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Branched Carboxylic Acids from Long-Chain 
Compounds and Carbon Monoxide at 
Atmospheric Pressure I 

Unsaturated 

E D W A R D  T .  R O E  a n d  D A N I E L  S W E R N ,  E a s t e r n  R e g i o n a l  R e s e a r c h  La b o r a to r y ,  2 P h i l a d e l p h i a ,  P e n n s y l v a n i a  

Carbon monoxide at  atmospheric  pressure  adds readily to the 
double bonds of certain long-chain unsa tu ra ted  compounds in 
concentrated sulfuric acid to produce branched earboxylie adds .  
Unsa tu ra ted  compounds studied were oleie acid, 16-hendecenoic 
acid, oleyl alcohol, methyl  rieinoleate, and linoleic acid. A 
m a j o r  component front the reactions of the last  two compounds 
is the same. 

I n f r a r e d  .spectrophotmnetry and gas-liquid chromatography 
have been the ma jo r  tools employed in determining composition 
and s t ructure  of the. products  in addit ion to the usual chemical 
and physical determinations.  

Both the eonemltration and q,mnti ty  of sulfuric acid are 
critically hnpor t an t  w, riablcs in determining the yields. Wate r  
is an essential reactant  :,Is() nnd must  be available th roughout  
the reaction. 

Carbon monoxide has been I}repared and utilized in s i tu  by a 
medifi{,ation of K o c h ' s  ( l )  method in which the unsa tura ted  
compound mixed with formic acid is added to concentrated 
sulfur ic  acid er carb(m monoxide f rom a cylinder is passed 
through sulfuri{ t acid to which the unsa tu ra ted  compound is 
added. A method for  prepar ing  methyl and butyl  esters of 
carboxyl groups which are difficult to ester ify is described. 

I{eaction mechanisms involving intermediate  carbonium and 
oxocarbonium ions are l}ropesed to account for  the I}roduets. 

D 
ICAI~BOXYIAC AC1DS are important  intermediates 
in the I)rcl)aration of polymers, plastieizcrs, 
htbricants, aud other functional fluids. At  the 

present time the only commercial methods of prepa- 
ration of dicarboxylic acids from fat  sources arc 
cleaw~ge methods. The most important  of these are 
ozonolysis and alkaline fusion although in the recent 
past ehronfic acid oxidation has also been emi)loyed. 

One of the inherent drawbacks to a cleavage method 
is that  it ]nay not 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 commercial scale, 
there is the ever-present problem that all of the cleav- 
age products are not equally valuable and are salable 
only at unprofitable price levels, if at all. This is self- 
defeating from the fat-utilization standpoint  inasmneh 
as diearboxylie acids front nonfat  sources are rela- 
tively low-priced substances and those prepared from 
fats must also be low cost to compete effectively. 

1 Presented at the annual meeting, American Oil Chemists' Society. 
Dallas, Tex., April 4-6, 1960. 

S Eastern Utilization Re,Parch and Development Division, Agricul- 
tural i{esearch Service, U. S. Department of Agriculture. 

cg : , -  (CHD; - c g  = CH - ((:H:) ;C()o~ + co  + tL, O 

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

I t  has been known for some time that  carbon *non- 
oxide under high pressure i n  the presence of the Lewis 
type of catalysts can be used for the direct carboxyla- 
tion of alkencs aml unsaturated fa t ty  materials. The 
necessity for the use of high pressure and the rela- 
tively modest yh;hls are discouraging features to such 
work. Our interest in earboxylation with carbon mon- 
oxide was revive(1 })y the i,,t(,.l'esting r(~l)orts of Ko(,h 
and I I aa f  (1), who showed that a wide variety of 
unsaturate<l compounds eOlfl(1 be directly earboxyl- 
ated with earbou mon<)xide and water at atmospheric 
or only moderate |)I'I~SSUI'CS in the  presence of eou- 
eentrated sulfuri(; at,ill, as solvent and reaction me- 
dium, a system with wllieh we had worked exten- 
sively (2). Although l(o(,.h studied numerous alkenes, 
only two long-chain unsaturated fa t ty  compounds were 
reported, namely, undeeyhmic and oleic acids. Wi th  
the former, carboxylation was reported to give two 
C~2 dicarboxylic acids, and limited characterizing data 
were supplied. With ohde add,  no characteristies of 
the products were givcn. The only statement c(mcern- 
ing the reaction of olcic acid with carbon monoxide aml 
water in the prescnl'e of eom.entrated sulfm'ie acid 
was that  a (],t diearboxylic acid was formed in good 
yield. , s 

In  this paper is described the direct carboxylation 
at atmostlherie pressure of some unsaturated fa t ty  
acids, esters, and alcohols in concentrated sulfuric 
acid with either gaseous (cylinder) carbon mom)xide 
or by an in situ method which is a modification of that 
described by Koch, in which formic acid is decmn- 
posed to carbon monoxide and water by the coneen- 
trated sulfuric acid while the unsaturated compommt 
is being added. As shown later in the experimental 
part, to obtain high earboxylation yMds  it is neees- 
s a w  to employ ratios of formic acid and sulfuric acid 
to double bond which are considerably different from 
those recommended (1). In  a formal sense, as illus- 
t rated with oleic acid, the molecules of carbon mon- 
oxide and water add across a double bond to intro- 
duce a carboxy] group as a bPanch in the chain: 

H.~SO, 
) OH: , -  ( c g ~ ) ~  - OH -- (OH._,), - COOH (x + y = 15) 

1 
COOIt 
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In  addition, we have isolated the reaction products,  
characterized them by ehemical and physical meth- 
ods, and p repared  esters f rom them. The role of 
water  in obtaining high yields of earboxylated prod- 
ucts has also been examined. The in f ra red  spectra of 
the products  have been obtained as an aid in the proof 
of their  s tructure,  and '  these are also rcportcd.  In 
certain cases gas-liquid chromatography  (GLC) has 
been utilized to indicate that  a number  of isomers are 
formed. 

l~xperimental 
Starting Materials. Oleie acid (93%) was p repared  

f rom commercial  oleic acid by one low-temperature  
crystal l ization and fraet ional  distillation. High ly  
purified (98-99%) oleyl alcohol (3),  methyl  ricin- 
oleate (4), linoleie acid (5),  and 10-hendecenoic acid 
(6) were p repared  by deseribed procedures.  

l'rspa, ration of Bran, chcd-Cha, i~ Carboxylic Acids. 
Ga, scuus Carbon Mono.rid(, Method. Carbon monoxide 
was passed througll 8(t.4 g. (0.795 mole) of 97.2% 
sulfuric acid contaiucd in a 500-m1., three-neck flask, 
using a gas dispersion tube with a coarse f r i t ted  cyl- 
inder. With  s t i r r ing 7.1 g. (0.025 mole) of oleic acid 
were added drop by drop in 16 rain. to the sulfuric 
acid solution, which was sa tura ted  with carbon mon- 
oxide. Carbon monoxide was allowed to pass through 
the st i rred mixture  for a total  of 2 hrs. while the 
t empera tu re  was mainta ined between 9 and 13 ~ with 
external  cooling. At  the end of this t ime the mixture  
was poured into aplu'oxiniatcly 300 1111. of a mixture  of 
ice and water.  The product  was cxtraeted with ethcr 
and washed free ot! sulfuric  acid. The cthcr solution 
was dried over anhydrous  sodium sulfate and fil- 
tered;  the ether was then eval)orated, yielding 6.4 g. 
of pale yellow s y r u p y  material  with an io(lin(~ mun- 
ber of 12.!t, 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 oleie acid and 23.5 g. (0.5 mole) of 98% formic 
acid in a cylindrical  d ropping  funnel  was st i rred 
vigorously and added in 35 rain. to 242.2 g. (2.4 
moles) of 97.2% sulfuric acid with rapid  stirring. A 
5-liter flask was used because of copious foaming. 
The t empera tu re  was mainta ined between 10 and 
20 ~ by  external  cooling. Af t e r  the reactants  were 
mixed, s t i r r ing was continued for  an addit ional  2 
hrs. and 25 rain. for  a total  reaction time of 3 hrs. 
A t  the end of this t ime the mixture  was poured into 
approx imate ly  1 liter of a mix ture  of ice and water  
and worked up as described above. A yield of 29.8 
g. of pale yellow s y r u p y  mater ia l  was obtained with 
an iodine number  of 2.3, acid number,  297, and sa- 
ponification number,  305. 

The reaction produc t  (27.9 g.) was distilled f rom 
an alembic flask. Fou r  f ract ions  were taken, two of 
which were p redominan t ly  diearboxylie acids and were 
l ight yellow viscous liquids. One of these f ract ions b.p. 
199-200 ~ (0.45 mm.)  weighed 14.5 g. (acid number  
325);  the other, b.p. 200-201 ~ (0.45 ram.) weighed 
3.7 g. (acid number  341). Anal.  ealed, for earboxy- 
stearic acid, C19Ha604: C, 69.5; H, 11.1; acid number,  
342; molar  ref rac t iv i ty ,  93.5. Found:  ( la t ter  frac- 
tion) C, 69.4; H, 11.7; molar  refract ivi ty ,  92.8. 

The f ract ion with an acid number  of 325, consist- 
ing main ly  of carboxystear ic  acid, was converted to 
methyl  esters by refluxing 13.8 g. with 68 ml. of 

anhydrous  methanol and 5.3 g. (3.9 ml.) of dimethyl  
sulfate for  42 hrs. The product  was worked up by 
neutral izing the dimethyl  sulfate with aqueous so- 
dium carbonate solution in the cold and extract ing 
with ether. ( in  larger  preparat ions ,  f rom one-half 
to two-thirds of the alcohol was distilled off before 
ncutral izat iou and dilution.) Disti l lation of 9.4 g. 
of the methyl  esters f rom an alembic flask yielded 
5.8 g. of a clear, mobile amber  liquid, b.p. 146-148 ~ 
(0.35 ram.), n a~ 1.4465. Anal. calcd, for  C_~lII4oO4: 
C, 70.7; i t ,  11.3; molar refract ivi ty ,  102.8. Found:  
C, 70.6; Ill, 11.3; molar refract ivi ty ,  102.6. 

The method jus t  described was used in the ear- 
boxylation of oleyl alcohol, niethyl rieinoleate, and 
10-hel,decenoie acid. With  linoleie acid the quanti- 
ties of forniic todd and sulfuric acid were doubled;  
otherwise the procedure was the stone. Af ter  lmuring 
1he reaclion product  obtained by carboxylation of 
oh'yl alcohol into :4it ice and water  mixture,  it was 
necessary to hydrolyze the sulfate ester by boiling. 
Af te r  this the product  was worked up as deseribed. 
In all of the preparat ions ,  except the one experiment  
described abovc, the crude reaction products  were 
conw~,rtcd direct ly to methyl  estcrs bcfore distilling. 

The dibutyl  ester of carboxystearie  acid was pre- 
pared  either by direct esterifieatiou or by ester iuter- 
change front the dimethyl  ester. In  direct  esterifica- 
lion it was necessary to elevate the boiliug poiut iu 
order to obtain complete reaction. Cymenc was use(1 
for this purpose, but  it made the recovery of th(' 
product  difficult. 

The ester-int(~rchange reaction was carried out in 
the folh)wing way. To 33.5 g. of methyl esters (acid 
mlmber  6.:1) p repared  f rom (;rude carl)oxystearie acid 
(acid numbcr  310) were added 142 nd. of u-butanol 
with which 0.42 g. of metallic sodium had be(m re- 
acted, and the mixture  was refluxed for  25 hrs. To 
deternfine when the interchange was eomi)h,te, the 
methanol  evolved was removed and measured. Fo r  
this purpose a 1 x 20-in. f rae t ionat ing cohunn l)acked 
with Rasehig rings was used. The i)roduct was worked 
up by pour ing  the reaetion mixture  into dilute hydro-  
ehlorie acid and extraet ing with ether. Af te r  washing 
the ether layer free of acid, it was dried over sodium 
sulfate  and filtered; the ether was thcn evaporated,  
yielding 40.9 g. of crude dibutyl  esters with an acid 
number  of 10.7. The acidi ty of the erude dibutyl 
esters was neutralized with potassium hydroxide,  and 
the produc t  was vaeuum-disti l led.  

The distilled dibutyl  esters of earboxystearie  acid 
obtained by the two methods of p repara t ion  had the 
same propert ies  (Table IV) .  

Infrared Spectra. I n f r a r e d  spectra  were obtained 
on a Perkin  Elmer  Model 21 double beam recording 
speetrophotometer .  F o r  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 ram. spacers was used since all samples were 
liquid. Where  dilution studies were made, reference 
to this is made in the text ;  these spectra  werc deter- 
mined with a 0.2-ram. cell. 

Gas-Liquid Chromatography (GLC).  Conventional 
type of GLC equipment  was employed. A four-fila- 
ment,  thermal  conduct ivi ty cell, and 2-millivolt, 11- 
in. s t r ip-char t  recorder  requir ing 2 seconds for full- 
scale pen deflection was used. The column, 8 ft. long 
by 3~e in. O.D. and 1/8 in. I.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 rag. 

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. 

T A B L E  I 

React ion  of Oleic Acid  wi th  Gaseous Cat 'boa Monoxide 

Mole ra t io  
Expt .  

n u m b e r  Oleie Su l fu r i c  
acid acid Wate r"  

1 5.5 3.0 
1 9.6 1.5 
1 9.6 1.5 
1 18.0 2.8 
1 19.1 3.0 
1 31.8 5.0 
1 6 3 . 6  1 0 . 0  
1 24,0 O 

Sul fur ic  
acid, % 

91 
97 
97 
97 
97 
97 
97 

:100 

Time, 
hrs.  

2 
2 
6 
1 
2 
2 
2 
2 

Acid 
n u m b e r  b 

150 e 
222 
226 
252 
287 
300 
297 
215 ( 

Iod ine  
number 

18 

20 
13 
16 
63 

,' Water  present  in su l fu r ic  a(.id. 
Saponif ica t ion  nIllWl|)(!r (!sspn|ially tile sanle ]Is acid number  ex{'eI)t 

where g iven  below. 
,' Saponif ica t ion  number  201. 
,I Saponif ica t ion  nunll)cr 251. 

With 91% sulfuric acid (Expt.  1) no carboxylation 
takes place. The sulfuric  acid is too dilute since the 
same amount  of water  in more concentrated sulfuric 
acid (Expt .  5) is adequate. (In the other hand, 1.5 
moles of water  is insufficient for carboxylat ion to 
proceed beyond a l imited extent (Expt .  2) even 
though the concentration of sulfuric acid is 97%. The 
greatest  increase in acid number  and decrease in 
iodine nulnber, indicat ing maxinlum carboxylation,  is 
obtained when five nloh,s of water per  lnole of oleie 
acid is employed (Expt .  6). Wi th  100% sulfuric 
acid (Expt .  8) litth,, if any, carboxylat ion is evident, 
which shows conl:lusively that  water  must  be present  
(luring the reaction. Increasing the amount  of water  
above five moles per  mole of olcic acid (Expt .  7) or 
increasing the reaction thne beyond two hours does 
not increase the amount  of carboxylation. 

In  Table [[ are shown the results obtained by the 
reaction of oleic acid with carbon monoxide and 
water  using the formic acid decomposition method. 
To main ta in  a high concentration of sulfuric acid 

T A B L E  I I  

React ion of Oleic Acid wi th  Carbon Monoxide from Formic  Acid 

Expt .  
numoer  

Male ra t io  

Sul- 
Oleic Formic  fu r ic  
acid acid acid 

1 1.1 6 
1 2 8 
1 5 24 
1 2 24 
1 3 24 

1 5 24 
1 5 24 
1 5 24 

1 5 48 
1 9 24 

Su l fu r i c  I 
acid, % 

S ta r t  F i n i s h  I 

100 96.6 
1O0 95.4 
100 96.1 

97 95.5 
97 94.8 

97 93.6 
97 ...... 
97 ...... 

97 94.9 

Time, 
h rs. 

Acid 
uunlber  

2 205 
2 218 
3 293 
6 289 
6 315 

2 296 
3 306 
6 310 a 

3 316 
308 

7 
8 97 90.6 6 

a H ighes t  va lue  obta ined in  dupl ica te  r u n s  was 323 (ealed. 342 ) .  

Iod ine  
nl t luber  

37 
26 
28 
2 0  

5 
-'~ 

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 formic 
acid. No advantage in starting with 100% sulfuric 
acid is indicated (Expt.  1, 2, 3).  Actual ly  the results 
are not as good as with 97% sulfuric acid (Expt .  
4 -8 ) ,  and with 100% sulfuric acid 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 f rom 
the results in Table I. 

Effect of the variable t ime is showu in Expe r imen t  
6, Table I I .  Three hours of i.eaction time give slightly 
niore carboxylat ion than (h) two h()urs, as shown by 
the increase in acid nnnll)(~r fronl 296 to 306. The 
iucrease to 310 i .  6 h,'s. however is not eonsidered 
significant. The greatest  anloullt of carboxylat ion 
(Expt .  5, 6, 7), as stlown by the increase in acid 
number  and the th,crease in iodine number,  is ob- 
tained when three to five moles of formic acid per  
mole of (/leic aei(I are used wilh a sufficient quant i ty  
of concentrated sulfuric acid to nlaintain a final con- 
centrat ion of from about 93 to 95%. Exper iments  7 
and 8 show tha t  fu r the r  increase in the excess of 
formic acid or sulfuric  acid over 1he quanti t ies used 
in E x p e r i n i e . t  {i is unttecessary. 

Because of the sl ightly hio'her carboxylat ion ob- 
tained with the forInic acid decomposition method, 
this method was used for the remaining p repara t ive  
work. Table 11[ shows the high recovery of crude 
reaction products  and 1he extent to which they are 
carboxylated tly coniparing the acid number  of the 
product  with that  calculatcd. The reduction in iodine 
nuntber f rom that  of the s ta r t ing  nlaterial also indi- 
cates the extent of the reaction. The saponification 
number  of the products  obtained f rom olcic acid, 
10-hendeeenoie acid, and oleyl alcohol are essentially 

T A B L E  I I I  

Character is t ics  of Crude React ion P roduc t s  

S t a r l i n g  mater ia l  Yield," g. 

01eic acid ..................................................... 
10-Hendecenoic acid .................................... 
01eyl alcohol ................................................. 
Methyl r ie inolea te  ........................................ 
Linoleic acid ................................................ 

Iodine No. % Hydroxyl Acid No. Sat)o_n. No. __ . . . . .  

_ _ C a l c d "  F o u n d  _ _ . C a l c d "  F o u n d  Calcd. Found  Calcd. F o u n d  

32 342 I 297 342 I 305 00 2 
32 48~ 446 48v 450 
33 178 I 135 178 138 O 5 i : : i  zs 
29 157 217 ~} 313 / 319 O 19 ] 4:.7 / 1s 
32 [ 344 / 275 e [ 344 / 306 [ 78 [ 48 

a Yield based on 30 g. of s t a r t i ng  m a t e r i a l  
b Calculated values  are for :  

GH~ (CH2) ~CII-- (CHe) • (ca.-,) yCOOCHs 
I r 
OI~ COOH ( x ~ - y : 9 )  

Hi~'h acid number  is probably caused by par t i a l  hydrolysis  of 
methyl group.  

"Ca lcu la ted  wdues  are fo r :  
CH~ (CH.~)~CI-I --~ C t t  (CH~) x - -CH- - (CH2)  y--COOH 

COOH (x q- y : 9) 
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TABLE IV 

Charac ter i s t ics  of Pur i f ied  Y'roducts 

Compound 

( J a r b o x y s t e a r i e  acid ........................................................ 
] ) imethyl  ester of carboxystm~ric acid ............................ 
l ) ibu ty l  ester of carhoxystear ie  acid ............................... 
I ) imethyl  ester of carboxyhendeeanoie  acid ................... 
IV[ethyl ester of carboxyoctadccanol  ................................ 
Methyl ester of eart)oxylated methyl r ie inoleate  a ........... 
Methyl  ester of e~rboxylated l inoleic acid a ..................... 

Bo i l ing  p o i n t  

~ l|lln. 

2 0 0 - 2 0 1  ] 0.45 
1 4 6 - 1 4 8  ] 0.35 
183 1.85 ] 0.40 

9 3 - 9 4  / 0.35 
15}1-155 [ 0.45 
1 6 1 - 1 6 2  ] 9.40 
160 1 6 t  / 0.40 

C a r b o n , %  

Calcd. I F o u n d  

69.5 69.4 
70.7 70,6 
73.6 73.4 
65.1 65.2 
73.1 73.0 
70.6 69.2 
7O.6 68.7 

] ~ y d r o g e n , %  

Oalc(l. F o u n d  

11.1 ] 11 .7  
11.3 I 11,3 
11.6 ] 11 .S 
lO.1 ] 1o.a 
12.3 I 12.3 
10.7 10.7 
10.7 1 O .7 

n30/D 

1.4615 
1.4465 
1.4465 
1.4373 
1.4535 
1.4530 
1.453O 

a % C, % H ,  and  molecular  re f rac t ion  calculated for  Ott '~(Ctte)~,I?II--(CII:)~--HI--((;H._,)yCOOCI=I~ 

F 
O C -~ 0 

(x -}- y ~--- 9 ; x probably  ~ 1 or 2) 

lhe same as the acid number ;  with methyl  ricinoleate 
and linoleic acid however the saponification number  
is quite differellt f rom the acid number.  This sug- 
gests that  an ester or laetonc has formed in the la t ter  
two cases. Also the hydroxyl  value of the product  
obtained froln mcthyl  ricinoleate is much lower than  
wouht be cxi)ectcd. The significance of these points 
will be discussed la ter  in more detail. The hydroxyl  
value for  the product  oblaincd f rom oleyl alcohol is 
sl ightly h)wer than  that  ( 'ah'nlated for one hydroxyl  
group. This  is thonghl  to result  in p a r t  f rom the 
errors  of the method. Koch (1) repor ted  tha t  alco- 
hols can also be carboxylatcd;  however in this ease 
the sl ightly lower vahle does not appear  to be due to 
replacement  of the hydroxyl  group by  carboxyl since 
under  identical  conditions 1-dodecanol is not carbox- 
ylated and is recovered essentially unchanged.  

Carboxystcaric Acid. The product  obtained by thc 
carboxylat ion of ole, ic acid is a l)ale ycllow viscous 
liquid, which could lint lie purified by low-tempera- 
ture solw;nt (.rystallization; it distills readi ly  how- 
ever at about  200 ~ and 0.45 ram. to give a prodnct  
having the calculated aeid number,  carbon and hy- 
(lrogcn and molecular  refract ion (Table IV) .  

The usual  method of direct  esterification does not 
c o m p l e t e l y  e s t e r i f y  the  b r a n c h e d  c a r b o x y l  g roup ,  
Using d imethyl  sulfate  (see Exper imenta l ) ,  near ly  
complete esterification is obtained a f te r  42 hrs. of 
reflux. Esterif ication of other branched-chain ear- 
boxylie acids which were p repared  also takes a hmg 
time. The long t ime required for  complete esterifica- 
]ion provides chemical evidence for  a branched car- 
boxyl group as it is well known tha t  such s t ructures  
behave in this way. 

The dimethyl  esters of earboxystearic  acid distill 
at  146-148 ~ at  0.35 mm. as a colorless mobile liquid 
with the correct  chemical and physical proper t ies  
(Table I V ) .  Gas-liquid chromatographic  analysis of 
the hear t  cut shows four  or five closely related ma jo r  
components.  Together  with the informat ion f rom the 
in f ra red  spectra  and chemical analyses it is concluded 
tha t  these components  are isomers. The format ion  of 
isomers is to be expected f rom a reaction conducted 
in concentrated sulfuric  acid in which carbonium ion 
intermediates  are probable (see la ter  discussion). 

The dibutyl  esters of carboxystear ie  acid can also 
be p repa red  by  direct acid catalyzed esteriflcation 
with butanol,  using eymene to raise the boiling point.  
A more sa t i s fac tory  method however is ester inter-  
change because of the shorter  reaction t ime and the 
ease of handling.  Both the methy l  and buty l  esters 
cannot  be completely hydrolyzed by  refluxing with 
dilute alcoholic potassium hydroxide in 8 hrs. This 

Molecular 
d3 o re f rac t ion  

Calcd. Found  

o , ~ 2 s l  l o 2 . ,  , o ~ 6  
o.9oaa laO.6 16o., 
0 9 6 s 4  7 0 2  6 9 9  
0.9095 98.0 97.7 
0,9628 96.0 95.6 
0.9699 96.0 94.9 

is addit ional  chemical confirmation of a branched 
carboxy]ie ester group. Table I V  also summarizcs the 
characterist ics of the dibutyl  esters. 

Carboxyhendecanoic Acid. The product  obtained 
by carboxy]ation of 10-hendeeenoic acid is a pale 
yellow viscous liquid. Two possible isomers are im- 
mediate ly  appa ren t  and have been described hy Koch 
(1), one in which the carboxyl gronp is attached as 
a branch to the penul t imate  carbon atom and the 
other in which the carboxyl group is at tached lo thc 
terminal  carbon atom giving an a,o,-dicarboxylic acid. 
The latter,  1,10-decanediearboxylic acid, is known 
(8) and is a high-melt ing crystall ine solid. Low-tem- 
pe ra tu re  solvent crystal l ization of carboxylated 10- 
hendecenoic acid fails to separate any  solid material  
and, as will be shown later, the spect rum irldieates 
tha t  1,10-deeaaedicarboxylic acid cannot he present  
in large amount,  if  at all. 

Gas-liqnid chrmnatographic  separat ions of the di- 
methyl  esters of tile reaction product,  as well a~ on a 
heart  cut of tile distilled methyl  esters, are mu(.h the 
same and show the presence of three closely related 
major  components, which are undoubtedly  isomers. 
The relat ive amounts  of the three ma jo r  components 
in the distilled products  are 6, 23, and 71%. I t  is 
concluded tha t  about  94% of carboxylated hen- 
decenoic acid is branched and not more than 6%, if 
any, can be a,o)-diearboxylie acid. 

I n f r a r e d  spectra  as well as chemical and physical 
data  confirm tha t  the product  is the dimethyl ester 
of earboxyhendeeanoic acids (Table I V ) .  

Carboxyoctadecanol. A branched-chain m o n o c a r -  
boxylie acid is obtained by the carboxylat ion of oleyl 
alcohol. Disti l lation of the methyl  ester of carboxy- 
oetadecanol yields several fract ions with the index of 
refract ion at 30 ~ ranging  f rom 1.4510 to 1.4540 
(Table I V ) .  The in f ra red  spectra of these fract ions 
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 prepara t ions  
a l ready discussed and of those to follow. I t  is ap- 
paren t  tha t  shif t ing of the carbonium ion along the 
chain of the molecule occurs, resul t ing in the forma- 
tion of isomers. 

Cargoxylated Methyl t~ieinoleate. The apparen t  
anomaly  shown in Tables I I I  and I V  in respect to the 
s t ruc ture  of the produc t  obtained by  carboxylat ion 
of me thy l  ricinoleate is explained by  the fact  tha t  
both s t ructures  are present  in the crude reaction 
p roduc t ;  the lactone appears  as a minor  consti tuent 
but becomes enriched in the distillate. 

As has a l ready been pointed out with oleyl alcohol 
and 1-dodecanol, there is little or no evidence for  
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replacement  of the hydroxyl  group by  earboxyl. The 
acid and  saponification numbers  of the reaction prod- 
uct f rom methyl  ricinoleate are not sufficiently high 
to suggest that  the hydroxyl  group has been replaced 
by  carboxyl. This is confirmed by the in f ra red  spec- 
t r u m  of the methyl  esters of the produc t  in tha t  the 
absorpt ion is not sufficiently great  to account for  the 
introductim~ of two branched carboxyl  groups. The 
low hydroxyl  value in the crude product  is best ac- 
counted for  by  a lactone structure.  

Disti l lation of the methyl  esters yields a product  
wi th  no hydroxyl .  The inf ra red  spectra  of both the 
undist i l led and distilled products  show an absorption 
in the 1765 era. -1 region which suggests the presence 
of a laetone. This will be discussed more ful ly  under  
in f r a red  spectra.  Carbon, hydrogen,  and molecular 
ref rac t ion most near ly  fit such a s t ruc ture  (Table 
I V )  al though it is not yet possible to be certain of 
the size or exact position of the laetone ring. Other  
s tructures,  such as anhydrides,  ethers, and phorones, 
have been considered, but  these s t ructures  do not fit 
the chemical and inf ra red  data. 

Carboxylated Linoleic Acid. Carboxyla t ion  of lin- 
oleic acid might  be expected to give a dicarboxylie 
or t r iearboxylic  acid, depending on whether  one or 
both unsa tura ted  centers are attacked. The chemical 
da ta  in Table I I I  show tha t  t r iearboxyl ic  acid is a 
minor  product,  i f  present  at all. The inf ra red  spectra 
of the distilled methyl  esters of the reaction product  
bear  this out in that  the expected absorl)tion is not 
sufficiently intense to account for  the introduction 
of two branched carboxyl gr(ull)s. 

The unsatura t ion  still present  in the crude carboxyl- 
ated linoleic acid is not due to unreacted linoleic acid, 
as shown by alkaline isomerization. The uitra',,iolct 
absorption spect rum of the isomerized and nnisomer- 
ized samples are the sam(~. The unsa tura t ion  therefor(, 
must  be in an unsa tura ted  dicarboxylic acid. 

A cmnparis(m ()f the chemical and physical  data  
obtained on the distilled methyl  esters of carboxylated 
]inoleic acid with those of the distilled methyl  esters 
of (~'arboxylated methyl ricinoleate (Table IV)  shows 
a close similarity.  The inf rared  spectra  of the two 
l)roduets are essentially identical. The inevitable con- 
clusion is tha t  the me, thyl  esters of carboxylated 
methyl  ricinoleate and of linoleie acid are identical. 
A suggested reaction pa th  to account for lactone for- 
mation in the carboxylat ion of linoleic acid is that  
one double bond is carboxylated and that  this ear- 
boxyl group, which is favorably  located sterically, 
then adds to the remaining double bond. 

Infrared Spectra. The s t ructural  s imilari ty among 
the methyl  esters of the carboxylated products  is 
s t r i k i n g l y  a p p a r e n t  when  the  s p e c t r a  a re  c losely  
conq)ared. The spect rmn of the dimethyl  esters of 
carhoxyhendecanoic acids (F igure  1, A) is decidedly 
different f rom that  of ~,~-dimethyl esters of diearbox- 
ylie acids, thus showing tha t  terminal  carboxylat ion 
is a mim)r reaction if it occurs at all. The spectrum 
shows a weak band at 1350 cm. -~, indicat ing the pres- 
ence of a branched hydrocarbon chain. Such a band 
is missing in the esters of normM f a t t y  acids and of 
,~,,,diaeids. A band at 1380 era. ~ indicates the pres- 
ence of a C-CII:~ grouping.  As expected, the spect rum 
of the dimethyl  esters of earboxystearie  acid (Fig-  
ure 1, B) shows the general features  of methyl  esters, 
but  a shoulder in the 1350 cm. -~ region indicates a 
branched hydrocarbon chain. 
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F~(~. 7I. Infra, red spectra of (A) dimethy! ester of earboxy- 
hendcc~lnoic acid, (B) dimethyl ester of (;:n'boxystearic acid, 
(C) methyl ester of earboxylnted methyl ricinoleate, (D) methyl 
ester of c:u'boxyl:tted lino/eie :,rid, :,nd (E)  metI,yl ester of 
c,ur boxyoctn d co:in o1. 

The  in . f r a red  s p e c t r u m  of the  m e t h y l  e s t e r s  of 
earboxylated methyl  rieinoleate (F igure  1, C) and 
of the methyl  esters of carboxylated linoleic acid 
(F igure  1, D)  are identical. These spectra  are sub- 
s tant ia l ly  the same as tha t  of the d imethyl  ester of 
earboxystearic  acid (F igure  ], 1),) except for  a weak 
band at  1765 era. 1 This baml definitely shows the 
presence of a new kind of carbonyl group, which is 
a t t r ibu ted  to a lactone ring. This band  is somewhat 
displaced from the ]7.90 era. -~ region for  such known 
laetones as ~,-stearohwtone, ~,-butyrolaetone, and -/-val- 
erolaetone, but  this might  bc expected f rom the dif- 
feren<'~e of position of the lact<>ne r ing  in the long 
chain. Also the size of the lact<me ring its m)t kn<>wn. 
Since the band at 1765 cm. -) is ra ther  weak, it sug- 
gests tha t  only a pa r t  of the mater ia l  is in the form 
of a laetone. 

The in f ra red  spectrum of the methyl  esters of ear- 
boxyoetadeeanol is shown in F igure  1, E. The methyl  
ester g roups  appear  at  1725 era. :~ and as a t r ip le t  
in the 1200 era. ~ region. P r i m a r y  hydroxy l  groups 
appear  at 3400 era. -~ and at 1050 era. -~ Evidence for 
the branched earboxyl group appears  at  1350 cruz 1 

More detailed spectra which confirm side-chain car- 
boxylat ion are shown in F igures  2, 3, and 4. F igure  
2 shows the 1300-1400 cm. -~ region of octadecanoI 
(solid line) and of the methyl ester of carboxyoeta- 
deeanol (dotted line). (Concentrat ions are approxi-  
mate ly  49 g. pet' liter in carbon tetraehloride.)  An 
increase in the amount  of absorpt ion at  approxi-  
mate ly  1380 era. ~ indicates addi t ional  CH3 groups 
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Figure  3 shows the 1300-1400 era. -~ region of 
methyl  s tearate  (solid line) and of the dimethyl  ester 
of carboxystearie  acid (dotted line). (Concentrat ions 
are approx imate ly  49 g. per  liter in carbon tetra-  
chloride.) The t e r t i a ry  hydrogen band (marked  with 
an X)  is weak and shows up merely as a shoulder. 
The - O C H a  group of branched esters (marked  with 
all ar row) seems to absorb at the same f requency as 
a normal  C-CH3 group, as seen in F igure  2. 

In  F igure  4 the carbonyl  band of methyl  s tearate  
is shown as a solid line and of the dimethyl  ester of 
carboxystear ic  acid as a dotted line. (Concentrat ions 
are approx imate ly  10 g. per  liter in carbon tetra-  
chloride.) The calculated molar  absorpt iv i ty  for  
methyl  s tearate  is 495, and for  the dimethyl  ester 
of carboxystearic  acid it  is 771, showing tha t  the 
carboxylated compound has significant addit ional  ear- 
bonyl. The fac t  tha t  the molar  absorpt iv i ty  of the 
d imethyl  ester of carboxystearic  acid is less than  two 
times the molar  absorpt iv i ty  of methyl  s tearate  might  
be in te rpre ted  to mean that  chain carboxylat ion is 
incomplete. The molar  absorpt iv i ty  of ester groups 
in different positions however is not necessarily the 

same. Chemical analysis of carboxystearie  acid and 
of its dimethyl  ester shows tha t  chain earboxylat ion 
is complete, bear ing out the tentat ive conclusion that  
the molar absorpt iv i ty  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 
(.oncentration of sulfuric acid, the role of water,  the 
format ion of isomeric products,  and the appa ren t  
i d e n t i t y  of c e r t a i n  p r o d u c t s  f rom e a r b o x y l a t e d  
methyl  rieinoleate and linoleic acid. 

The need for  concentrated sulfuric  acid s t rongly 
suggests that  intermediate  earbonium ions are formed. 
Wate r  is essential as a nucleophile to terminate  the 
reaction and to permit  the format ion  of a earboxyl 
group. 

Carbon monoxide is a resonance hybr id  of three 
(.ontri/)uting forms (9) : 

The bond energy of carbon monoxide, 210 kcals./mole, 
is the greatest  for any diatomic molecule, and it is 
a t t r ibutable  to the considerable resonanee among the 
three canonical forms. The dipole moment  of carbon 
monoxide is very  small, indicat ing an approx imate ly  
equal contr ibution of the two ionic forms shown. 

.It is reasonable to assume then that, in concen- 
t ra ted sulfnric acid, the double bond of the unsatu- 
rated compound is protonated to fo rm a carbonium 
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ion ( [ ) ,  which on reaction with carbon monoxide 
forms an oxocarbonium ion ( l l )  that  is itself a reso- 
nance hybr id  ( I l a (  ) l i b ) ,  as shown: 

- C I [  = C H -  + H-,S()4 ; --(~II,_, -- C I t -  + IIS()I[ 
( l )  + 

-Ctt ,~ - C l l - - +  C - ~  0 + 
+ 

- C H 2 -  C I t -  ( ) - C 1 1 2 -  CH- -  

C C + 
II} II 
0 + 0 

( I I a )  ( I I b )  

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

The above pa th  accounts s imply and direct ly for  
the products  obtained f rom oleie acid, 10-hendeeenoic 
acid, and oleyl alcohol. The carbonium ion mechan- 
ism also explains the format ion of isomers and ac- 
counts for  the changes in r ing size and the branching 
noted by Koch (1).  I t  also furnishes  a logical ex- 

p lanat ion for  the grea te r  faci l i ty  of carboxyla t ion 
of branched a]kenes and alcohols over corresponding 
s t raight-chain substances with carbon monoxide in 
sulfuric  acid (1).  

The proposed mechanism readi ly  explains the iden- 
t i ty  of the carboxylated products  f rom methyl  ricin- 
oleate and linoleie acid. In  the fo rmer  case a possi- 
ble in termediate  corresponding to I I b  above is shown 
(central  port ion of one isomer only) :  

- C H - C H 2 - C H - -  

J I 
O H  C + 

0 

In t e rna l  nueleophilic a t tack by the hydroxyl  would 
produce a lactone: 

- C H  -- CH+, - CH-- + H + 

0 C 
}J 
0 

An al ternat ive reasonable explanation,  a l ready  men- 
tioned, is tha t  the hydroxyearboxyl ie  acid actual ly 
forms and is then dehydra ted  in concentrated sul- 
fur ic  acid. Another  is tha t  the ricinoleic moiety is 
first dehydra ted  to produce a dienoic acid, which 
then reacts as i l lustrated below, but  we consider this 
unlikely. 

Wi th  linoh;ie acid an intermediate  corresponding 
to l i b  is shown below: 

- C H  = CH - Ctl:, - C I I  - (;H2-- 
J 

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 in ternal  nucleo- 
philic a t tack with the other double bond which has 
been converted to a earbonium ion: 

- - C I I :  - C I I  - -  C I [ ~  - C I I  - C I I :  - - ( ; I { + 2  - C H  - -  C H 2  - C H  - C I I 2  - 

C = 0  0 . . . .  C = O  
r 

(i) 9,H 
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Gas-Liquid Chromatography of Fatty Derivatives. IV. 

Quantitative Analysis of n-Alcohols I 
W. E. LINK and R. A. MORRISSETTE, Archer-Daniels-Midland Company, Minneapolis, Minnesota 

The s e p a r a t i o n  of f a t t y  alcohols  has  been accompl i shed  by  
us ing  a nonpo la r  subs t rn t e  on a solid s uppo r t  t r e a t e d  wi th  
a lka l i  to reduce adso rp t i v i t y .  By  tiffs technique well-resolved 
symmet r i ca l  peaks  are  obta ined,  and  the s t a b i l i t y  of a non- 
po l a r  subs t r ' l t e  is r e ta ined .  ] l e la t ive  de tec tor  s e ns i t i v i t y  
f ac to r s  have been de t e rmined  fin' the  alcohols w i t h  chain  
l eng ths  of C~ th rough  C,~, p e r m i t t i n g  "t cor rec t ion  of peak  
areas .  The res lmnse of the detector  is a p p r o x i m a t e l y  a l i nea r  
func t ion  of cha in  l eng th  for  the n-alcohols. 

The accurncy and  prec is ion  of the d e t e r m i n a t i o n  have  been 
s tud ied  by  a s t a t i s t i c a l  comlmr ison  of the resu l t s  of r ep l i ca t e  
vahms wi th  values  f rom known composi t ions .  

F 
ATTY ALCOtIOLS h a v e  1)e(!n separated by gas-liquid 
chromatography through the use of selected sub- 
strates, such as silicones (10), /)olyglycol esters 

(10), and polyglycols (3),  all of which are relatively 
polar in character.  I f  llle ah,ohols are converted to 
their  rcspe(;tiv(, acetates (11), these may be separated 
on polyester sul/strates in resl)('~t to both chain length 
and degree of nnsaturat ion.  

All of the above-meniioned part i t ioning agents suf- 
fer  f rom 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 area 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 par t i t ioning agents 
at high column-temperatures for  long periods of time 
and sometimes results in base-line drift .  In  addition, 
quanti tat ive techniques are hampered by the asym- 
met ry  of the peaks f requent ly  encountered. 

Since tailing, a form of asymmetry commonly en- 
countered with polar materials, is caused by adsorp- 
tion by the solid support  (9), numerous at tempts 
have been made to reduce it. Dal Nogare and Bennet t  
(13) obtained symmetrical  peaks for alcohols by in- 
creasing the tempera ture  dur ing  the analysis. 

Knight  (8) reduced tail ing 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 

tl/ reduce the tailing of polar lnoleeules on a silicone 
substrate, l)eeora and Dineen (2) used a solid sup- 
port  prepared from a commercial detergent for  the 
separation of basic nitrogen compounds, ineluding 
elose-boilil~g pyridines (1). 

Treatlnent of the solid support  by base-washing has 
afforded some success in the chromatography of 
amines corltaining 1 to 12 earllon atoms (4,5). This 
procedure has been applied in onr laboratory to the 
separation of f a t ty  amines of chain lengths ranging 
from Cs to C22, using nonpolar  liquid snbstratcs on 
Chronlosorb W solid supports treated to reduce ad- 
sorpt ivi ty (12). Pre l iminary  inv(~stigations revealed 
that  fa t ty  alcohols could also be run on the nonpolar  
substrate under  approximalely tile same (~onditions 
as the eorresl)Ol,(ling fa t ty  amines, with r~sulting 
comparable symnlctry. 

] t  was the object of this work to Sllldy quantita- 
t ively the behavior of f a t t y  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. Af ter  the meth- 
anol was removed, the support  was impregnated with 
Apiezon L 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 t r ay  with the 
aid of an inf rared  lamp. The packing material  was 
screened to insure uni formi ty  and was heated for 
several hours in a vaeumn oven at 80~ to remove 
residual solvent. 

Instrumental Conditions. The gas-liquid chromate- 
graphic appara tus  used in this work was also de- 
scribed in a previous publication (10,11). A stain- 
less steel column (2 ft. long by 1~ in. o.(1.) was ]~aeked 
with the above material  and flushed with helium ill 
the instrument  for  a few hours at 220~ 

The purified f a t ty  alcohols used were prepared  by 
fractional distillation of commercially available ma- 
terials3 The individual alcohols were checked for 
pur i ty  by gas chromatography.  With  a one-millivolt 
recorder full-scale deflection was found for the major  

1 AD]~ Talk No. 186. ~ Adols, Archer-Daniels-Midland Company. 


