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DICARBOXYLIC ACIDS

The diacids are characterized by two carboxylic acid groups attached to a linear or branched hydrocarbon chain.
Aliphatic, linear dicarboxylic acids of the general formula HOOC(CH2)nCOOH, and branched dicarboxylic acids
are the subject of this article. The more common aliphatic diacids (oxalic, malonic, succinic, and adipic) as well
as the common unsaturated diacids (maleic acid, fumaric acid), the dimer acids (qv), and the aromatic diacids
(phthalic acids) are not discussed here (see Adipic acid; Maleic anhydride, maleic acid, and fumaric acid;
Malonic acid and derivatives; Oxalic acid; Phthalic acid and other benzene-polycarboxylic acids; Succinic acid
and succinic anhydride). The bifunctionality of the diacids makes them versatile materials, ideally suited for a
variety of condensation polymerization reactions. Several diacids are commercially important chemicals that
are produced in multimillion kg quantities and find application in a myriad of uses.

1. Nomenclature

Unsubstituted aliphatic dicarboxylic acids, HOOC(CH2)nCOOH, are most often referred to by their trivial
names for n = 2 to 10 (see Table 1). Higher homologues are named using the IUPAC system by adding the
suffix dioic to the parent hydrocarbon. Older literature may refer to compounds using a system whereby the
name is formed by adding the suffix dicarboxylic acid to the name of the hydrocarbon skeleton. Note that
carbons from the carboxyl groups are not included in formulating the name of the base hydrocarbon in this
latter system. By way of illustration, the compound

is designated sebacic acid, decanedioic acid, and 1,8-octanedicarboxylic in the respective systems. Lo-
cations of substituents are specified by numbers as shown in the illustration or by Greek letters where the
carbons adjacent to the carboxyl groups are designated α and α′ as illustrated.

2. Physical Properties

Detailed summaries of physical properties are given (1, 2). The diacids are colorless, crystalline solids that
melt somewhat higher than monoacids of the same molecular weight. For diacids of even carbon number,
melting points decrease sharply for numbers 2–10 and remain relatively constant for numbers 12–20 (see
Table 1). There is a marked alternation in melting point and other physical properties with changes in carbon
number from even to odd within the series. Odd members exhibit lower melting points, and higher solubility.
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2 DICARBOXYLIC ACIDS

Table 1. Physical Propertiesa of C2–C21 Aliphatic Dicarboxylic Acids

IUPAC name
CAS Registry
Number Common name Mp, ◦C Bp, ◦Cb

Water solubility,c

g/100 mL
Density,
g/mL

ethanedioic [144-62-7] oxalic 187 (dec) 9.5
propanedioic [141-82-2] malonic 134–136 (dec) 152 1.619
butanedioic [110-15-6] succinic 187.6–187.9 8.35 1.572
pentanedioic [110-94-1] glutaric 98–99 200d 130 1.424
hexanedioic [124-04-9] adipic 153.0–153.1 265e 3.08 f 1.345
heptanedioic [111-16-0] pimelic 105.7–105.8 272 5.0 1.287
octanedioic [505-48-6] suberic 143.0–143.4 279 0.16 1.270
nonanedioic [123-99-9] azelaic 107–108 286.5e 0.214 1.235
decanedioic [110-20-6] sebacic 134.0–134.4 294.5e 0.10 1.231
undecanedioic [1852-04-6] 110.5–112g 0.003
dodecanedioic [693-23-2] 128.7–129.0 254h 0.004 1.16
tridecanedioic [505-52-2] brassylic 114
tetradecanedioic [821-38-5] 126.5i

pentadecanedioic [1460-18-0] 114.7i

hexadecanedioic [505-54-4] thapsic 125i

heptadecanedioic [2424-90-0] 117–118 j

octadecanedioic [871-70-5] 124.6–124.8k

nonadecanedioic [6250-70-0] 118–119.5
eicosanedioic [2424-92-2] 124–125l

heneicosanedioic [505-55-5] japanic 118–120i

a Data from Ref. 1 except as noted.
b At 13.3 kPa = 100 mm Hg unless otherwise noted.
c At 20–25◦C unless otherwise noted.
d At 2.7 kPa = 20 mm Hg (2).
e Ref. 3.
f At 34.1◦C.
g Ref. 4.
h At 2.0 kPa = 15 mm Hg (5).
i Ref. 6.
j Ref. 7.
k Ref. 8.
l Ref. 9.

Theoretical treatments have been developed to correlate these physical properties (6, 10). The alternating
effects are the result of the inability of odd carbon number compounds to assume an in-plane orientation of
both carboxyl groups with respect to the hydrocarbon chain (1). Other properties showing these alternations are
decarboxylation temperature and index of refraction. Boiling point, heat of combustion, density, and dielectric
constant do not show the alternating effect and vary, predictably, with the ratio of methylene to carboxyl groups
within the molecule. Alternating effects can be quite pronounced as illustrated by glutaric acid which melts
lower than succinic or adipic (see Table 1). Such alternation persists throughout the series with odd-numbered
acids always melting lower than their neighbors; the effect diminishes as the number of carbons increases (Fig.
1). These effects have practical consequences in the selection of material for a given preparation since acid
melting point, decarboxylation temperature, and solubility are often key considerations. The effects persist in
derivatives based on the diacids, particularly polyamides (qv), polyurethanes, and polyesters (qv) (11–13) (see
Urethane polymers).

The temperature at which decarboxylation occurs is of particular interest in manufacturing processes
based on polymerization in the molten state where reaction temperatures may be near the point at which
decomposition of the diacid occurs. Decarboxylation temperatures are tabulated in Table 2 along with molar
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Fig. 1. Melting points of linear saturated aliphatic dicarboxylic acids.

Table 2. Decarboxylation Temperatures and Molar Heats of Combustion of Dicarboxylic Acids

Dicarboxylic acid Decarboxylation tempa, ◦C
Molar heat of combustionb,

kJ/molc

oxalic 166–180 246
malonic 140–160 864
succinic 290–310 1492
glutaric 280–290 2151
adipic 300–320 2800
pimelic 290–310 3464
suberic 340–360 4115
azelaic 320–340 4778
sebacic 350–370 5429
dodecanedioic 6740

a Refs. (14–16).
b Refs. 17, 18.
c To convert J to cal, divide by 4.184.

heats of combustion. The diacids become more heat stable at carbon number four with even-numbered acids
always more stable. Thermal decomposition is strongly influenced by trace constituents, surface effects, and
other environmental factors; actual stabilities in reaction systems may therefore be lower.

Order of thermal stability as determined by differential thermal analysis is sebacic (330◦C) > azelaic =
pimelic (320◦C) > suberic = adipic = glutaric (290◦C) > succinic (255◦C) > oxalic (200◦C) > malonic (185◦C)
(19). This order is somewhat different than that in Table 2, and is the result of differences in test conditions.
The energy of activation for decarboxylation has been estimated to be 251 kJ/mol (60 kcal/mol) for higher
members of the series and 126 kJ/mol (30 kcal/mol) for malonic acid (1).

Lower members of the series are water soluble; solubility falls off sharply above adipic acid. Alternating
effects are again expressed with acids of odd carbon numbers being the most soluble (see Table 1). Dibasic acids
are ionized in aqueous solution to varying degree depending upon the proximity of the carboxyl groups within
the individual structures. The carboxyl group, being electron-withdrawing, causes the neighboring carboxyl
hydrogen to be more readily dissociated. With more than one interspersed methylene group the pKa approaches
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Table 3. Ionization Constantsa of Dicarboxylic Acids

Dicarboxylic acid K1 K2 References

oxalic 5.36 × 10−2 5.42 × 10−5 20
malonic 1.42 × 10−3 2.01 × 10−6 19
succinic 6.21 × 10−5 2.31 × 10−6 21
glutaric 4.58 × 10−5 3.89 × 10−6 22
adipic 3.85 × 10−5 3.89 × 10−6 23
pimelicb 3.19 × 10−5 3.74 × 10−6 23
subericb 3.05 × 10−5 3.85 × 10−6 (23–25)
azelaic 2.88 × 10−5 3.86 × 10−6 (23–25)
sebacic 3.1 × 10−5 3.6 × 10−6 25
dodecanedioicc 2.0 × 10−6 2.5 × 10−7 25
tridecanedioicc 1.6 × 10−6 2.9 × 10−7 25

a In water at 25◦C unless otherwise noted.
b At 18◦C.
c In ethanol : water = 40 : 60.

that of the monocarboxylic acids of similar molecular weight. Ionization constants are tabulated in Table 3.

3. Chemical Properties

The dibasic acids undergo the reactions typical of monocarboxylic acids (see Carboxylic acids). The dibasic
acids respond to heat by either losing one carboxyl group, yielding a monocarboxylic acid, or dehydration to a
cyclic or polymeric anhydride. A carbon suboxide, having a bis-ketene structure, may be formed under some
conditions. Cyclic anhydrides are formed by glutaric acid on heating or dehydrating with acetic anhydride or
acetyl chloride. Heating adipic acid results in a high molecular weight polymeric anhydride that can be vacuum
distilled to an unstable cyclic anhydride. Polyanhydrides are formed from all of the diacids of six carbons or
higher when these are heated with acetic anhydride (26).

Cyclization with loss of one carboxyl takes place in the presence of metal oxides, notably barium and
thorium. Thus adipic acid yields cyclopentanone, carbon dioxide, and water (Dieckmann reaction).

4. Manufacture, Preparation, and Processes

4.1. Glutaric Acid

Until 1990–1991 glutaric acid was available commercially from Du Pont as a by-product in the production
of adipic acid. It is no longer available, but Du Pont produces dimethyl glutarate and mixtures of dimethyl
succinate and dimethyl glutarate, as well as mixtures of dimethyl glutarate and dimethyl adipate; these esters
are known commercially as DBE (dibasic esters). Du Pont fractionates DBE into 99% dimethyl glutarate
(DBE-5) and 98% dimethyl adipate (DBE-6) as well as mixtures of the two (DBE-2 and DBE-3). Also available
is DBE-9, which contains 66% dimethyl glutarate and 33% dimethyl succinate. Physical properties of these
methyl esters are published in Du Pont’s technical bulletin on dibasic esters (DBE) (27).

Several procedures for making glutaric acid have been described in Organic Syntheses starting with
trimethylene cyanide (28), methylene bis (malonic acid) (29), γ -butyrolactone (30), and dihydropyran (31).
Oxidation of cyclopentane with air at 140◦ and 2.7 MPa (400 psi) gives cyclopentanone and cyclopentanol,
which when oxidized further with nitric acid at 65–75◦ gives mixtures of glutaric acid and succinic acid (32).
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4.2. Pimelic Acid

This acid is manufactured by Tateyama Chemical Company in Japan in quantities of about 1000–2000 kg/yr,
and by Heinrich Mock Nachf in Germany. The method or process they are using has not been disclosed. Pimelic
acid is available in small quantities with purities of 98% from laboratory chemical supply companies. The
preparation of pimelic acid has been described in Organic Syntheses; cyclohexanone condenses with diethyl
oxalate, followed by decarboxylation to ethyl 2-keto-hexahydrobenzoate, and then cleavage of the β-keto ester
with strong alkali (33). It has also been made from salicylic acid by reduction and subsequent cleavage with
sodium in isoamyl alcohol (34). A potential commercial method has been described in which ε-caprolactone
reacts with carbon monoxide and water in the presence of a catalyst such as palladium, and a co-catalyst such
as hydriodic acid. Pimelic acid was obtained in yields as high as 46.7% (35). Other synthetic routes to pimelic
acid have been described (36).

4.3. Suberic Acid

This acid is not produced commercially at this time. However, small quantities of high purity (98%) can be
obtained from chemical supply houses. If a demand developed for suberic acid, the most economical method
for its preparation would probably be based on one analogous to that developed for adipic and dodecanedioic
acids; air oxidation of cyclooctane to a mixture of cyclooctanone and cyclooctanol. This mixture is then further
oxidized with nitric acid to give suberic acid (37).

Another method that appears to have commercial potential is the ozonolysis of cyclooctene. Ozonolysis is
carried out using a short chain carboxylic acid, preferably propanoic acid, as solvent. The resultant mixture
is thermally decomposed in the presence of oxygen at about 100◦C to give suberic acid in about 60–78% yield
(38–40). Carboxylation of 1,6-hexanediol using nickel carbonyl as catalyst is reported to give suberic acid in
90% yield (41).

There are several laboratory methods useful for the preparation of suberic acid. One starting material
is 1,6-hexanediol which can be converted to the dibromide with HBr. Reaction of the dibromide with NaCN
gives the dinitrile which can be hydrolyzed to suberic acid. The overall yield is 76% (42). Another laboratory
method is the condensation of 1,3-cyclohexanedione with ethyl bromoacetate followed by reductive cleavage to
give suberic acid in 50% yield (43).

4.4. Azelaic Acid

This acid is produced by the Emery Group of Henkel Corporation in Cincinnati, Ohio in multimillion kg
quantities. The process that is currently used is based on the ozonolysis of oleic acid (from grease or tallow)
followed by the decomposition of the ozonide with oxygen. Oleic acid [112-80-1] and pelargonic acid [112-05-0]
are fed into an ozone absorber countercurrent to a continuous flow of oxygen gas containing about 2% ozone.
The pelargonic acid serves as a solvent or diluent to help moderate the reaction. Since the reaction is highly
exothermic the ozone absorber is cooled and usually maintained at a temperature of 25–45◦C. The reaction
mixture is then fed into reactors maintained at about 100◦C and sparged with oxygen gas where the ozonides
are decomposed and oxidized rapidly. Manganese salts are used to catalyze the oxidation of any aldehydes that
were formed to acids. The product at this stage contains pelargonic, azelaic, and palmitic and stearic acids
that were present in the feed and high molecular weight materials such as esters and dimer that were formed
during ozonization.

The mixed oxidation products are fed to a still where the pelargonic and other low boiling acids are
removed as overhead while the heavy material, esters and dimer acids, are removed as residue. The side-
stream contains predominately azelaic acid along with minor amounts of other dibasic acids and palmitic and
stearic acids. The side-stream is then washed with hot water that dissolves the azelaic acid, and separation can
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then be made from the water-insoluble acids, palmitic and stearic acids. Water is removed from the aqueous
solution by evaporators or through crystallization (44, 45).

Chromic acid was used by Emery to oxidize oleic acid on a commercial scale in the late 1940s and early
1950s until it was replaced by the ozone route. The process was relatively expensive in spite of the fact that
the spent chromic acid solutions were regenerated in electrolytic cells. Pelargonic acid was removed from
the oxidation mixture by distillation at reduced pressure. Azelaic acid was recovered from the residue by
recrystallization from hot water. The resulting azelaic acid contained lower molecular weight dibasic acids that
resulted from degradation during the oxidation reaction (46, 47).

A good laboratory method for preparing azelaic acid is the permanganate oxidation of oleic acid (48). Less
degradation occurs as only small amounts of suberic acid are formed. When the oxidation is carried out in
acetone, an azelaic acid yield of 83% is reported (49). Nitric acid oxidations of oleic acid have been studied by a
number of investigators (50–52). The main disadvantage of using nitric acid is that it leads to degradation of
azelaic acid, resulting in relatively large amounts of suberic acid being formed. Typically, oxidation products
contain 65% azelaic acid and 35% suberic acid. Like nitric acid oxidation, air oxidation has been studied
extensively, and the azelaic acid thus obtained contains other dibasic acids, mainly suberic acid. Generally, a
cobalt catalyst is used and yields are usually no higher than 15% (53, 54).

A U.S. patent describes the reaction of commercial oleic acid with hydrogen peroxide in acetic acid followed
by air oxidation using a heavy metal compound and an inorganic bromine or chlorine compound to catalyze the
oxidation. Excellent yields of dibasic acids are obtained (up to 99%) containing up to 72% azelaic acid (55).

A novel route to azelaic acid is based on butadiene. Butadiene is dimerized to 1,5-cyclooctadiene, which
is carbonylated to the monoester in the presence of an alcohol. Hydrolysis of this ester followed by a caustic
cleavage step produces azelaic acid in both high yield and purity (56).

4.5. Sebacic Acid

This acid is produced commercially by Union Camp in Dover, Ohio, by Hokoku Oil Company in Japan, and
by a state enterprise in the People’s Republic of China (57). The process used in each case is based on the
caustic oxidation of castor oil or ricinoleic acid [141-22-0] in either a batch or continuous process. The castor
oil or ricinoleic acid and caustic are fed to a reactor (usually Monel or nickel) at a temperature of 180–270◦C
where the ricinoleic acid undergoes a series of reactions with evolution of hydrogen to give disodium sebacate
and capryl alcohol (58). When the reaction is complete, the soaps are dissolved in water and acidified to a
pH of about 6. At this pH, the soaps of the monobasic acids (C-16 to C-20 plus dimer acids) are converted to
free acids that are insoluble in water. The disodium sebacate is only partially neutralized to the half acid salt
which is water soluble. The oil and aqueous layers are separated. The aqueous layer containing the half salt
is acidulated to a pH of about 2 causing the resulting sebacic acid to precipitate from the solution. It is then
filtered, water washed, and finally dried (59).

A number of process improvements have been described, and include the use of white mineral oil having a
boiling range of 300–400◦C (60) or the use of a mixture of cresols (61). These materials act to reduce the reaction
mixture’s viscosity, thus improving mixing. Higher sebacic acid yields are claimed by the use of catalysts such
as barium salts (62), cadmium salts (63), lead oxide, and salts (64).

An electrooxidation process was developed by Asahi Chemical Industry in Japan, and was also piloted
by BASF in Germany. It produces high purity sebacic acid from readily available adipic acid. The process
consists of 3 steps. Adipic acid is partially esterified to the monomethyl adipate. Electrolysis of the potassium
salt of monomethyl adipate in a mixture of methanol and water gives dimethyl sebacate. The last step is the
hydrolysis of dimethyl sebacate to sebacic acid. Overall yields are reported to be about 85% (65).

Another alternative method to produce sebacic acid involves a four-step process. First, butadiene [106-
99-0] is oxycarbonylated to methyl pentadienoate which is then dimerized, using a palladium catalyst, to
give a triply unsaturated dimethyl sebacate intermediate. This unsaturated intermediate is hydrogenated to
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dimethyl sebacate which can be hydrolyzed to sebacic acid. Small amounts of branched chain isomers are
removed through solvent crystallizations giving sebacic acid purities of greater than 98% (66).

The electrochemical conversions of conjugated dienes into alkadienedioic acid have been known for some
time. Butadiene has been converted into diethyl-3,7-decadiene-1,10,dioate by electrolysis in a methanol–water
solvent (67). An improvement described in the patent literature (68) uses an anhydrous aprotic solvent and an
electrolyte along with essentially equimolar amounts of carbon dioxide and butadiene; a mixture of decadiene-
dioic acids is formed. This material can be hydrogenated to give sebacic acid.

In another method based on butadiene, it is dimerized in the presence of sodium to form an isomeric
mixture of disodiooctadiene (69). Carbonation of the mixture using dry ice gives the unsaturated acids, 3,7-
decadienedioic acid, 2-vinyl-5-octenoic acid, and 2,5-divinyladipic acid in a ratio of about 3.5:5:1, respectively.
Hydrogenation of this mixture gives the saturated dibasic acid product consisting of approximately 51% 2-
ethylsuberic, 38% sebacic, and 11% 2,5-diethyl-adipic. Sebacic acid is separated by fractional crystallization
in about 35% yield. By-product acids, consisting of 72–80% 2-ethylsuberic, 12–18% diethyladipic, and 5–10%
sebacic acids are obtained and referred to as isosebasic acid (70).

4.6. Dodecanedioic Acid

Dodecanedioic acid (DDDA) is produced commercially by Du Pont in Victoria, Texas, and by Chemische Werke
Hüls in Germany. The starting material is butadiene which is converted to cyclododecatriene using a nickel
catalyst. Hydrogenation of the triene gives cyclododecane, which is air oxidized to give cyclododecanone and
cyclododecanol. Oxidation of this mixture with nitric acid gives dodecanedioic acid (71).

Other methods have been described to produce dodecanedioic acid. Cyclododecene is prepared from cy-
clododecatriene by partial hydrogenation. Ozonolysis of the cyclododecene followed by oxidation of the inter-
mediate ozonides gives dodecanedioic acid (72). Hydrogenation of ricinoleic acid gives 12-hydroxystearic acid,
which upon treatment with caustic at high temperatures, 325–330◦C, gives a mixture of undecanedioic and
dodecanedioic acids. The use of a catalyst such as cadmium oxide increases the yield of dibasic acids to about
51% of theoretical. The composition of the mixed acids is about 75% C-11 and 25% C-12 dibasic acids (73).
Reaction of undecylenic acid with carbon monoxide using a triphenylphosphine–rhodium complex as cata-
lyst gives 11-formylundecanoic acid, which, upon reaction with oxygen in the presence of Co(II) salts, gives
1,12-dodecanedioic acid in 70% yield (74).

Another process for the production of dodecanedioic acid is by oxidation of cyclododecene using a two-phase
system in which ruthenium tetroxide serves as the oxidizing agent in the organic phase, and is regenerated in
the second phase, an aqueous phase containing cerium(IV) ions (75).

4.7. Brassylic Acid

This acid is commercially available from Nippon Mining Company (Tokyo, Japan). It is made by a fermentation
process (76). Several years ago, Emery Group, Henkel Corp. (Cincinnati, Ohio) produced brassylic acid via
ozonization of erucic acid primarily for captive use in making dimethyl brassylate and ethylene brassylate. A
pilot-scale preparation based on ozonization of erucic acid has been described in which brassylic acid yields of
72–82% were obtained in purities of 92–95%. Recrystallization from toluene gave purities of 99% (77).

4.8. C-19 Dicarboxylic Acids

The C-19 dicarboxylic acids are generally mixtures of isomers formed by the reaction of carbon monoxide
on oleic acid. Since the reaction produces a mixture of isomers, no single chemical name can be used to
describe them. Names that have been used include 2-nonyldecanedioic acid, 2-octylundecanedioic acid, 1,8-
(9)-heptadecanedicarboxylic acid, and 9-(10)-carboxystearic acid. The name 9-(10)-carboxystearic acid can be
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used correctly if the product is made with no double bond isomerization (rhodium triphenylphosphine catalyst
system).

There are currently no commercial producers of C-19 dicarboxylic acids. During the 1970s BASF and Union
Camp Corporation offered developmental products, but they were never commercialized (78). The Northern
Regional Research Laboratory (NRRL) carried out extensive studies on preparing C-19 dicarboxylic acids via
hydroformylation using both cobalt catalyst and rhodium complexes as catalysts (78). In addition, the NRRL
developed a simplified method to prepare 9-(10)-carboxystearic acid in high yields using a palladium catalyst
(79).

C-19 dicarboxylic acid can be made from oleic acid or derivatives and carbon monoxide by hydroformy-
lation, hydrocarboxylation, or carbonylation. In hydroformylation, ie, the Oxo reaction or Roelen reaction, the
catalyst is usually cobalt carbonyl or a rhodium complex (see Oxo process). When using a cobalt catalyst a
mixture of isomeric C-19 compounds results due to isomerization of the double bond prior to carbon monoxide
addition (80).

Hydroformylation catalyzed by rhodium triphenylphospine results in only the 9 and 10 isomers in approx-
imately equal amounts (79). A study of recycling the rhodium catalyst and a cost estimate for a batch process
have been made (81).

In hydrocarboxylation, the Reppe reaction, the catalyst can be nickel or cobalt carbonyl or a palladium
complex where R = H or alkyl.

The nickel or cobalt catalyst causes isomerization of the double bond resulting in a mixture of C-19
isomers. The palladium complex catalyst produces only the 9-(10)-carboxystearic acid. The advantage of the
hydrocarboxylation over the hydroformylation reaction is it produces the carboxylic acids in a single step and
obviates the oxidation of the aldehydes produced by hydroformylation.

Carbonylation, or the Koch reaction, can be represented by the same equation as for hydrocarboxylation.
The catalyst is H2SO4. A mixture of C-19 dicarboxylic acids results due to extensive isomerization of the double
bond. Methyl-branched isomers are formed by rearrangement of the intermediate carbonium ions. Reaction
of oleic acid with carbon monoxide at 4.6 MPa (45 atm) using 97% sulfuric acid gives an 83% yield of the
C-19 dicarboxylic acid (82). Further optimization of the reaction has been reported along with physical data of
the various C-19 dibasic acids produced. The mixture of C-19 acids was found to contain approximately 25%
secondary carboxyl and 75% tertiary carboxyl groups. As expected, the tertiary carboxyl was found to be very
difficult to esterify (80, 83).

4.9. C-20 Dicarboxylic Acids

These acids have been prepared from cyclohexanone via conversion to cyclohexanone peroxide followed by
decomposition by ferrous ions in the presence of butadiene (84–87). Okamura Oil Mill (Japan) produces a
series of commercial acids based on a modification of this reaction. For example, Okamura’s modifications of
the reaction results in the following composition of the reaction product: C-16 (linear) 4–9%, C-16 (branched)
2–4%, C-20 (linear) 35–52%, and C-20 (branched) 30–40%. Unsaturated methyl esters are first formed that are
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hydrogenated and then hydrolyzed to obtain the mixed acids. Relatively pure fractions of C-16 and C-20, both
linear and branched, are obtained after solvent crystallization and fractionation (88).

4.10. C-21 Dicarboxylic Acids

C-21 dicarboxylic acids are a mixture of predominately 5-(6)-carboxy-4-hexyl-2-cyclohexene-1-octanoic acid,
5-isomer [42763-47-3] and 6-isomer [42763-46-2]. C-21 dicarboxylic acids were first described at the Northern
Regional Research Laboratory in Peoria, Illinois (89).

C-21 dicarboxylic acids are produced by Westvaco Corporation in Charleston, South Carolina in multimil-
lion kg quantities. The process involves reaction of tall oil fatty acids (TOFA) (containing about 50% oleic acid
and 50% linoleic acid) with acrylic acid [79-10-7] and iodine at 220–250◦C for about 2 hours (90). A yield of C-21
as high as 42% was reported. The function of the iodine is apparently to conjugate the double bond in linoleic
acid, after which the acrylic acid adds via a Diels-Alder type reaction to form the cyclic reaction product. Other
catalysts have been described and include clay (91), palladium, and sulfur dioxide (92). After the reaction is
complete, the unreacted oleic acid is removed by distillation, and the crude C-21 diacid can be further purified
by thin film distillation or molecular distillation.

A 22 carbon atom adduct has been prepared in a similar reaction to that described above by replacing the
acrylic acid with methacrylic acid. Somewhat lower yields are obtained when using methacrylic acid [79-41-4]
vs acrylic acid (93).

5. Dicarboxylic Acids via Microorganisms

During the 1980s a number of patents were issued describing the preparation of dicarboxylic acids or esters
using microorganisms. The α, ω-n-alkanedioic acids that have been prepared generally have 5–25 carbons. One
of the first methods described the preparation of dimethyl 1,16-hexadecanedioate using a nutrient solution,
n-hexadecyl bromide, and certain strains of Torulopsis (94). Other methods have been described to give dibasic
acid of 8–22 carbons using n-alkanes or n-alcohols and various organisms (95–98). One particular yeast con-
verts C12–18 n-alkanes not only to dicarboxylic acids but also to 3-hydroxydicarboxylic acids as well (99). The
unsaturated dicarboxylic acid itaconic acid (2-methylenebutanedioic acid [97-65-4] is produced by fermentation
(100). Finally, unsaturated dibasic acids having 14–22 carbons have been prepared from the corresponding un-
saturated fatty acids and certain microorganisms. For example, 9-trans-octadecenedioic acid has been prepared
from elaidic acid; 6,9-octadecadienedioic acid from linoleic acid, and 5-docosenedioic acid from erucic acid (101).

6. Derivatives and Uses

Diacids, owing to their ready incorporation into polymers, are components in a wide variety of materials (100,
102, 103). The diacids are important industrial intermediates for the manufacture of diesters, polyesters, and
polyamides. These derivatives find application as plasticizing agents, lubricants, heat transfer fluids, dielectric
fluids, fibers, copolymers, inks and coatings resins, surfactants, fungicides, insecticides, hot-melt coatings, and
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adhesives. Of the higher diacids, azelaic, sebacic, and dodecanoic find the greatest application. Derivatives of
glutaric and C-21 diacids also enjoy significant commercial applications.

6.1. Diesters

Many of the diester derivatives are commercially important. The diesters are important plasticizers, polymer
intermediates, and synthetic lubricants. The diesters of azelaic and sebacic acids are useful as monomeric
plasticizing agents; these perform well at low temperatures and are less water-soluble and less volatile than
are diesters of adipic acid. Azelate diesters, eg, di-n-hexyl, di(2-ethylhexyl), and dibutyl, are useful plasticizing
agents for poly(vinyl chloride), synthetic rubbers, nitrocellulose, and other derivatized celluloses (104). The
di-hexyl azelates and dibutyl sebacate are sanctioned by the U.S. Food and Drug Administration for use in
poly(vinyl chloride) films and in other plastics with direct contact to food. The di(2-ethylhexyl) and dibenzyl
sebacates are also valuable plasticizers. Monomeric plasticizers have also been prepared from other diacids,
notably dodecanedioic, brassylic, and 8-ethylhexadecanedioic (88), but these have not enjoyed the commercial-
ization of the sebacic and azelaic diesters.

The dioctyl, didecyl, and di-(tridecyl) esters of azelaic, sebacic, dodecanedioic, and brassylic acids serve
as synthetic lubricants that offer some advantages over petroleum-based lubricants. The dihexyl and dioctyl
esters of 8-ethylhexadecanedioic acid also are useful lubricants (88). The viscosity/temperature relationships,
low viscosity rise upon oxidation, high flash points, low peroxide value, good additive response, low coking char-
acteristics, and overall excellent lubricity make these diesters desirable for demanding engine and equipment
environments (104).

Other applications for the diesters of the diacids are known. Du Pont’s Di-basic Ester (DBE) is an effective
industrial cleaning solvent and paint stripper. DBE is marketed as an environmentally superior substitute to
the chlorinated solvents (105).

6.2. Polyesters

Azelaic and sebacic acids are commonly used for polyester applications. Typical glycols that react with the
diacids to give polyesters include 1,2-propylene glycol, 1,3-butylene glycol, and 1,4 butanediol. Aliphatic
polyesters, unsaturated polyesters, and copolyesters find application in fibers, films, casting and potting resins,
lubricants, resins, adhesives, and laminates. The plasticizers offer greater resistance to solvents, lower volatil-
ity, and less migration, but are generally less effective and have poorer low temperature flex characteristics
than those of the corresponding aliphatic monomerics. Polyester properties may be tuned by judicious choice
of monofunctional additive, either carboxylic acid or alcohol. Diacid-based polyester fibers and films exhibit
excellent low temperature flexibility and high tensile strength. The alkyd resins (qv) derived from sebacic and
azelaic acids impart flexibility and are used as plasticizers (106).

6.3. Polyamides

The production of aliphatic polyamides, or nylons, consumes a large portion of the total production of the diacids.
These polyamides find application in apparel and carpet fibers, engineering plastics, nylon copolymers for
monofilament, wire-coating, and molding resin applications. An interesting potential application for nylon-5,7,
prepared from pimelic acid and 1,5-pentanediamine, is as a conducting polymer (107). The polyamide produced
from suberic acid and 1,4-cyclohexanebis(methylamine) has an exceptionally high melting point (295◦C) that
enables high melt processing temperatures to be employed without concurrent thermal decomposition; it has
properties well-suited for fiber, film, and molding plastic applications (108). The 6,9, 6,10, and 6,12 nylons,
derived from azelaic, sebacic, and dodecanedioic acids respectively, find application in engineering plastics,
bristles, and fibers. These nylons are more moisture-resistant than is the adipic based nylon-6,6. The alicyclic
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nylon, Du Pont’s Quiana, derived from dodecanedioic acid and bis(4-aminocyclohexyl)methane, was introduced
as a replacement for silk in 1968 (109). A recent patent describes the incorporation of dodecanedioic acid
into nylon-6,6 to improve the fibers’ dyeability (110). Brassylic acid based nylons 13, 6,13, and 13,13 are very
moisture resistant. Azelaic and sebacic acids find application in dimer acid based polyamides and contribute
to higher tensile strength and higher melting point resins.

6.4. Other Polymeric Derivatives

Hydroxyl-terminated polyesters, derived from reaction of azelaic, sebacic, or dodecanedioic acids with glycols,
may be used in polyurethanes. These polymers offer several advantages over adipic acid based materials,
including excellent low-temperature properties, water resistance, tear strength, and good elongation. These
polymers may be utilized in specialty films, fabric coatings, and Spandex fibers (104). The same diacids may be
used as modifiers in poly(ethylene terephthalate)/glycol copolyesters to contribute improved flexibility, melting
point, and dyeability. Azelaic, sebacic, dodecanedioic, and brassylic acids may be used in copolyetheresteramides
(111). Two patents describe additional applications for the C-9–C-40 diacids for the preparation of polyester
carbonates (112), and the copolymerization of epoxides and carbon dioxide by reaction of either glutaric or
adipic acids with zinc oxide (113).

6.5. Miscellaneous Derivatives

Pimelic acid is used as an intermediate in some pharmaceuticals and in aroma chemicals; ethylene brassylate
is a synthetic musk (114). Salts of the diacids have shown utility as surfactants and as corrosion inhibitors.
The alkaline, ammonium, or organoamine salts of glutaric acid (115) or C-5–C-16 diacids (116) are useful as
noncorrosive components for antifreeze formulations, as are methylene azelaic acid and its alkali metal salt
(117). Salts derived from C-21 diacids are used primarily as surfactants and find application in detergents,
fabric softeners, metal working fluids, and lubricants (118). The salts of the unsaturated C-20 diacid also
exhibit anticorrosion properties, and the sodium salts of the branched C-20 diacids have the ability to complex
heavy metals from dilute aqueous solutions (88).

7. Economic Aspects

The prices and mode of shipment for the various commercial grades of diacids are provided in Table 4. The price
of adipic acid is included for comparison. In addition to these diacids, undecanedioic, brassylic, tetradecanedioic,
hexadecanedioic, docosanedioic, and tetracosanedioic acids are available, expensive, and in limited quantity
from research chemical supply houses.

Azelaic acid is available from Henkel’s Emery Group in two grades; E1110 and E1144 are 80% and 90%
azelaic acid, respectively. Union Camp Corporation offers three grades of sebacic acid: purified, CP, and nylon
grades. The nylon grade is >95% sebacic acid with low ash content and low color. Oakamura Oil Mill Ltd.’s
C-20 diacids are each unique products. ULB-20 is a mixture of straight-chain and branched unsaturated acids.
SL-20 is 85–90% eicosanedioic acid. SB-20 is 80–90% 8-ethyloctadecanedioic acid. Westvaco’s C-21 Diacid is
offered in two grades. Diacid 1550 is darker in color and lower in acid value than Diacid 1575,with diacid
contents of 88% and >97% respectively.
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Table 4. Dicarboxylic Acid Prices, $ / kg

Acid Grade Mode of shipment 1979 1991

adipic resin grade bags or hopper cars 0.91 1.43
pimelic 132 575
suberic 65 103
azelaic E1110 multiwall 1.85 3.48

E1144 bags 3.74
sebacic purified multiwall 3.48 4.49

CP bags or 4.51
nylon super-sacks 4.51

dodecanedioic multiwall bags 2.65 4.36
eicosanedioic (C20 diacids) ULB-20 steel drums 8.79

SB20 steel drums 9.66
SL20 poly-lined paper bags 12.41

C21 diacids D1550 lined steel 1.54
D1575 drums or tank trunks 3.74

Table 5. Acute Toxicities of Diacids and Derivatives

Oral LD50, mg/kg Dermal LD50, mg/kg

Compound Species Dose Species Dose

glutaric mouse 6000a

dimethyl glutarate rat 8191b rabbit >2250b

pimelic rat 7000c

azelaic rat >10000 d rat >10000 d

dihexyl azelate rat 16000e

sebacic mouse 6000 f

diethyl sebacate rat 14500g guinea pig 7320g

dodecanedioic rat 17000h,i rabbit >6000 i

Diacid 1550 (C21) rat 6176 j

a Ref. 119, p. 1478.
b Ref. 120.
c Ref. 121, p. 4937.
d Ref. 122.
e Ref. 119, p. 334.
f Ref. 119, p. 2338.
g Ref. 121, p. 2337.
h Average lethal dose.
i Ref. 123.
j Ref. 119.

8. Health and Safety Factors

The acute oral toxicities of the diacids and some common derivatives are provided in Table 5. In general,
the higher diacids are essentially nontoxic. There are no indications that the dicarboxylic acids detailed here
are carcinogenic or teratogenic in animals or humans. It is generally recognized that these diacids are ocular
irritants and that the inhalation of the dust of these diacids is irritating to the mucous membranes and the
respiratory tract.

The water solubility of glutaric acid fosters its toxicity. Glutaric acid is a known nephrotoxin. Renal failure
has been documented in rabbits administered sodium glutarate subcutaneously (124). Dibasic ester (Du Pont),
which contains primarily dimethyl glutarate, has low acute toxicity by inhalation and by ingestion, and is
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moderately toxic via dermal absorption. The acid is both a dermal and ocular irritant of humans. The ester is
a severe skin irritant and may cause a rash in humans (120).

The sodium salts of suberic and azelaic acids are mildly nephrotoxic to rabbits when administered sub-
cutaneously (125). Azelaic acid is both a dermal and ocular irritant, and is a sensitizing agent to guinea pigs
(122). Interestingly, neither dermal absorption or irritation are reported for guinea pigs exposed to pimelic
acid (121). Sebacic and dodecanedioic acids are not dermal irritants, but are mild ocular irritants. Long-term
exposure in white rats to sebacic acid has produced irritation of the respiratory tract and alteration of kidney
and liver functions (126).

Of the higher diacids, the alicyclic, unsaturated Diacid 1550 (the Westvaco C-21 diacid) is significantly
water soluble and is moderately irritating both dermally and ocularly. The corresponding dipotassium salt,
Diacid H-240, is substantially more irritating (127).

8.1. Environmental Effects

In general, the higher diacids do not pose substantial environmental risk; however, releases of significant
quantities into surface or ground waters may be reportable under the Clean Water Act. The low biotoxicity
of the higher diacids results, in part, from their limited water solubility. Glutaric acid is significantly more
water soluble than the other diacids described herein, and the aquatic biotoxicity of glutaric acid and dimethyl
glutarate is established. This acid is toxic to both protozoa and fish, and its dimethyl ester is toxic to both
aquatic invertebrates and to fish (128, 129). Westvaco’s Diacid 1550 (C-21) is relatively more water soluble
than the higher, linear diacids, and this diacid is mildly toxic to aquatic invertebrates, fish, and algae (130).
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