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MALEIC ANHYDRIDE, MALEIC ACID, AND FUMARIC ACID
Maleic anhydride [108-31-6] (1), maeic acid [110-16-7] (2), and fumaric acid [110-17-8] (3) are
multifunctional chemical intermediates that find applicationsin nearly every field of industria chemistry.

Each molecule contains two acid carbonyl groups and a double bond in the a, b position.
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Maleic anhydride and maleic acid are important raw materials used in the manufacture of phthalic-type
alkyd and unsaturated polyester resins, surface coatings, lubricant additives, plasticizers (qv), copolymers
(qv), and agricultural chemicals (see ALKYD RESINS; POLYESTERS UNSATURATED,;
LUBRICATION AND LUBRICANTS). Both chemicals derive their common names from naturally
occurring malic acid [6915-15-7]. Other names for maleic anhydride are 2,5-furandione, dihydro-2,5-
dioxofuran, toxilic anhydride, or cis-butenedioic anhydride. Maleic acid is also called (Z)-2-butenedioic acid,

toxilic acid, malenic acid, maleinic acid, or cis-1,2-ethylenedicarboxylic acid.

Fumaric acid occurs naturally in many plants and is named after Fumaria officinalis, a climbing annual
plant, from which it was first isolated. It is aso known as (E)-2-butenedioic acid, allomaleic acid, boletic
acid, lichenic acid, tumaric acid, or trans-1,2-ethylenedicarboxylic acid. It is used as afood acidulant and as
araw material in the manufacture of unsaturated polyester resins, quick-setting inks, furniture lacquers,

paper sizing chemicals, and aspartic acid [56-84-8].

Maleic anhydride and the two diacid isomers were first prepared in the 1830s (1) but commercial
manufacture did not begin until a century later. In 1933 the National Aniline and Chemical Co., Inc.,
installed a process for maleic anhydride based on benzene oxidation using a vanadium oxide catalyst (2).
Maleic acid was available commercially in 1928 and fumaric acid production began in 1932 by acid-

catalyzed isomerization of maeic acid.

Physical Properties

Physical constants (3- 25) for maleic anhydride, maleic acid, and fumaric acid including solid and solution
properties are given in Tables I 3. From single crystal x-ray diffraction data (10), maleic anhydride is a
nearly planar molecule with the ring oxygen atom lying 0.003 nm out of the molecular plane. A twofold

rotation axis bisects the double bond and passes through the ring oxygen atom. Figure 1 summarizes the



bond distance for maleic anhydride (10). Similar bond distances and angles for maleic anhydride were
obtained using electron diffraction (11) and double resonance modulation microwave spectroscopic (12)
techniques. Values of the Raman polarizability were reported for single crystals of maleic anhydride (13).
Density functiona theory has been applied to maeic anhydride to give optimized geometry, harmonic
vibrational frequencies, and electron affinity (14).
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Maleic and fumaric acids have physical properties that differ due to the cis and trans configurations about
the double bond. Aqueous dissociation constants and solubilities of the two acids show variations
attributable to geometric isomer effects. X-ray diffraction results for maleic acid (15) reveal an
intramolecular hydrogen bond that accounts for both the ease of removal of the first carboxyl proton and the
smaller dissociation constant for maleic acid compared to fumaric acid. Crystals of maleic acid usudly form
as twins due to the presence of lattice pseudosymmetries (16). Two crystal forms are known for fumaric
acid with the monoclinic form (often aso twinned) obtained by evaporation from solution (17). The triclinic
form, b-fumaric acid, is formed through sublimation at 130°C under reduced pressure (18). Both maleic
and fumaric acids are planer molecules with packing within the lattice into extended chains in which

carboxyl groups interlink by O-H O bonds into cyclic pairs (19). Maleic acid isomerizes to fumaric acid
with a derived heat of isomerization of -22.7kJ¥mol (-5.43kcal/mol) (21). The activation energy for the
conversion of maleic to fumaric acid is 66.1kJmol (15. 8kcal/mol) (22).

Chemical Properties

The General References and two other reviews (20, 26) provide extensive descriptions of the chemistry of
maleic anhydride and its derivatives. The broad industrial applications for this chemistry derive from the
reactivity of the double bond in conjugation with the two carbonyl oxygens.

Acid Chloride Formation. Monoacid chlorides of maleic and fumaric acid are not known. Treatment of

maleic anhydride or maleic acid with various reagents such as phosgene [75-44-5] (gv), phthaloyl chloride
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[88-95-9], phosphorus pentachloride [10026-13-8], or thionyl chloride [7719-09-7] gives 5,5-dichloro-
2(5H)furanone [133565-92-1] (4) (27). Similar conditions convert fumaric acid to fumaryl chloride [627-63-
4] (5) (27,28). Noncyclic maleyl chloride [22542-53-6] (6) formsin 11% yidld at 220°C in the reaction of
one mole of maleic anhydride with six moles of carbon tetrachloride [56-23-5] over an activated carbon
[7440-44-4] catalyst (29).

Acylation. In chlorinated solvents, maleic anhydride reacts with aromatic hydrocarbons (ArH) in the presence

of aluminum chloride [7446-70-0], AICl5, to form b-aroylacrylic acids (30).

AICI,

o ArCCH=CH COH

1) + ArH

Under Friedel-Crafts conditions, trans-1,2-dibenzoylethylene [959-28-4] is synthesized by the reaction of
one mole of fumaryl chloride with two moles of benzene (31) (see FRIEDEL-CRAFTS REACTIONS).

Alkylation. Maleic anhydride reacts with alkene and aromatic substrates having a C- H bond activated by

a,b-unsaturation or an adjacent aromatic resonance (32,33) to produce the following succinic anhydride

derivatives.
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Typical reaction conditions are 150 to 300°C and up to 2 MPa pressure. Polyalkenyl succinic anhydrides
are prepared under these conditions by the reaction of polyalkenes in a nonagueous dispersion of maleic

anhydride, mineral oil, and surfactant (34).

N-Alkylpyrroles react with maleic anhydride to give the dectrophilic substitution product (7) and not the
Dids-Alder addition product found for furan and thiophene compounds (35). However, the course of this

reaction can be altered by coordination of the pyrrole compound to a metal center.
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Amidation. Reaction of maleic anhydride or itsisomeric acids with ammonia [7664-41-7] (qv), primary
amines (qv), and secondary amines produces mono- or diamides. The monoamide derivative from the
reaction of ammonia and maleic anhydride is called maleamic acid [557-24-4] (8). Another monoamide
derivative formed from the reaction of aniline [62-53-3] and maleic anhydride is maleanilic acid [555-59-9]
(9).

SNz SN
a e
HOﬁ ﬁNH ) Hocl:I CﬁNH—ceH5
(@] (@] (@]
® ©)

The reactions of primary amines and maleic anhydride yield amic acids that can be dehydrated to imides,
polyimides (qv), or isoimides depending on the reaction conditions (36- 38) . However, these products
require multistep processes. Pathways with favorable economics are difficult to achieve. Amines and
pyridines decompose maleic anhydride, often in a violent reaction. Carbon dioxide [124-38-9] is atypica

end product for this exothermic reaction (39).

Maleic hydrazide [123-33-1] (10) is one of a number of commercial agricultural chemicals derived from
maleic anhydride. Maleic hydrazide was first prepared in 1895 (40) but about 60 years elapsed before the
intermediate products were elucidated (41).

(0] @) O + NjH4H.SO,4 —= O:(_>:O

(10)

Concerted Nonpolar Reactions. Maeic anhydride exemplifies the mode dienophile for cycloaddition with
dienes such as 1,3-butadiene [106-99-0] (11) (42). Tetrahydrophthalic anhydride [85-43-8] (12) or its
derivatives are produced in this Diels-Alder reaction.
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The success of the cycloaddition reaction of maleic anhydride varies greatly depending on which
heterocyclic diene is used. The cycloaddition of maleic anhydride to furan [110-00-9] occursin afew
seconds under ambient conditions (43,44). Although the endo adduct (14) is favored kinetically, the exo
adduct (13) is isolated.
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Endo adducts are usually favored by interactions between the double bonds of the diene and the carbonyl

groups of the dienophile. As was mentioned in the section on akylation, the reaction of pyrrole compounds
and maleic anhydride results in a substitution at the 2-position of the pyrrole ring (35,45). Thiophene [110-
02-1] forms a cycloaddition adduct with maleic anhydride but only under severe pressures and around
100°C (46). Addition of electron-withdrawing substituents about the double bond of maleic anhydride
increases rates of cycloaddition. Both a-(carbomethoxy) maleic anhydride [69327-00-0] and a-
(phenylsulfonyl) maleic anhydride [120789-76-6] react with 1,3-dienes, styrenes, and vinyl ethers much
faster than tetracyanoethylene [670-54-2] (47).

Other Diels-Alder Reactions. Since maleic anhydride, its two isomeric acids, and the akyl-or aryl substituted acid derivations
readily form Diels-Alder adducts, vegetable ail lipids such as soybean oil react in Diels-Alder fashion with these maleic or fumaric
compounds to form an important class of emollients used in human skin and hair preparations (48). The preferred adduct in this class
is maeated soybean oil. It isused for both cleansing and lathering properties as well as mildness and skin conditioning. (49-52).
Generally, dienophiles such as maleic and fumaric compounds react readily in Diels-Alder type reactions, but use of solid Lewis acid
catalysts was disclosed recently (53) for reaction of maleic acid and fumaric dienophileswith dienes such as cyclopentadiene,
acrolein, furan, 4-methoxyisoxazole, and related compounds. Perfumes having a“woody odor” form from the Diels-Alder reaction
of maleic anhydride with pure isomers of trimethylvinyl cyclopentenes (54). Two further reactions of the Diels-Alder adduct
involving adduct reduction to the diol followed by dehydrating cydlization of the diol form the 11-oxa-tricyclo[7.3.0.0"°]dodecene
derivative (15). Compound (15) and four double bond isomers represent a class of woody fragrance compounds in which the
tetrahydrofuran ring adopts a trans configuration. Studies on regio-and stereochemical structural assignments of Diels-Alder adducts

with maleic anhydride continue to be reported (55).

For the past 20 years, the reaction between coa and maleic anhydride has been known (56) but identification of the reactive
functional groupsin cod has remained a mystery. Recently, convincing evidence has been presented that suggests diene groupsin
codl react by way of Diels-Alder reactions to form maleic anhydride adducts. Solid-state *C NMR data on the maleic anhdyride-
coal adduct support the Diels-Alder reaction athough elemental analysis shows higher maleic anhydride content in the adduct than



can be accounted for by solely diene groups in the coal. Nevertheless, all other possible reactions of maleic anhydride with coa
were excluded including the ene reaction, polymerizations, ester formation from maleic anhydride, radica addition, Michadl addition,
election transfer interaction (charge-transfer complex), and physical entrapment. While this study (57) appears to solve the mystery

behind the maeic anhydride-coal reaction, it challenges current coal structures and invites further work.

Metal-Induced Cycloadditions. The effect of coordination on the metal-induced cycloadditions of maleic
anhydride and the isostructural heterocycles furan, pyrrole, and thiophene has been investigated (58). Each
heterocycle is bound to an Os(l1) center in the complex [(NH3)s0s(2,3-h?-L)]?*, where L= furan, pyrrole,
and thiophene. Although neither the furan nor thiophene complexes react with maeic anhydride over a
period of 10 days, the pyrrole complex (16) reacts rapidly at room temperature and 101.3 kPato form a
mixture of endo (18) and exo (17) complexes. An azomethine ylide intermediate was postulated as the key
intermediate through which maleic anhydride added to the 2- and 5-positions of the coordinated pyrrole ring.

2+2 Cycloadditions. Cyclobutene adducts are formed from the reaction of acetylenic derivatives and maleic
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(18)
anhydride through a 2+2 cycloaddition (59). The reaction is photochemically catalyzed (see

PHOTOCHEMICAL TECHNOLOGY).

CH CoHsg

1) + CH3C=CCoHy; —>

Cyclobutane derivatives are formed after exposing a mixture of alkenes and maleic anhydride to light.

Photoadducts are formed by reaction of maleic anhydride with ethylene [74-85-1] (60) and benzene (61).
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A new two-step route to cis-cyclobut-3-ene-1,2-dicarboxylic anhydride (19) has been described that uses
[2+2] photochemical cycloaddition between (E)-1,2-dichloroethene (20) and maleic anhydride (62).

O (0] O
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Compound (21) is a mixture of these dichloro isomers (21a = 1R*, 2S5, 3R*, 4S*; 21b = 1R*, 2S¢, 3S*,
4R*; 21c = 1R*, 2S*, 3R*, 4R*) that in ethylacetate solvent are produced in 85% yield in the amounts of
18% (21a), 44% (21b), and 38% (21c). Reductive chlorine elimination of 21 with activated zinc in acetic
anhydride/toluene solution gives (19) in 80% yield.

O o)
cl,

1
LN

Zn, (CH3CO),0Oftoluene
> O

85°C, 48h

cl
(2lac) O @) O

Ene Reaction. Maleic anhydride and maleate and fumarate esters participate in thermal ene reactions (63) with
alkenes having an allylic hydrogen. An ene reaction is the thermal reaction of an alkene having an allylic
hydrogen (an ene) with a compound containing a double or triple bond to form a new bond with migration
of the ene double bond and 1,5-hydrogen shift. Alkenylsuccinic anhydrides are produced. **C-nmr
spectroscopy has been used to determine regioselectivity, selectivity for endo and exo, and selectivity for cis
and trans in the reaction (200°C, 16 h) of maeic anhydride with the nine linear decene isomers (64). The
results show a dight preference for maleic anhydride addition to the least hindered end of the decene
isomer. Similar reaction conditions were used to form ene adducts with mono- and disubstituted
oligoisobutylenes (65,66).

Decomposition and Decarboxylation. Maleic anhydride undergoes anaerobic therma decomposition in the
gas phase in a homogeneous unimolecular reaction to give carbon monoxide, carbon dioxide, and acetylene
[74-86-2] in equimolar amounts. The endothermic (DH=+142kJmol (33.9kca/mol)) decomposition was
studied in a quartz tube with and without quartz packing in the temperature range of about 370 to 490°C
(67). The same linear Arrhenius plot was obtained for packed and unpacked reaction vessels. The same

decomposition products were found during photolysis between 220 and 350 nm (67). Catalysts alter the



decomposition profile for maleic anhydride. The decomposition of maleic acid in an agueous solution over a
bed of Y zeolite, which contains copper and sodium at around 200°C, occurs with 95% conversion. The

sdlectivity of the zeolite catalyst to acrylic acid [79-10-7] is 91%.

Maleic anhydride is decomposed in the liquid phase by various nitrogen bases. Treatment of maleic
anhydride in refluxing acetic acid with 2-aminopyridine [504-29-0] gives, after work-up in 4 N H,SO , at
100°C, the decarboxylative dimerization product, 2,3-dimethylmaleic anhydride [766-39-2] (75% yield),
and CO, (68). Homopolymers of maleic anhydride form in the liquid phase upon addition of pyridine [110-
86-1] (69,70). At amaleic anhydride/pyridine ratio of 1.64 in acetone solution at 25°C, reproducible
oligomers having molecular weights of 400 to 700 are formed (70). Exothermic decomposition of maleic

anhydride can occur with amines and alkali (39,69). Explosions can result from this reaction (39).

Electrophilic Addition. Electrophilic reagents attack the electron-deficient bond of maleic anhydride (26).
Typical addition reagents include halogens, hydrohalic acids, and water.

Esterification. Both mono - and dialkyl maleates and fumarates are obtained on treatment of maleic
anhydride or its isomeric acids with alcohols or alkoxides (26). An extensive review is available (71). Alkyl

fumarates (22) often are made from isomerization of the corresponding maleate (23) (72).
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Glycols and epoxides react with maleic anhydride to give linear unsaturated polyesters (73,74). Ethylene
glycol and maleic anhydride combine to form the following repeating unit. This reaction is the first step in
industrially important polyester resin production (see POLY ESTERS, UNSATURATED).

+{-CH,CH,0 |(|ZCH=CH ﬁo')_n
o} o}
Free-Radical Reactions. Free-radical reactions of maleic anhydride are important in polymerizations and
monomer synthesis. Nucleophilic radicals such as the one from cyclohexane [110-82-7] serve as hydrogen
donors that add to maleic anhydride at the double bond to form cyclohexylsuccinic anhydride [5962-96-9]

(24) (75).
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Free-radical reaction rates of maleic anhydride and its derivatives depend on polar and steric factors.
Substituents added to maleic anhydride that decrease planarity of the transition state decrease the reaction

rate. The reactivity decreases in the order maleic anhydride > fumarate ester > mal eate ester.

Grignard-Type Reactions. Grignard reagents provide nucleophilic addition to the maleyl carbonyl groups but
yields are often poor (26). Phenyl addition to dimethyl maleate has been demonstrated with a palladium-
based catalyst system (75). A solution of dimethyl maleate, iodobenzene [591-50-4], triethylamine [121-44-
8], and palladium diacetate [19807-27-3] (1 mol %) in acetonitrile [ 75-05-8] after reflux for 5 h gives 39%
(2)-dimethyl phenylmaleate [29576-99-6] and 54% (E)-dimethyl phenylmaleate [29394-47-6] without loss

of unsaturation.

Halogenation. Halogens add directly to the double bond of maleic anhydride to give dihalosuccinic acids.
However, different procedures are used for dihalomaleic anhydride derivatives. Fluorinated C, substrates
offer access to difluoromaleic anhydride [669-78-3] (76,77). Hexafluoro-2,5-dihydrofuran [24849-02-3] is
distilled into sulfur trioxide [7446-11-9] at 25°C. Addition of trimethyl borate [121-43-7] initiates a reaction
which upon heating and distillation leads to a 53% yield of difluoromaleic anhydride. The molecular
structure of difluoromaleic anhydride has been determined by both gas-phase electron diffraction and
microwave spectroscopy (78). Structural and theoretical data within the dihalomaleic anhydride series (
X=X,F,Cl, or Br) indicate an interplay between steric and electronic effects such that neither effect accounts
for the observed bond distances and angles (78). Dichloromaleic anhydride [1122-17-4] can be prepared
with 92% selectivity by oxidation of hexachloro-1,3-butadiene [87-68-3] with SO; in the presence of iodine-
containing molecules (79). Passing vaporized hexachlorobutadiene over a vanadium- phosphorus oxide
catalyst also gives dichloromaeic anhydride (80). A benzene solution of tetrabromofuran [32460-09-6] can
be photooxidized to dibromomaleic anhydride [1122-12-9] in 85% yield with uv light (81). Radical chain

mechanisms are suggested.

Hydration and Dehydration. Maleic anhydride is hydrolyzed to maleic acid with water at room temperature
(82). A process has been reported for continuous hydration of maleic anhydride at a constant temperature

near 65°C in a continuous stirred tank reactor (83). By limiting the agueous maleic anhydride acid
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concentration to 40% and the temperature to below 85°C, fumaric acid will not form in higher than 0.1% be
weight of the reaction mixture. Catalysts enhance formation of fumaric acid from maleic anhydride

hydrolysis through maleic acid isomerization.

Hydration of fumaric acid proceeds at high temperatures and pressures to give DL-malic acid [6915-15-7],
HOOCCH,CHOHCOOH (26).

Maleic acid can be thermally dehydrated to maleic anhydride (84), dehydrated from aqueous solution (85-
87), or dehydrated through azeotropic distillation. Solvents such as xylenes (88) or dibutyl phthalate [84-74-

2] (89) are preferred but conditions must be carefully adjusted to avoid isomerization to fumaric acid.

Hydroformylation. Esters of maleate and fumarate are treated with carbon monoxide and hydrogen in the
presence of appropriate catalysts to give formyl derivatives. Dimethyl fumarate [624-49-7] is
hydroformylated in 1:1 CO/H, at 100°C and 11.6 MPa pressure with a cobalt [7440-48-4] catalyst to give
an 83% yield of dimethyl formylsuccinate [58026-12-3] product (90).

Isomerization. Production of maleic anhydride readily gives maleic acid by controlled hydrolysis. To avoid
isomerization of maleic acid to fumaric acid, maleic acid processing must avoid conditions favorable for
fumaric acid formation. Maleic acid isisomerized to fumaric acid by both thermal treatment and a variety
of catalytic species. A historical account of geometric isomerism of maleic and fumaric acidsis given by
Ihde (91). Isomerization of maleic acid occurs above the 130 to 140°C melting point range but below a
temperature of about 230°C, at which point fumaric acid is dehydrated to maleic anhydride. Derivatives of
maleic acid such as acid esters can also be isomerized. Kinetic data are available for the isomerization of the
cisto trans diacids in the absence of a catalyst (92,93), in the presence of thiourea catalyst (94, 95), and in
the presence of both thiourea catalyst and ultrasound (95). The data suggest that neither carbonium ion nor
succinate intermediates are involved in the isomerization. Rather, conjugate addition to the double bond
imparts sufficient single bond character to afford rotation about the central C-C bond of the diacid (96).
Highly polar solvents such as dimethylformamide (DMF) or dimethylsulfoxide (DM SO) facilitate cis to trans
isomerization in the presence of 4,4 -bipyridine (97). No isomerization of maleic acid occursin DMF or
DM SO in the absence of 4,4’ -bypyridine.

Ligation to Metal Atoms. Maleic anhydride and its diacid isomers coordinate to metal atoms through either the

double bond or the carboxylate oxygen atoms when the diacid is deprotonated. Generaly, low vaent (soft)

metals prefer coordination to the double bond, while high valent (hard) metals coordinate through the
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carboxylate oxygen atoms of the deprotonated diacids (98). Examples of double-bond coordination in
maleic anhydride, maeic acid, and fumaric acid include molybdenum bis(maleic anhydride) carbonyl
complex, Mo(CO),(2,3-h?-C,H,03),(CH sCN), (99), the endo- and exo- (R,R) palladium(L)(2,3-h?-
C4H,03) complexes of maleic anhydride where L is 1-diphenylphosphino-2,1'-(1-
dimethylaminopropanediyl)ferrorene (100); the singly deprotonated maleic acid complex of Cu(l), Cu(2,3-
h2-C,H,04)*H,0 (101); cis-tetracarbonyl (2-3-h*maleic acid) iron complex, Fe(2,3-h3-C,H,04)(CO)4
(102), and trans-tetracarbony! (2-3-h*fumaric acid) iron complex, Fe(2,3-h%-C,H ,0,)(CO), (102). These
structures were determined by single-crystal x-ray diffraction data. In the case of the Mo(0) complex, the
trans coordinated maleic anhydride molecules are amost mutually orthogona (85.2°) to one another. 2,3-h
2_Maleic anhydride coordinated to Mo(0) has a central C- C bond length of 0.1420 nm (99) compared to a
C- C double bond length of 0.1303 nm for maleic anhydride (10-12). This increase in the central C- C bond
length suggests significant p-backbonding interaction (98). The 2,3-h*maleic acid in the Cu (1) hydrogen
maleate complex (101) shows the same trend with a central C-C bond length of 0.1405 (10) nm. Singly
deprotonated maleic acid coordinates through symmetrical carboxylate oxygensto Zn(I1) in the structure
zinc maleic acid complex, Zn(O ,CCH=CHCO,H) ,»H,0(103); through both symmetrical carboxylate
oxygen atoms and the C = C bond to Cu (1) in Cu (h*—C,H,0,)*H,0 (101); through bridging carboxylate
oxygen atoms (O-C-0) in the Ag (I) complex, Ag (O,CCH=CO,H) (104); and through only one carboxylate
oxygen atom in the Sb (V) complex (HsCg)2Sb—(O C (O)CH=CHCO,H) (105). Hydrogen bonding in
crystals of maleic and fumaric acid is remarkably similar in the organometallic complexes of (2,3-h?-
C4H404)Fe(CO),4 (106), where C4H40, is either maeic or fumaric acid (102). The maleate dianion
coordinates to a single metal center in the Be(ll) complex, K,[Be (C4H404),]*H,0 (107). In contrast, the
coordinatively saturated Sb(CgHs)," species affords maleate bonding through only a single carboxylate
oxygen atom resulting in a bridging maleate dianion between two Sb(V) centers in the compound

bi s(tetraphenylantimonium) maleate (105).

Nucleophilic Addition. Nucleophilic reagents attack the b-carbon position in the conjugated maleic and
fumaric frameworks. Basic reaction conditions favor these condensations for the addition of glycolate (25)
to maleate [142-44-9] (26):

H 20 €02
"O,CCH,0H  + c la® pHs6  O2CCHLOCH
” agueous, 90°C |
(25) N CH,
H®  Co, co;

(26)
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This Michael-type addition is catalyzed by lanthanum (3+) [16096-89-2] (108). Ethylene glycol [107-21-1]
reacts with maleate under similar conditions (109). A wide range of nucleophilic reagents add to the maleate
and fumarate frameworks including a cohols, ammonia, amines, sulfinic acids, thioureas, Grignard reagents,
Michael reagents, and alkali cyanides (26).

Thiols and phosphines add to maleic anhydride to give a-thiosuccinic anhydrides (110) and
phosphoranylidene- maleic anhydride adducts (111). Triethyl phosphite [122-52-1] reacts with maleic
anhydride to give the ylide structure (27) (112). Hydrolysis of this adduct (27) leads to succinic acid [110-
15-6], maleic acid, triethyl phosphate [78-40-0], and diethyl phosphite [762-04-9].

I
CH— S

|
(CH3CH0)3P—Cx
I

o
(27

Oxidation. Maleic and fumaric acids are oxidized in aqueous solution by ozone [10028-15-6] (qv) (113).
Products of the reaction include glyoxylic acid [298-12-4], oxalic acid [144-62-7] , and formic acid [64-18-
6] . Cataytic oxidation of agueous maleic acid occurs with hydrogen peroxide [7722-84-1] in the presence
of sodium tungstate(VV1) [13472-45-2] (114) and sodium molybdate(V1) [7631-95-0] (115). Both catalyst
systems avoid formation of tartaric acid [133-37-9] and produce cis-epoxysuccinic acid [16533-72-5] at pH
values above 5. The reaction of maleic anhydride and hydrogen peroxide in an inert solvent (methylene
chloride [75-09-2]) gives permaleic acid [4565-24-6], HOOC- CH=CH- CO;H (116) which is useful in
Baeyer-Villiger reactions. Both maleate and fumarate [142-42-7] are hydroxylated to tartaric acid using an
osmium tetroxide [20816-12-0] /iodate [15454-31-6] catalyst system (117).

Polymerization. Maleic anhydride which contains a double bond and an anhydride group is used in both
addition and condensation polymerization schemes. Research since the early 1960s has shown that
homopolymerization occurs using gand uv radiation, free-radical initiators, pyridine bases, and
electrochemical initiation. Although the polymerization mechanism is unknown, poly(maleic acid) has been
shown recently using **C nmr spectroscopy (118) to arise from poly(maleic anhydride) in which racemic
(maleic anhydride groups oriented in a cis-configuration across the backbone carbon chains) propagation is
preferred by about afactor of two over mesomeric propagation. Melt functionalization of polypropylene
has shown homopolymerization of maleic anhydride occurs up to 190°C, about 30°C higher than thought
possible (119).
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Copolymers of maleic anhydride and its isomeric acids (or ester derivatives) are formed with awide variety
of monomers. Suitable monomers for copolymerization with maleic anhydride include styrene [100-42-5]
(120-125); vinyl chloride [75-01-4]; vinyl esters; and related vinyl compounds (126,127); acrylonitrile [107-
13-1]; acrylic acid [79-10-7]; acrylic and methacrylic esters; acrylamide [79-06-1]; acrolein [107-02-8];
vinylsulfonic acid [1184-84-5]; alyl acetate [591-87-7] and related allyl compounds (128); and alkenes
(129-131) such as ethylene, vinyl ketones, 3,4-epoxy-1-butene [930-22-3] (132), and carbon monoxide. A
growing number of nitrogen-containing monomers copolymerize with maleic anhydride including 2,6-
diisopropyl-N-methylenaniline (133); N-(2-hydroxyethyl) ethyleneimine (134); various maleimide derivatives
(135,136); and maleic acid or its cyclic imide repeat units (137,138). Step-growth polymerization of maeic
anhydride with 1,2-propylene glycol has been studied (139) and formation of the resulting polyester is
complex. Copolymers may be assembled in random or aternating additions by grafting maleic anhydride
onto existing polymers or by condensations. Maleic anhydride grafting onto polyethylene (140-142) and
polypropylene (143-149) has been extensively studied. Grafting of maleic anhydride onto other polymers
(142) including poly-(organophosphazenes) (150) has also been investigated. Polymer mixtures of maleated
polypropylene, ethylene-propylene rubber, and a polyetheramine (151) or related mixtures (152) have
yielded thermoplastic polyolefins (TPD’s) that are directly paintable. An enormous amount of literature on

these polymers exists and representative references are given here, e.g., see General References.

Aqueous ring-opening metathesis polymerization (ROMP) was first described in 1989 (153) and it has been
applied to maleic anhydride (154). Furan [110-00-9] reactsin a Diels-Alder reaction with maleic anhydride
to give exo-7-oxabicyclo[2.2.1] hept-5-ene-2,3- dicarboxylate anhydride [6118-51-0] (28). The condensed
product is treated with a soluble ruthenium(l11) [7440-18-8] catalyst in water to give upon acidification the
polymer (29). Several applications for this new copolymer have been suggested (154).

o) o)
o . F=cH CH:]:X
queous
== ROMP
o + | — 0
S / O—C Cc=—0
N/
o % HO OH

(28) (29)
Unsaturated polyester resins prepared by condensation polymerization congtitute the largest industrial use

for maleic anhydride. Typically, maleic anhydride is esterified with ethylene glycol [107-21-1] and a vinyl
monomer or styrene is added along with an initiator such as a peroxide to produce a three-dimensional

macromolecule with rigidity, insolubility, and mechanica strength.
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Reduction. Heterogeneous catalytic reduction processes provide effective routes for the production of maleic
anhydride derivatives such as succinic anhydride [108-30-5] (30), succinates, g-butyrolactone [96-48-0]
(31), tetrahydrofuran [109-99-9] (32), and 1,4-butanediol [110-63-4] (33). The technology for production
of 1,4-butanediol from maleic anhydride has been reviewed (155-159).

CH>—CH
O H, H, H, Vel -H,0
[/\ 0 Cx CH,OH CH,oH — [ )
o O "o O "o (6]
(30) (31) (33) 32)

Several companies have developed hydrogenation technology for conversion of maleic anhydride, maleic
acid, or diakyl maleates to 1,4-butanedial or its hydrogenatable precursors g-butyrolactone and
tetrahydrofuran (160-169). These processes use maleic anhydride (166) or dialkyl maleate (160-162) in the
vapor phase over heterogeneous copper catalysts in fixed-bed reactors, aqueous maleic acid over
multimetallic (Pd, Ag, Re) extrudates in trickle bed reactors (163-165), or aqueous maleic acid with durries
of bimetallic (Ru, Re) carbon catalysts in durry reactors (169). Routes to partially reduced products from
maleic anhydride have been reported for succinic anhydride using a samarium (I1) iodide complex with
hexamethyl phosphoric triamide (170) or homogeneous rhodium-phasphine catalyst (171) and succinic acid
using an electrochemical route (172). g-Butyrolactone is obtained directly over heterogeneous copper-

containing catalysts (173) by hydrogenation of maleic anhydride in the gas phase.

Sulfonation. Maleic anhydride is sulfonated to a-sulfomaleic anhydride [40336-85-4] (34) with sulfur
trioxide [7446-11-9](174,175). Uses for this monomer have not been published.

SOzH
VYO [<4\
o © Do o © o

(34)
M anufacture

Process Technology Evolution. Maleic anhydride was first commercially produced in the early 1930s by the
vapor-phase oxidation of benzene [71-43-2]. The use of benzene as a feedstock for the production of
maleic anhydride was dominant in the world market well into the 1980s. Several processes have been used
for the production of maleic anhydride from benzene with the most common one from Scientific Design.
Small amounts of maleic acid are produced as a by-product in production of phthalic anhydride [85-44-9].

This can be converted to either maleic anhydride or fumaric acid. Benzene, although easily oxidized to
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maleic anhydride with high selectivity, is an inherently inefficient feedstock since two excess carbon atoms
are present in the raw material. Various C, compounds have been evaluated as raw materia substitutes for
benzene in the production of maeic anhydride. Fixed- and fluid-bed processes for production of maleic

anhydride from the butenes present in mixed C, streams have been practiced commercialy. None of these

processes is currently i