0.025 mole) of oleic acid
were added drop by drop in 16 min. to the sulfurie
acid solution, which was saturated with carbon mon-
oxide. Carbon monoxide was allowed to pass through
the stirred mixture for a total of 2 hrs. while the
temperature was maintained between 9 and 13° with
external cooling. At the end of this time the mixture
was poured into approximately 300 ml. of a mixture of
ice and water. The product was extracted with ether
and washed free of sulfuric acid. The ether solution
was dried over anhydrous sodimmn sulfate and fil-
tered; the ether was then evaporated, yielding 6.4 g.
of pale yellow syrupy material with an iodine num-
ber of 129, acid number, 300, and saponification
number, 300.

Preparation of Branched-Chain Carboxylic Acids.
Formic Acid Method. A mixture of 28.3 g. (0.1 mole)
of oleic acid and 23.5 g. (0.5 mole) of 989 formic
acid in a cylindrical dropping funnel was stirred
vigorously and added in 35 min. to 2422 g. (2.4
moles) of 97.2% sulfuric acid with rapid stirring. A
5-liter flask was used because of copious foaming.
The temperature was maintained between 10 and
20° by external cooling. After the reactants were
mixed, stirring was continued for an additional 2
hrs. and 25 min. for a total reaction time of 3 hrs.
At the end of this time the mixture was poured into
approximately 1 liter of a mixture of ice and water
and worked up as described above. A yield of 29.8
g. of pale yellow syrupy material was obtained with
an iodine number of 2.3, acid number, 297, and sa-
ponification number, 305. _

The reaction product (27.9 g.) was distilled from
an alembic flask. Four fractions were taken, two of
which were predominantly dicarboxylic acids and were
light yellow viscous liquids. One of these fractions b.p.
199-200° (0.45 mm.) weighed 14.5 ¢. (acid number
325) ; the other, b.p. 200-201° (0.45 mm.) weighed
3.7 g. (acid number 341). Anal. caled. for carboxy-
stearic acid, C19H3604: C, 69.5; H, 11.1; acid number,
342; molar refractivity, 93.5. Found: (latter fraec-
tion) C, 69.4; H, 11.7; molar refractivity, 92.8.

The fraction with an acid number of 325, consist-
ing mainly of carboxystearic acid, was converted to
methyl esters by refluxing 13.8 g. with 68 ml. of
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anhydrous methanol and 5.3 g. (3.9 ml.) of dimethyl
sulfate for 42 hrs. The product was worked up by
neutralizing the dimethyl sulfate with aqueous so-
dium ecarbonate solution in the cold and extracting
with ether. (In larger preparations, from one-half
to two-thirds of the alcohol was distilled off before
neutralization and dilution.) Distillation of 9.4 g.
of the methyl esters from an alembie flask yiclded
5.8 g. of a clear, mobile amber liquid, b.p. 146-148°
(0.35 mm.), 3%/ 14465, Anal. caled. for CpI14Oy4:
C, 70.7; 11, 11.3; molar refractivity, 102.8. Found:
C, 70.6; II, 11.3; molar refractivity, 102.6.

The mecthod just described was used in the car-
boxylation of oleyl aleohol, methyl rieinoleate, and
10-hendecenoie acid. With linoleic acid the uanti-
ties of formie acid and sulfuric acid were doubled;
otherwise the procedure was the same. After pouring
the reaction product obtained by carboxylation of
oleyl aleohol into an ice and water mixture, it was
necessary to hydrolyze the sulfate ester by boiling.
After this the product was worked up as described.
[n all of the preparations, except the one experiment
deseribed above, the crude reaction products were
converted direetly to methyl esters before distilling.

The dibutyl ester of carboxystearic acid was pre-
pared cither by direet esterification or by ester inter-
change from the dimethyl ester. In direet esterifica-
tion it was necessary to elevate the boiling point in
order to obtain complete reaction. Cymene was used
for this purpose, but it made the recovery of the
produet difficult.

The ester-interchange reaction was carried out in
the following way. To 33.5 g. of methyl esters (aeid
number 6.3) prepared from crude carboxystearie acid
(acid number 310) were added 142 ml. of n-butanol
with which 0.42 g. of metallic sodium had been re-
acted, and the mixture was refluxed for 25 hrs. To
determine when the interchange was complete, the
methanol evolved was removed and measured. For
this purpose a 1 x 20-in. fractionating column packed
with Raschig rings was used. The product was worked
up by pouring the reaction mixture into dilute hydro-
chloric acid and extracting with ether. After washing
the ether layer free of acid, it was dried over sodium
sulfate and filtered; the ether was then evaporated,
yielding 40.9 g. of crude dibutyl esters with an acid
number of 10.7. The acidity of the crude dibuty!
esters was neutralized with potassium hydroxide, and
the product was vacuum-distilled.

The distilled dibutyl esters of carboxystearic acid
obtained by the two methods of preparation had the
same properties (Table IV).

Infrared Spectra. Infrared spectra were obtained
on a Perkin Elmer Model 21 double beam recording
spectrophotometer. For general spectra a demount-
able cell consisting of sodium chloride windows (one
window with a moat-type channel) (7), and 0.025 and
0.03 mm. spacers was used since all samples were
liquid. Where dilution studies were made, reference
to this is made in the text; these spectra were deter-
mined with a 0.2-mm. cell.

Gas-Liquid Chromatography (GLC). Conventional
type of GLC equipment was employed. A four-fila-
ment, thermal conductivity cell, and 2-millivolt, 11-
in. strip-chart recorder requiring 2 seconds for full-
scale pen deflection was used. The column, 8 ft. long
by 34g in. 0.D. and 1% in. 1.D., was of stainless steel
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and packed with 10.1 g. of 60-80 mesh, acid-washed
Chromosorb coated with 1.5 g. (15%) of a succinate-
adipate diethylene glycol polyester. The column was
operated at 230°, and a flow rate of 30 ml. of helium
per minute was maintained at the column exit. The
sample used was approximately 0.2 mg.

Results and Discussion

Reaction Conditions. An important variable in the
high-yield atmospheric carboxylation of unsaturated
compounds, which has not been described by Koch
(1), is the concentration and quantity of water. The
importance of water is quite evident and is shown in
Table I. In all of these experiments the amount of
water does not change during carboxylation since the
carbon monoxide is generated externally.

TABLE I

Reaction of Oleic Acid with Gaseous Carbon Monoxide

Mole ratio
Kxpt. Sulfuric| Time, Acid Todine
number |Oleic  Sulfuric acid, % hrs. number®| number
acid acid ater?

1 1 5.5 3.0 91 2 150¢ 18

2 1 9.6 1.5 97 2 222

3 1 9.6 1.5 97 6 226

4 1 18.0 2.8 97 1 252 34

5 1 19.1 3.0 97 2 287 20

6 1 31.8 5.0 97 2 300 13

7 1 63.6 10.0 97 2 297 16

8 1 24.0 0 100 2 2154 63

a Water present in sulfuric acid.

Y Saponification number essentially the same as acid number except
where given below.

¢ Saponification number 201,

¢ Saponification number 251,

With 919% sulfuric acid (Expt. 1) no carboxylation
takes place. The sulfuric acid is too dilute since the
same amount of water in more concentrated sulfurie
acid (Bxpt. 5) is adequate. On the other hand, 1.5
moles of water is insufficient for carboxylation to
proceed beyond a limited extent (Expt. 2) even
though the concentration of sulfuric acid is 97%. The
greatest increase in acid number and decrease in
iodine number, indicating maximum carboxylation, is
obtained when five moles of water per mole of oleie
acid is employed (Expt. 6). With 100% sulfuric
acid (Expt. 8) little, if any, carboxylation is evident,
which shows conclusively that water must be present
during the reaction. Incrcasing the amount of water
above five moles per mole of oleie acid (Expt. 7) or
inereasing the reaction time beyond two hours does
not inerease the amount of carboxylation.

In Table II are shown the results obtained by the
reaction of oleic acid with carbon monoxide and
water using the formic acid decomposition method.
To maintain a high concentration of sulfuric acid
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TABLE II
Reaction of Oleic Acid with Carbon Monoxide from Formic Acid
. Sulturic
Mole ratio acid, %
Expt. |— Time, Acid Todine
nu.uper Sul- hrs. number | number
Oleic Formic furic| Start Finish
acid acid acid
1 1 1.1 6 100 96.6 2 205 37
2 1 2 8 100 95.4 2 218 26
3 1 5 24 100 96.1 3 293 28
4 1 2 24 97 95.5 6 289 20
5 1 3 24 97 94.8 6 315 8
6 1 5 24 97 93.6 2 296 5
1 5 24 97 3 306
1 5 24 97 . 6 3102 6
7 ! 1 5 48 97 94.9 3 316 5
8 1 9 24 97 90.6 6 308 5

a Highest value obtained in duplicate runs was 323 (calcd. 342).

in these experiments it is necessary to use a high
mole ratio of sulfuric acid to oleic acid to take care
of the water formed by the decomposition of formie
acid. No advantage in starting with 100% sulfuric
acid is indicated (Expt. 1, 2, 3). Actually the results
are not as good as with 97% sulfuric acid (Bxpt.
4-8), and with 100% sulfuric aecid there is some
undesirable decomposition as shown by charring.
These results indicate the need for an excess of water
at all times, a conclusion previously reached from
the results in Table TI.

Effect of the variable time is shown in Experiment
6, Table TI. Three hours of reaction time give slightly
more carboxylation than do two hours, as shown by
the Inerease in acid number from 296 to 306. The
inerease to 310 in 6 hrs. however is not considered
significant. The greatest amount of carboxylation
(Expt. 5, 6, 7), as shown by the increase in acid
number and the deerease in iodine number, is ob-
tained when threc to five moles of formic acid per
mole of olei¢ acid are used with a sufficient quantity
of concentrated sulfuric acid to maintain a final eon-
centration of from about 93 to 95%. KExperiments 7
and 8 show that further increase in the excess of
formic acid or sulfurie acid over the quantities used
in Experiment 6 1s unnecessary.

Because of the slightly higher ecarboxylation ob-
tained with the formic acid decomposition method,
this method was used for the remaining preparative
work., Table 1L shows the high recovery of erude
reaction products and the extent to which they are
carboxylated by comparing the acid number of the
product with that caleulated. The reduction in iodine
number from that of the starting material also indi-
cates the extent of the reaction. The saponification
number of the products obtained from oleie aecid,
10-hendecenoic acid, and oleyl alcohol are essentially

TABLE

Characteristics of Crude Reaction Products

IIT

Yield Acid No. Sapon. No. Todine No. % Hydroxyl
Starting material L -
g Caled. Found Caled. Found Caled. Found Caled. Found

Oleic acid..... 32 342 297 342 305 0 2
10-Hendecenoic 32 487 446 487 450 0 5
Oleyl alcohol...... 33 178 135 178 138 0 5 5.4 4.8
Methyl ricinolea 29 157 217v 313 319 0 19 4.7 1.4
Linoleic acid... 32 344 275¢ 344 306 78 48 e

2 Yield based on 30 g. of starting material. High acid number is probably caused by partial hydrolysis of

b Caleulated values are for: .methyl group.

OHs(CHz)sCH—(CHz) x—CTH—(CHz2) yCOOCHs ¢ Calculated values are for:
CHs(CH2)1CH = CH(CH:z)x—CH—(CH2) y—COOH
(e} COOH (x+y=9) [

COOH (x+y=9)
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TABLE 1V
Characteristics of Purified Products
B s . 1 . Evfolecular )
Gompound Boiling point, Carbon, % Hydrogen, % n30/D am refru‘i;tion
°C. mm. Caled. Found Caled. | Found Caled. Found
Carboxystearic acid... i 200-201 0.45 69.5 69.4 11.1 11.7 1.4615 0.9726 93.5 92.8
Dimethyl ester of carboxystearic acid 146-148 0.35 T0.7 70.6 11.3 11.3 1.4465 0.9281 102.8 102.6
Dibutyl ester of carboxystearic acid... 183—185 0.40 73.6 73.4 11.6 11.8 1.4465 0.9033 130.6 130.1
Dimethyl ester of carboxyhendecanoi 93-94 0.35 65.1 65.2 10.1 10.3 1.4373 0.9684 70.2 69.9
Methyl cster of carboxyoctadecanol........... 153-155 0.45 73.1 73.0 12.3 12.3 1.45356 0.9095 98.0 97.7
Moethyl ester of carboxylated methyl ricinoleate®.. 161-162 0.40 70.6 69.2 10.7 10.7 1.4530 0.9628 96.0 95.6
Methyl ester of carboxylated linoléic acid 2. .oorirerrnens 160-161 ] 040 | 706 | 687 10.7 10.7 | 1.4530 | 0.9699 96.0 | 949
2 950, %H, and molecular refraction calculated for CHa(CHz)sC(T1—(CI2)x—OTT—(UHz)yCOOCH:s

[ -

(x+7vy=29; xprobably =1 or 2)

the same as the acid number; with methyl ricinoleate
and linolete acid however the saponification number
is quite different from the acid number. This sug-
gests that an ester or lactone has formed in the latter
two cases. Also the hydroxyl value of the product
obtained from methyl ricinoleate is much lower than
would be expected. The significance of these points
will be discussed later in more detail. The hydroxyl
value for the product obtained from oleyl aleohol is
slightly lower than that calculated for one hydroxyl
group. This is thought to result in part from the
errors of the method. Koeh (1) reported that alco-
hols can also be carboxylated; however in this case
the slightly lower value does not appear to be due to
replacement of the hydroxyl group by carboxyl since
under identical conditions 1-dodecanol is not carbox-
vlated and is recovered essentially unchanged.
Carboxystearic Acid. The product obtained by the
carboxylation of oleic acid is a pale yellow viscous
liquid, which could not be purified by low-tempera-
ture solvent crystallization; it distills readily how-
ever at about 200° and 0.45 mm. to give a product
having the caleulated acid number, carbon and hy-
drogen and molecular refraction (Table IV).

The usual method of direct esterification does not
completely esterify the branched carboxyl group.
Using dimethyl sulfate (sec Experimental), mnearly
complete esterification is obtained after 42 hrs. of
reflux. Esterification of other branched-chain car-
boxylic acids which were prepared also takes a long
time. The long time required for complete esterifica-
tion provides chemical evidence for a branched car-
boxyl group as it is well known that such structures
behave in this way. .

The dimethyl esters of carboxystearie acid distill
at 146-148° at 0.35 mm. as a colorless mobile liquid
with the correct chemical and physiecal properties
(Table IV). Gas-liquid chromatographic analysis of
the heart cut shows four or five closely related major
components. Together with the information from the
infrared spectra and chemical analyses it is conecluded
that these components are isomers. The formation of
isomers is to be expected from a reaction conducted
in concentrated sulfuric acid in which earbonium ion
intermediates ave probable (see later discussion).

The dibutyl esters of carboxystearic acid can also
be prepared by direct acid catalyzed esterification
with butanol, using eymene to raise the boiling point.
A more satisfactory method however is ester inter-
change because of the shorter reaction time and the
ease of handling, Both the methyl and butyl esters
cannot be completely hydrolyzed by refluxing with
dilute aleoholic potassium hydroxide in 8 hrs. This

C=0

is additional chemical confirmation of a branched
carboxylic ester group. Table IV also summarizes the
characteristics of the dibutyl esters.

Carboxyhendecanoic Acid. The produet obtained
by carboxylation of 10-hendecenoic acid is a pale
yvellow viscous liquid. Two possible isomers are im-
mediately apparent and have been deseribed by Koch
(1), one in which the carboxyl group is attached as
a branch to the penultimate carbon atom and the
other in which the carboxyl group is attached to the
terminal carbon atom giving an a,e-dicarboxylic acid.
The latter, 1,10-decanedicarboxylic acid, is known
(8) and is a high-melting crystalline solid. Low-tem-
perature solvent erystallization of carboxylated 10-
hendecenoic acid fails to separate any solid material
and, as will be shown later, the speetrum indicates
that 1,10-decancdicarboxylic acid cannot be preseut
in large amount, if at all.

Gas-liquid chromatographic separations of the di-
methyl esters of the reaction produet, as well as on a
heart cut of the distilled methyl esters, are much the
same and show the presence of three closely related
major components, which are undoubtedly isomers.
The relative amounts of the three major components
in the distilled products are 6, 23, and 71%. It is
concluded that about 94% of carboxylated hen-
decenoic acid is branched and not more than 6%, if
any, can be a,o-dicarboxylic acid.

Infrared spectra as well as chemical and physical
data confirm that the product is the dimethyl ester
of carboxyhendecanoic acids (Table IV).

Carboxyoctadecanol. A branched-chain monocar-
boxylic acid is obtained by the carboxylation of oleyl
aleohol. Distillation of the methyl ester of carboxy-
octadecanol yields several fractions with the index of
refraction at 30° ranging from 1.4510 to 1.4540
(Table IV). The infrared spcctra of these fractions
are essentially identical and have all of the charac-
teristic features of the expected compound, as will
be shown later. This is typical of the preparations
already discussed and of those to follow. It is ap-
parent that shifting of the carbonium ion along the
chain of the molecule occurs, resulting in the forma-
tion of isomers.

Carboxylated Methyl Ricinoleate. The apparent
anomaly shown in Tables ITI and IV in respect to the
structure of the product obtained by carboxylation
of methyl ricinoleate is explained by the fact that
both structures are present in the crude reaction
product; the lactone appears as a minor constituent
but becomes enriched in the distillate.

As has already been pointed out with oleyl aleohol
and 1-dodecanol, there is little or no evidence for
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replacement of the hydroxyl group by carboxyl. The
acid and saponification numbers of the reaction prod-
uct from methyl ricinoleate are not sufficiently high
to suggest that the hydroxyl group has been replaced
by carboxyl. This is confirmed by the infrared spee-
trum of the methyl esters of the product in that the
absorption is not sufficiently great to account for the
introduction of two branched carboxyl groups. The
low hydroxyl value in the crude product is best ac-
counted for by a lactone structure.

Distillation of the methyl esters yields a product
with no hydroxyl. The infrared spectra of both the
undistilled and distilled products show an absorption
in the 1765 em.™! region which suggests the presence
of a lactone. This will be discussed more fully under
infrared spectra. Carbon, hydrogen, and molecular
refraction most nearly fit such a structure (Table
IV) although it is not yet possible to be certain of
the size or exact position of the lactone ring. Other
structures, such as anhydrides, ethers, and photrones,
have been considered, but these structures do not fit
the chemical and infrared data.

Carboxylated Linoleic Acid. Carboxylation of lin-
oleic acid might be expected to give a dicarboxylic
~or triearbexylic acid, depending on whether one or
both unsaturated centers are attacked. The chemical
data in Table TII show that tricarboxylic acid is a
minor product, if present at all. The infrared spectra
of the distilled methyl esters of the reaction product
bear this out in that the expected absorpiion 1s not
sufficiently intense to account for the introduetion
of two branched carboxyl groups.

The unsaturation still present in the ernde carboxyl-
ated linoleic acid is not due to unreacted linoleic acid,
as shown by alkaline isomerization. The ultraviolet
absorption spectrum of the isomerized and unisomer-
ized samples are the same. The unsaturation therefore
must be In an unsaturated dicarboxylic acid.

A comparison of the chemical and physical data
obtained on the distilled methy! esters of carboxylated
linoleic acid with those of the distilled methyl esters
of carboxylated methyl ricinoleate (Table IV) shows
a close similarity. The infrared spectra of the two
products are essentially identical. The inevitable con-
¢lusion is that the methyl esters of carboxylated
methyl riecinoleate and of linoleic acid are identical.
A suggested reaction path to account for lactone for-
mation in the carboxylation of linoleic acid is that
one double bond is carboxylated and that this car-
boxyl group, which is favorably located sterically,
then adds to the remaining double bond.

Infrared Spectra. The structural similarity among
the methyl esters of the carboxylated products is
strikingly apparent when the spectra are closely
compared. The spectrim of the dimethyl esters of
carboxyhendecanoic acids (Figure 1, A) is decidedly
different from that of a,o-dimethyl esters of diearbox-
ylic acids, thus showing that terminal carboxylation
is a minor reaction if it occurs at all. The spectrum
shows a weak band at 1350 em."!, indicating the pres-
erice of a branched hydrocarbon chain. Such a band
is missing in the esters of normal fatty acids and of
a,o-diacids. A band at 1380 e¢m.™' indicates the pres-
enee of a O-CH; grouping. As expected, the spectrum
of the dimethy! esters of carboxystearic acid (Fig-
ure 1, B) shows the general features of methyl esters,
but a shoulder in the 1350 em.™! region indicates a
branched hydrocarbon chain.
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Frg. 1. Infrared spectra of (A) dimethyl cster of earboxy-
hendeeanoie acid, (B) dimethyl ester of carboxystearie aeid,
(0) methy! ester of earboxylated methy! ricinoleate, (D) methyl
cster of earboxylated huoleie acid, and (E) methyl ester of
carboxyoctadecanol,

The infrared spectrum of the methyl esters of
carboxylated methyl ricinoleate (Figure 1, C) and
of the methyl esters of carboxylated linoleic acid
(Figure 1, D) are identical. These spectra are sub-
stantially the same ag that of the dimethyl ester of
carboxystearic acid (Figure 1, I3) except for a weak
band at 1765 c¢m.”' This band definitely shows the
presence of a new kind of carbonyl group, which is
attributed to a lactone ring. This band is somewhat
displaced from the 1790 em.-! region for such known
lactones as y-stearolactone, y-butyrolactone, and y-val-
erolactone, but this might be expected from the dif-
ference of position of the lactone ring in the long
chain. Also the size of the lactone ring its not known.
Since the band at 1765 cm.”! is rather weak, it sug-
gests that only a part of the material is in the form
of a lactone.

The infrared spectrum of the methyl esters of car-
boxyoctadecanol is shown in Figure 1, E. The methyl
ester groups appear at 1725 em.”! and as a iriplet
in the 1200 e¢m. ! region. Primary hydroxyl groups
appear at 3400 em.™! and at 1050 em.”* Evidence for
the branched carboxyl group appears at 1350 em.!

More detailed spectra which confirm side-chain car-
hoxylation are shown in Figures 2, 3, and 4. Figure
2 shows the 1300-1400 c¢m.' region of octadecanol
(solid line) and of the methyl ester of carboxyocta-
decanol (dotted line). (Concentrations are approxi-
mately 49 g. per liter in carbon tetrachloride.) An
increase in the amount of absorption at approxi-
mately 1380 em.”) indicates additional CHjz groups
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F1g. 2. Scetions of infrared speetra of octadeeanol (solid
line) and methy! ester of carboxyoctadecanol (dotted line).

(from —C-O-CHj3). A weak band at approximately
|

0
1345 em. ! indicates tertiary hydrogen (branched
~C~-0-CHj; group).

I
0

Figure 3 shows the 1300-1400 cm.! region of
methyl stearate (solid line) and of the dimethyl ester
of carboxystearic acid (dotted line). (Concentrations
are approximately 49 g. per liter in carbon tetra-
chloride.) The tertiary hydrogen band (marked with
an X) 1s weak and shows up merely as a shoulder.
The —OCH; group of branched esters (marked with
an arrow) seems to absorb at the same frequency as
a normal C-CHj; group, as seen in Figure 2.

In Figure 4 the carbonyl band of methyl stearate
is shown as a solid line and of the dimethyl ester of
carboxystearic acid as a dotted line. (Concentrations
are approximately 10 g. per liter in carbon tetra-
chloride.) The ecalculated molar absorptivity for
methyl stearate is 495, and for the dimethyl ester
of carboxystearic acid it is 771, showing that the
carboxylated compound has significant additional ear-
bonyl. The fact that the molar absorptivity of the
dimethyl ester of carboxystearic acid is less than two
times the molar absorptivity of methyl stearate might
be interpreted to mean that chain carboxylation is
incomplete. The molar absorptivity of ester groups
in different positions however is not necessarily the
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same. Chemical analysis of carboxystearic acid and
of its dimethyl ester shows that chain carboxylation
is complete, bearing out the tentative conclusion that
the molar absorptivity of the ester group on the chain
is not the same as for a terminal ester group.

Reaction Mechanisms. Any reaction mechanisms
proposed must account for the importance of the
concentration of sulfuric acid, the role of water, the
formation of isomeric products, and the apparent
identity of certain products from carboxylated
methyl ricinoleate and linoleie aecid.

The need for concentrated sulfuric acid strongly
suggests that intermediate carbonium ions are formed.
Water is essential as a nueleophile to terminate the
reaction and to permit the formation of a carboxyl
group.

Carbon monoxide is a resonance hybrid of three
contributing forms (9):

(=0 e—s (=0 e—s =0

The bond energy of carbon monoxide, 210 keals./mole,
is the greatest for any diatomic molecule, and it is
attribntable to the considerable resonanee among the
three eanonical forms. The dipole moment of carbon
monoxide is very small, indicating an approximately
equal contribution of the two joniec forms shown.

It is reasonable to assume then that, in concen-
trated sulfurie acid, the double bond of the unsatu-
rated eompound is protonated to form a earbonium
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Fia. 3. Sections of infrared spectra of methyl stearate (solid
line) and dimethyl ester of carboxystearie acid (dotted line).
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F16. 4. Scctions of infrared speetra of methyl stearate (solid
line) and dimethyl ester of earboxystearie acid (dotted line).
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ion (I), which on reaction with carbon monoxide
forms an oxocarbonium ion (1I) that is itself a reso-
nance hybrid (ITa<—1IIb), as shown:

—CH=CH— + H.80, — —(Cl., — CH— + HSO,
(1) +
—CHy — CH— + =0 —
+
—CH, — CH— «— —(CII, — CH—
| |
¢ C+
it I
O+ 0
(I1a) (ITb)

IIb would be expected to react with a nucleophile,
which in this case is water.

The above path accounts simply and directly for
the products obtained from oleie acid, 10-hendecenoic
acid, and oleyl aleohol. The carbonium ijon mechan-
ism also explains the formation of isomers and ac-
counts for the changes in ring size and the branching
noted by Koch (1). It also furnishes a logical ex-

BrancuHED CARBOXYLIC ACIDS

—CH. — CH - CH, — CH — CIL, —
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planation for the greater faeility of carboxylation
of branched alkenes and alcohols over corresponding
straight-chain substances with carbon monoxide in
sulfurie acid (1).

The proposed mechanism readily explains the iden-
tity of the carboxylated products from methyl riein-
oleate and linoleie acid. In the former case a possi-
ble intermediate corresponding to IIb above is shown
(eentral portion of one isomer only):

—(IJH ~ CHy — ?H—
OH Cr
I
0

Internal nueleophilic attack by the hydroxyl wounld
produce a lactone:

—(!)H — CH, — CH— + H*
|
0 ¢
I
0

An alternative reasonable explanation, already men-
tioned, is that the hydroxycarboxylic acid actually
forms and is then dehydrated in concentrated sul-
furic aeid. Another is that the ricinoleic moiety 1s
first dehydrated to prodnee a dienoie aeid, which
then reacts as illustrated below, but we consider this
unlikely.

With linoleic acid an intermediate eorresponding
to I1b is shown below:

—CH =CH — ClL, — CH — CHy—

C‘,

_—~——
- ——

Reaction of this ion with water forms the unsatu-
rated carboxylic acid present in the crude product,
as discussed earlier. The carboxyl group which has
been introduced could then react by internal nueleo-
philic attack with the other double bond which has
been converted to a carbounium ion:

~CH,;—CH —CH,~ CH — Cll, —
_(4

+ l | {
\ o' =0 O

©Qu

=0
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Gas-Liquid Chromatography of Fatty Derivatives. IV.

Quantitative Analysis of n-Alcohols

W. E. LINK and R. A. MORRISSETTE, Archer-Daniels-Midland Company, Minneapolis, Minnesota

The separation of fatty aleohols has been accomplished by
using a nonpolar substrate on a solid support treated with
alkali to reduee adsorptivity. By this technique well-resolved
symmetrical peaks arc obtained, and the stability of a non-
polar substrate is retained. Relative deteetor sensitivity
factors have been determined for the aleohols with chain
lengths of Cs: through Cw, permitting o correction of peak
arcas. The response of the detector is approximately a linear
function of chain length for the n-aleohols.

The accuraey and precision of the determination have been
studied by a statistical comparison of the results of replicate
values with values from known compositions.

chromatography through the use of selected sub-

strates, such as silicones (10), polyglycol esters
(10), and polyglycols (3), all of which are relatively
polar in character. If the alcohols are converted to
their respeetive acetates (11), these may be separated
on polyester substrates in respect to both chain length
and degree of unsaturation.

All of the above-mentioned partitioning agents suf-
fer from certain disadvantages. The silicones do not
afford a high efficiency, and, as a result, the peaks
for long-chain lengths are broad. When alcohols are
separated on polyester columns, it is difficult to relate
percentages to arca percentages. The use of the
acetates results in a more linear response but requires
an additional step. The poor stability of the poly-
glycols and their esters, both of which contain ether
linkages, precludes their use as partitioning agents
at high column-temperatures for long periods of time
and sometimes results in base-line drift. In addition,
quantitative techniques are hampered by the asym-
metry of the peaks frequently encountered.

Sinee tailing, a form of asymmetry commonly en-
countered with polar materials, is caused by adsorp-
tion by the solid support (9), numerous attempts
have been made to reduce it. Dal Nogare and Bennett
(13) obtained symmetrical peaks for alcohols by in-
creasing the temperature during the analysis.

Knight (8) reduced tailing with highly polar com-
pounds by adding a volatile material, similar in type
to the sample, continuously with the carrier. A re-
duetion in the asymmetry of peaks produced by polar
compounds on a nonpolar phase was achieved by
Ormerod et al. (14) by the use of C-22 brick dust
coated with silver. Gold was said to be ineffective.
Johns (6) employed small amounts of polar solvents

FATTY ALCOHOLS have been separated by gas-liquid

1 ADM Talk No. 186.

to reduce the tailing of polar molecules on a silicone
substrate. Decora and Dineen (2) used a solid sup-
port prepared from a commercial detergent for the
separation of basie nitrogen compounds, including
close-boiling pyridines (1).

Treatment of the solid support by base-washing has
afforded some success in the chromatography of
amines containing 1 to 12 carbon atoms (4,5). This
procedure has been applied in our laboratory to the
separation of fatty amines of chain lengths ranging
from Cg to Cse, using nonpolar liquid substrates on
Chromosorb W solid supports treated to reduce ad-
sorptivity (12). Preliminary investigations revealed
that fatty alcohols could also be run on the nonpolar
substrate under approximately the same conditions
as the corresponding fatty amines, with resulting
comparable symmetry.

It was the object of this work to study quantita-
tively the behavior of fatty alcohols on this type of
column, also to take advantage of the peak symmetry
afforded by the support and also the stability of the
nonpolar substrate.

Experimental

Preparation of Packing. The support was prepared
as previously described (12). Acid-washed Chromo-
sorb W, 40-60 mesh, was poured into a solution of
potassium hydroxide in methanol. After the meth-
anol was removed, the support was impregnated with
Apiezon i in a ratio by weight of 5:1. The solvent
was removed from the solid material in each opera-
tion through evaporation from a flat tray with the
aid of an infrared lamp. The packing material was
screened to insure uniformity and was heated for
several hours in a vacuum oven at 80°C. to remove
residual solvent.

Instrumental Conditions. The gas-liquid chromato-
graphic apparatus used in this work was also de-
seribed in a previous publication (10,11). A stain-
less steel column (2 ft. long by 14 in. 0.d.) was packed
with the above material and flushed with helium in
the instrument for a few hours at 220°C.

The purified fatty alcohols used were prepared by
fractional distillation of commercially available ma-
terials.?2 The individual alcohols were checked for
purity by gas chromatography. With a one-millivolt
recorder full-scale deflection was found for the major

2 Adols, Archer-Daniels-Midland Company.



