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GENERAL SUMMARY

Anhydride derivatives of trimellitic anhydride, which possesses both a free
carboxyl group and a cyclic anhydride group, were prepared. Substitution of the
carboxyl group with a more reactive reagent could lead to specific esterification
intermediates which would be of interest for the preparation of the 4-carboalkoxy

phthalic anhydride series, simple and mixed diesters, and cross-linked esters.

The unsymmetrical anhydride with trifluorcacetic acid, a dilanhydride, was
prepared and characterized. This highly reactive compound readily disproportion-
ates into its component simple anhydrides. Esterification reactions of various
alcohols were conducted with the solid unsymmetrical anhydride, and with solu-
tions of this énhydride in nonpolar solvents, acetone, and trifluorocacetic acid,
The reactions in acetone were strongly influenced by the position of the equi-
librium of the disproportionation reaction. The other reactions all appeared to
follow the SN2 mechanism, rather than the jonization mechanism, resulting in the
formation of trifluoroacetate esters and trimellitic anhydride. Reaction of the
unsymmetrical anhydride with an excess of alcohol led to the opening pf the

cyclic anhydride ring, resulting in monotrimellitate esters.

The unsymmetrical anhydride with acetic acid, a dianhydride, was alsc pre-
pared and characterized. The methyl ester anhydride was not isolated when this

unsymmetrical anhydride reacted with methanol,

The monocarboxylic acid chloride of trimellitic anhydride was prepared by
reaction with thionyl chloride, purified, and characterized. -The reaction of the
acyl chloride group with methanol was shown to be fairly specific and led to the

isolation of lL-carbomethoxy phthalic anhydride.

The simple anhydride of trimellitic anhydride, which is actually a trianhy-

dride with two cyclic and one linear anhydride groups, was obtained from several
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different reactions, purified, and characterized. The reaction of this trianhy-
dride with methanol led to the predicted isolation of L4-carbomethoxy phthalic
anhydride and trimellitic anhydride, but the reaction is not as specific as in

the case of the reaction of the acid chloride.

Both the acid chloride of trimellitic anhydride and its anhydride would be
of interest in further study of the esterification intermediates. The acid

chloride seems to be the most promising agent for specific esterification.
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INTRODUCTION
TRIMELLITIC ANHYDRIDE

Trimellitic-anhydride (the 1,2-anhydride of 1,2,4-tricarboxy benzene), here-
after referred to as TMA, contains both an aromatic acid group and a cyclic anhy-

dride group. TMA should be interesting as an intermediate in the preparation of

0
/
7

"o
/

Trimellitic Anhydride

other compounds, such as polyesters and mixed esters, but its derivatives have
not been investigated very thoroughly. Derivatives of TMA which have been pre-

pared are described below.

Since the three carboxyl groups are not symmetrical, it is easily seen that
there are three possible monoesters, one eéter anhydride, three diesters, and one
triester for the case of esterification with a given monohydroxy alcohol. All of
the possible methyl esters have been pfépared by various methods. A thorough
study of the methylation of trimellitic acid was conducted by Wegscheider, et al.
(1). The 1- and 2-methyl esters were prepared by boiling the acid with methanol,
by heating the acid with methanol and a mineral acid, by partially hydrolyzing the
trimethyl and the 1,2-dimethyl esters, and by treating methyl iodide with the
appropriate silver salts. The 4-methyl ester was prepared by heating either the

acid or the anhydride with methanol and by hydrolyzing the trimethyl ester.
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The ester anhydride, U4-carbomethoxy phthalic anhydride, was prepared (l) by
distilling under reduced pressure the sirups obtained in the course of the differ-
ent esterification reactions. Duff, et al. (g) obtained the anhydride methyl ester

by treating TMA with ethereal diazomethane.

Wegscheider, gz—g;. (;) obtained 1,2-dimethyl trimellitate by partial hydroly-
sis of the triester, by reaction of the disilver salt with methyl iodide; and by
esterification of a monoester in the presence of hydrochloric acid. This diester,
along with all of the monocesters, is crystalline. The remaining diesters and the

triester are sirups.

The 1,4- and 2,L4-diesters have been prepared by reaction of methanol with
either the acid or the anhydride. Trimethyl trimellitate has been obtained by
reacting methanol with the acid or anhydride in the presence of sulfuric acid
(1, 3) and by reaction of methyl iodide with the trisilver salt (1). The triester

has also been isolated after reaction of the acid with ethereal diazomethane (4-6),

Additional esters of TMA and monohydroxy alcochols have been but briefly in-
vestigated. Triethyl trimellitate has been mentioned (Z, §). Other esters which
have been obtained in yields up to 89% by reacting TMA with the alcohol in the'
presence of a sulfuric acid catalyst, are the tri-n-butyl, tri-n-hexyl, trioctyl,

triisoctyl, and triisodecyl (9).

.During the course of a second year study (;9), a limited investigation was
made of various catalysts and their utilization in the formation of trimellitic
esters of cellulose. A reactlon of TMA and cellulose carried out in trifluoro-
acetic anhydride led to an ester_of totallcarboxyl content 17.6% and free carboﬁyl
content 12.6%. An infrared spectrum of the product suggested the possibility thét

the ester contained unreacted anhydride groups, which would indicate that the free
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carboxyl group of TMA had been esterified with cellulose. Malm (11) has mentioned
a mixed cellulose acetate trimellitate ester. Condensation polymers of TMA and
glycols, epoxide resins, and alkyd resins formed by reaction with soybean oil,

tall o0il, and linseed oil have also been mentioned (8).

Bis (trimellitic anhydride) anhydride, which is the simple anhydride of TMA,

has been prepared by refluxing a solution of TMA and acetic anhydride, followed by

0 0
\N =
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Bis (Trimellitic Anhydride) Anhydride

distillation to remove the acetic acid formed and excess acetic anhydride (12).
This trianhydride could be an important esterification intermediate as it can Dbe
reacted with alcohols with the accompanying formation of less water than that

obtained when TMA is esterified.
UNSYMMETRICAL ANHYDRIDES

Anhydrides are compounds which contain the elements of two carboxyl groups
less a mole of water, as in: RCOOCOR'. If R and R' are the same, the compound
is a simple anhydride. If R and R' are different, the anhydride is termed a
mixed or unsymmetrical anhydride. Unsymmetrical anhydrides have been prepared
by a variety of procedures. They are very reactive and disproportionate readily
into simple anhydrides. The reactions of various unsymmetrical anhydrides with

alcohols and basic compounds have been studied to a certain extent.
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PREPARATION OF UNSYMMETRICAL ANHYDRIDES

Unsymmetrical anhydrides have been known for over a century. Gerhardt (Lé)
and Chiozza (l&) were the earliest investigators. They prepared several unsym-
metrical anhydrides by reacting the chloride of one acid with the alkali salt of

a second acid:

R,COCL  + R, CO0K —— RCOOCOR, + KCl (1)

The silver salt of an acid was also used in an early reaction with an acid chloride
(15). The triethylamine salt has been employed similarly (16). Ferris and Emmons
Prepared several unsymmetrical anhydrides, including benzoyl trifluoroacetate, by

the reaction of silver trifluoroacetate with the appropriate acid chloride (17).

A second widely used method of preparation of unsymmetrical anhydrides is the

reaction of an anhydride with another acid, resulting in the equilibrium:

A
R,COOH  + (R2CO)20 = R,CO0COR, + R,COOH (2)

Autenrieth (18) and Askenasy and Meyer (19) employed this reaction to prepare
various mixed acetic anhydrides. Bourne, 93.2},(29) prepared various unsymmetri-
cal anhydrides, including benzoyl trifluorocacetate, by the reaction of trifluoro-
acetié anhydride with another acid. Refluxing an acid with acetic anhydride might
also result in the ﬁreparation of the simple anhydride of the other acid. Examples
are the preparation of the anhydrides of isophthalic and terephthalic acids (g;)

and various aromatic polyanhydrides (22). The formation of a cyclic anhydride from
a dicarboxylic acid by reaction with acetic anhydride probably also proceeds through

the unsymmetrical anhydride with acetic anhydride (23):




CH,COOH CH,COOH ,
+ (C%CO)EO = | +  CHyCOOH
CH,COOH CH,C0-O0COCH,
+

CH,COOH CH,-CO CH,CQ

2 2 L N
l — ><A)—3--H----oco<:1r15 | >o +CH5000H (3)
CH,CO-OCOCH,  CH,-CO CH,CO

Unsymmetrical anhydrides have also been prepared by heating fatty acid chlor-
ides with excess acetic anhydride (g&) and by treating an acid chloride with an
acid in the presence of pyridine (25). Triethylamine and N-ethylpiperidine have

been substituted for pyridine in the latter case (26).

,

Ketene has been widely employed in the preparation of unsymmetrical acetic

anhydrides:
RCOOH  + CH2=c=o————\ RCO-0-COCHy (4)

Early investigations were conducted by Hurd, et al. (27). More recently (28),
thirty aliphatic and aromatic acids were acetylated with ketene in ether resulting
in unsymmetrical anhydrides. Similar reactions resulting in unsymmetrical anhy- .
drides were carried out with carbon suboxide by-Diels and Lalin (29) and with di-

phenylketene by Staudinger (30).

Several other procedures have been suggested but have received only minor
attention in the literature. Oxalyl chlofide has been employed to pfeparelun-
symmetrical anhydrides of some nitrobenzoic acids (31). Cattelain (32) prepared
B-benzoylacrylic acid mixed anhydrides from y-phenylallylacetic acid via an inter-
mediate B-iodo-y-lactone. Mixed anhydrides of monobasic carboxylic acids have
also been prepared by heating alkaline salts of acyl sulfuric aclds in the presence

of an alkali salt of a carboxylic acid and the free acid (33).
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Carboxyiic acid chlorides have also been considered as unsymmetrical anhydrides.
The diacid chlorides of terephthalic and isophthalic acids héve been prepared by
reaction with either thionyl chloride or phosphorus pentachloride (34). Refluxing
phthalic acid with thionyl chloride results in the closing of the ring and fofmation
of phthalic anhydride (22). The dichloride of phthalic acid has been prepared,
however, by reacting phthalic anhydride with phosphorus pentachloride (36) or by
treating phthalic thioanhydride with dry chlorine (21). There was no reaction when
trimesic acid (benzene-1,3,5-tricarboxylic acid) was heated with thionyl chloride,
but phosphorus pentachloride led to trimesoyl trichloride (38). When methyl acid
phthalate was refluxed for one hour in thionyl chloride, the monochloride was

obtained:

COOCH3 OOCH5

+ socl, — (5)
OCH —0C1

However, with longer reflux, the cyclic ring closed leading to phthalic anhydride

(39)-
DISPROPORTIONATION OF UNSYMMETRICAL ANHYDRIDES

The instability of unsymmetrical anhydrides was recognized quite early.
Autenrieth (18p) observed that his mixed acetic anhydrides partially decomposed on
distillation to acetic anhydfide and the other acid anhydride. Because of the in-
stability of unsymmetrical anhydrides, their existence was doubted at first by
many. (Elemental analysis of an unsymmetrical anhydride yields the same result
as an analysis of an equimolar mixture of the two simple anhydrides.) The insta-
bility is due to disproportioﬁation; an equilibrium exists between the unsymmetri-

cal and the simple anhydrides:



P A—
2 R,COOCOR, &——; (Rlco)eo + (Reco)go (6)

Doubt of the existence of unsymmetrical anhydrides disappeared with the isolation
of some higher unsymmetrical anhydrides which are solids at ordinary temperatures
(&9). It was also shown that some liquid unsymmetrical anhydrides could be puri-
fied. Autenrieth and Thomae (lﬁg) distilled acetic isovaleric anhydride without

decomposition.

The tendency of an unsymmetrical anhydride to disproportionate intoc the two-
component simple anhydrides often makes isolation impossible or at least difficult.
This behavior greatly complicates the purification and determination of physical
constants and frequently requires immediate use after preparation. When the sizes
of the two alkyl or aryl groups are decidedly different, unsymmetrical anhydrides
tend to disproportionate even on standing at room temperature (g@). Zeavin and
Fisher (&l) prepared some aromatic unsymmetrical anhydrides by reacting a cold
ethereal solution of an acid chloride with an ethereal solution of another acid
and pyridine. They observed that the yield was decreased considerably by "hydroly-
sis" during the course of the preparation in ether, and to inhibit hydrolysis
benzene was later substituted for ether. Zeavin and Fisher noticed that some of
the unsymmetrical anhydrides were unstable when heated to their melting points or
when concentrated benzene solutions were heated. Hydrolysis would occur due to
water in the solvent, but part of the decomposition was probably due to dispropor-
tionation. Ralston and Reck (&g) prepared several isomeric unsymmetrical anhy-
drides of saturated aliphatic monocarboxylic acids (acetic—palmitic, butyric-
myristic, caproic-lauric, and caprylic-capric). .These unsymmetrical anhydrides
are soluble in both polar and nonpolar organic solvents. However, in polar solvents,
such as acetone and acetonitrile, solution was attended by disproportionation. This

tendency was especially marked where the difference in chain length was appreciable,
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such as with acetic palmitic anhydride. Ralston and Reck concluded therefofe that
such anhydrides cannot be satisfactorily crystallized from polar organic solvents.
They found that nonpolar solvents were suitable for recrystallization if prolonged
heating was not necessary. In the case of liquid unsymmetrical anhydrides, flash
distillation is the usual method of purification. By this procedure several of

the acyl trifluorcacetates, including benzoyl trifluorocacetate, have been isolated

(17, ¥).

The mechanism of the formation of bis (trimellitic anhydride) anhydride from
TMA and acetic anhydride (;g) is now clear. The initial reaction must have con-

sisted of the formation of the unsymmetrical anhydride of TMA and acetic anhydride:

0 0
\ .
\/c COOH \/c- 4:000001{3
. U ¥
: o\ + (CHBCO)EO = o\ +CH;COOH (7)
Cc- c
0” o7

Distilling off the acetic acid and excess acetic anhydride followed by additional
heating led to disproportionation and formation of the trianhydride (the simple

anhydride of T™A) and acetic anhydride:

0 0 00
AN \ M 0
e CO0COCH, \/c coc c</
20 0 0 + (CHL.CO
\C = \ / ( H3 )20
o7 0490 ‘o

(8)
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HYDROLYSIS OF UNSYMMETRICAL ANHYDRIDES

Most unsymmetrical anhydrides are extremely reactive compounds. Another
factor besides disproportionation which makes their preparation and purification
difficult is hydrolysis. The presence of moisture in solvents or as water vapor
can lead to the formation of the component acids. Berliner -and Altschul (E&)
studied the hydrolysis of substituted benzoic anhydrides. The action of fhe water
molecule on the carbonyl carbon, as shown in .Reaction (9), followed by the forma-
tion of a new covalent bond is affected by the presence of substituents. The
reaction, which follows the Hammett equation, is favored by electron-withdrawing
groups and is impeded by electron-donating groups, and therefore involves a

nucleophilic attack as the rate-determining step (44). Unsymmetrical anhydrides

are
5 R H 541
HO---(---OCR
H-OH i b ]
HO + G-OfR — R H _ HO .
H g Ho-g_QgR g ¥ HOCR (9)

rapidly hydrolyzed by water, and the rate increases with greater differenees in
chain length of the component acids (Eg). The hydrolysis of acetic formic anhy-
dride proceeds one hundred times faster than the hydrolysis of acetic anhydride
(45). A study of the hydrolysis of acetic propionic anhydride (L40) helped verify
the actual existence of unsymmetrical anhydrides. The anhydride was shown to be
homogeneous as the hydrolysis study indicated the reaction was of the first order.
If the substance investigated were a mixture of the two simple anhydrides, the’
first order rate coefficients would have decreased with time due to the different

rates of hydrolysis of the two simple anhydrides.
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REACTIONS OF UNSYMMETRICAL ANHYDRIDES

When an unsymmetrical anhydride is reacted with an alcohol, esters of either

acid may be produced:

——)

R] COOCOR2 + RBOH ‘ RlCOOR3 + RQCOOH . (10)
——

RJCOOCOR2 + RBOH RlCOOH + RQCOOR3 (11)

There is the third possibility that esters of both aclds may be formed leading to
a complex mixture of two acids and two esters. Therefore, the reaction would
normally be of little value unless specific for the formation of one ester. One
exception of note occurred when various unsymmetrical anhydrides were reacted with
cellulose leading to mixed esters of cellulose (&é). Several investigations have
been carried out on the esterification products of unsymmetrical anhydrides. Some
of the studies of products obtained are mentioned below, along with a discussion

on the reaction mechanisms of unsymmetrical anhydrides.

Previous Investigations on the Esterification of Unsymmetrical Anhydrides

The early investigations by Autenrieth were concerned with unsymmetrical anhy-
drides which gave mixtures of esters. When acetic benzoic anhydride was reacted
with an alcohol, both benzoate and acetate were obtained (l§g). A similar study
by Rollett and Scholz (L47) indicated that the yield of ethyl benzoate at 70°C. was
50%; the yield increased at higher temperatures. This study contrasts with recent
results whereby acetic benzoic anhydride in boiling ethanol led to the recovery of

90% ethyl acetate (48).

Autenrieth also studied the esterification of acetic isovaleric anhydride
(18b). The major product after refluxing with phenol was phenyl acetate. Reflux-

ing with ethanol led to a mixture of ethyl esters. Staudinger (29) reacted
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diphenylacetic benzoic anhydride with an alcohol and obtained mainly the diphenyl-
acetate ester. The reaction of acetic propionic anhydride led to a 2:1 ratio of

acetate ester to propionate ester (49).

Where the two acids differ greatly in acid strength, the ester of the stronger
‘acid is often obtained. This was indicated by the reaction of acetic chloroacetic
anhydride with ethanol, where ethyl chloroacetate in yields up to.98.5% was obtained
(50-51). This would also agree with the results of Kahn (52) who obtained the p-
nitrobenzoate when alcohol (presumably ethanol) was reacted with benzoic p-nitro-
benzoic anhydride. With acids of similar strength, such as benzoié p-isopropyl-
benzoic'anhydride, Kahn obtained a mixture of esters. Although it has been stated
that the strengths of the component acids determine the products formed, this rule
does not always hold true. It has been noted that some unsymmetrical anhydrides
react with an alcohol or amine to yield the ester or amide derived from the weaker
acid as the major product. When Kahn (Eg) reacted benzoic mesitoic anhydride with
ethanol he obtained ethyl mesitoate almost exclusively, i.e., the ester of the
weaker and sterically hindered acid. This was also noted in the ammonolysis of
benzoic acetic anhydride (26, gzg) and of acetic trichloroacetic anhydride (53)
where the acetyl derivative greatly predominated. Emery and Gold (54%) also demoﬁ—
strated that the competition of the acylation products is greatly influenced by
the nature of the solvent employed. The reaction of acetic chlorocacetic anhydride
and aniline carried out in benzene led to the formation of 86% chloroacetanilide.
With more polar solvents, however, acetylation was the primary reaction. In 50%

acetone-water, 72% acetanilide was obtained.

The Mechanism of Acylation by Unsymmetrical Anhydrides

In some reaction systems, the products obtained may be greatly dependent on

the position of the equilibrium of the disproportionation reaction illustrated in
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Reaction (6). Assuming that the unsymmetrical anhydride predominates, the un-
catalyzed reaction could be explained by two different reaction mechanisms (_éf_é)'

The first category of reactions would be that type involving a bimolecular displace-

ment of the SN2 type:

0 LRy
| I N 6‘I| .
BH+R, C-0- CRE‘— BH—--C---OCR = RlCOHJB +R,C00™ & R, COB+ RQCOOH (12)
|
0

The second type (56) is that where the anhydride undergoes preliminary ionization

and which can be compared to an SNl reaction:

slow
R, COOCOR, _ RlCO+ + R,C00 (13)
R CO* + BH m\:s-—*f_ R, COHB" (14)
R COHB* + R,C00" fasts R, COB + R,COOH (15)

The bimolecular reaction is probably the one usually in effect. This mechanism
predicts the results of reaction of most unsymmetrical anhydrides. This mechanism
would favor the formation of derivatives of the stronger acid, as nucleophilic
attack would occur preferentially at the carbonyl group which was most deficient

in electrons. Thus, in Reaction (12), reaction with the molecular anhydride, R,COB

1

would be the major product if R, were more strongly electron attracting than R

1 2’

In considering the S 1 mechanism, Reactions (13) to (15), it would be expected

N
that heterolytic fission would be more likely with an unsymmetrical molecule, and
that ionization would give the normal negative ion of the stronger acid and the

acylium ion of the weaker acid, rather than the reverse, so that the over-all re-

action would result in the acyl derivative of the weaker acid being prepared (56).
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. The-above two mechanisms can be used to interpret most of the acylation re-
actions with unsymmetrical anhydrides. Under conditions favoring reaction with
the molecular anhydride, the ester of the stronger acid will be prepared. Under

conditions favoring ionization, the ester of the weaker acid will be prepared.

The predominant ﬁreparation of the acyl derivatives derived from the stronger
acid is consistent with the 8.2 mechanism (56). Instances where derivatives of

weaker acids are obtained may not always be explained by the SNl mechanism. One
such instance is the reaction of acetic chloroacetic anhydride with 2,L4-dichloro-
acetanilide almost exclusively. Emery and Gold'(éz) concluded that a bimolecular
mechanism was still in effect. They based their reasoning on the characteristic
features of an lonization mechanism for acylation. If the SNl mechani§mAwere in
effect, then there would be a rate-determining step (ionization) which would be
independent of the nature of the second reactant. However, the velocity of
acylation depends strongly on the nature of the amine employed and, therefore,

the existence of a common rate-determining step could be ruled out. Furtﬁermore,
the chloroacetylation ratio (chloroacetylatidn:acetylation) does not depend strongly
on the nature and concentration of the amine, as it should if one:of the acetylation
reactions occurred by an ionic mechanism. In addition, their results did not
lindicate the existence of specific and common ion intervention by acetate and
chloroacetate anions, as would be expected on the basis of an iqﬁization reaction
mechanism (57). Another argument against the'ionization mechanism is that ioniza-

tion would be very unlikely in a nonpolar solvent such as benzene.

Emery and Gold (53) studied acylation reactions in benzene of the series of
unsymmetrical anhydrides:acetic chloroacetic, acetic dichloroacetic, and acetic
trichloroacetic. As mentioned above, they concluded that a bimolecular mechanism

was operative.and that the activating inductive effect of chlorine substitution was
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opposed by a steric factor. For the series:

a a a a
CHBCOOAC ClCH2COOAc ClQCHCOOAc ClBCCOOAc
1 671 2.3 0.08

the actual chloroacetylation ratios in benzene are presented. The steric effect
of successive chlorine substitution on the bimolecular reaction at (a) would exert
a retarding influence, but electron withdrawal by the chlorine atoms would exert
an opposite effect. The electronic effect is then the controlling factor at the
beginning of the series and the steric effect is controlling for the highly sub-

stituted members.

According to Tedder (56), similar arguments can be applied to some of the
other anomalous reactions. However, the reaction of benzoic mesitoic anhydride
to yield the ester of the weaker acid (ég) cannot be explained in terms of steric
hindrance, as the ester of the more sterically hindered acid is obtained. In this
case, the reaction must proceed by the lonization mechanism, particularly since
the 2,4,6-trimethylbenzoylium cation is known to be quite stable (58). This would
be analogous to the esterification of mesitoic acid catalyzed by concentrated sul-

furic acid, which is also said to proceed through the 2,h,6-trimethylbenzoylium

ion (59).

Trifluorocacetic Anhydride as an Esterification Promoter

Trifluorcacetic anhydride, hereafter referred to as TFAA, will be considered
separately from other anhydrides due to its wide use as an esterification promoter.
TFAA has been employed in several studies to promote the acetylation of cellulose
(60-63). TFAA has also been used to promote the esterification of cellulose with
some aromatic acids, such as the benzoate (60, 61) and the phenoxyacetate, B-benzoyl

acnyldte, phenylmercaptoacetate, p-tert-butylbenzoate, cinnamate, p-methoxyphenyl-
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acetate, and the p-isopropyl phenylacetate (64). It has been shown to be a very
powerful esterification promoter as it even catalyzed the formation of acrylates
and methacrylates of the 1,l-dihydroperfluorocalkyl alcohols, which are very diffi-

cult to esterify (65).

Bourne, et al. have suggested (§i) that in the reactions promoted by TFAA,

an unsymmetrical anhydride is formed. The acyl trifluorocacetate would be formed

vy (20):

RCOOH + (CF5co)20 = RCOOCOCF5 + CFBCOOH (16)

Bourne hypothesized that the unsymmetrical anhydride then ionizes to a slight
extent into acylium (RCOY) and trifluoroacetate (CFBCOO') ions, the acylium ion

being the principal acylating species:

RCOOCOCF, — RcO" + CF; C00" (17)
(rRcO)t + (CF5coo)‘ + R'OH — RCOOR' + CFBCOOH (18)

The alternative ionization into (CF,CO") and (RCOO™) ions would be improbable due

3

to the strong electronegative character of fluorine.

Morgan (§§) determinea the freezing point depression when a small amount of
TFAA was added to glacial acetic acid. His data indicated that each TFAA molecule
gave rise to two other molecules, which is in agreement with Equation (16) if it
may be assumed that the degree of ionization of the unsymmetrical anhydride is
small. This supposedly eliminated the possibilities of no reaction and the forma-
tion of acetic anhydride, which would require that each TFAA molecule gave rise to

three other molecules by the reaction:

— N '
(CFBCO)EO + 0 CHBCOOH (CHBCO)EO +2 CFBCOOH (19)



-18-

Hoﬁever, Bourﬁe, and others (él), in repeating this work disagreed with Morgan.
Bourne's work indicated that in a large excess of acetic acid, acetic anhydride
would be favored rather than acetyl trifluoroacetate. However, in equimolar
quantities of acetic acid and TFAA, the formation of acetyl trifluoroacetate

would be favored.

BEmmons, et al. (&2) followed the reacﬁion of benzoic acid and TFAA in E;butyl :
ether and in acetonitrile with infrared spectra, and indicated that the formation
of the unsymmetrical anhydride was almost quantitative. Bourne, et al. showed
that a composite curve obtained by addition of the optical densities of the two
solutions of acetic anhydride and TFAA in carbon tetrachloride, was almost iden-
tical with the spectrum of a mixture of the two anhydrides immediately after
mixing (68). However, a new spectrum obtained after an hour showed the absorp-
tion bands due to the formation of acetyl trifluoroacetate and a decrease in
absorption due to the symmetrical anhydrides. As mentioned above, some of the

acyl trifluorocacetates have been isolated and purified (;I, 20, &2).

Randles, et al. (69) attempted to explain the reactivity of the medium of
TFAA and acetic acid as an acetylating agent by electrical conductivity deter-
minations. TFAA has an extremely low specific conductivity, much lower than that
of trifluoroacetic acid. However, the conductivity of a dilute solution of TFAA
in acetic acid was greater than that of a solution having twice this concentration
of trifluorocacetic acid in acetic acid. Thié has been taken as support for the
hypothesis of the formation and ionization of an unsymmetrical anhydride. It
would be expected that an unsymmetrical anhydride could ionize more readily than
one of a symmetrical anhydride, particularly when the two component acids differ
widely in strength. Randles agreed that Bourne's postulated ionization mechanism

was the most probable explanation.
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Some indirect evidence for the preliminary ionization of the acetyl trifluoro-
acetate before acetylation was-obtained by the addition of sodium acetate to acetic
acid, TFAA, and an alcohol (70). This addition greatly reduced the acetylating
power and both acetate and trifiuoroacetate esters were then obtalned. Bourne
suggested that the base increased the concenﬁration of the trifluoroacetate anion,
thus decreasing the concentration of the reactive cation (CH3C0+) in favor of the
molecular anhydrides CHacOOCOCF and TFAA, 5oth of which are éapable of promoting

3

trifluorocacetylation.

If esterifications promoted by TFAA do proceed through the formation of an
unsymmetrical anhydride followed by the ilonization reaction mechanism, then TFAA
should promote esterification of sterically hindered acids in the same manner as
concentrated sulfuric acid catalyzes the esterification of mesitoic acid (22).
Reed (71) demonstrated that TFAA was effective in the esterification of certain
sterically hindered acids, such as trimethylacetic, 2,6-dimethyl benzoic, and
2,6-dimethyl cyclohexane carboxylic acid. These acids are unreactive by the usual

acid-catalyzed esterification procedures.

Although acylation takes place under most conditions, there are a few cases
in which trifluoroacetylation may also occur. Bourne (gg) attempted to explain
this by suggesting that in the molecular form the unsymmetrical anhydride may
function both as an acylating and trifluorcacetylating agent. Bourne (72) found
that the unsymmetrical anhydride benzoyl trifluoroacetate showed a greater tendency
to form trifluorocacetate esters than acetyl trifluorocacetate. Bourne suggested
that this was due to resonance stabilization of the benzoylium cation, creating
a lowering of the density of the positive charge on the carbonyl group. This would
result in a slowing down of the reaction of the cation with hydroxyl groups, thus

allowing reaction of the molecular anhydride to assume a greater relative importance.
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In addition, the greater size of the phenyl group would also mean that steric

factors would not favor benzoylation as much as trifluorocacetylation. However,
the proportion of benzoate ester could be greatly increased by carrying out .the
reaction in trifluoroacetic acid or by reacting the unsymmetrical anhydride with

phenols or secondary alcohols instead of primary alcohols.

It is sometimes difficult to determine the extent of trifluorcacetylation
since the esters readily hydrolyze in the presence of water, particularly the
fluorinated esters of polyhydroxy compounds (73). In esters of this type the
carbonyl carbon is very susceptible to nucleophilic attack due to the strong
inductive effect exerted by the perfluorinated group @ to the carbonyl (Z&).

The electron~withdrawing CFB- group decreases the ability of an ester to accept
protons and increases the tendency of a water molecule to combine with the carbonyl

group (Zi). However, if the perfluorcester is insoluble in water, it is not as

easily hydrolyzed (76).

Bourne (Zg) summarized by stating that acyl trifluoroacetates react with
alcohols to give trifluoroacetyl and acyl esters in proportions depending on the
nature of the unsymmetrical anhydrides and the hydroxyl compounds; and that acyl
esters usually predominate. The yield of acyl ester is usually increased by the
presence of trifluoroacetic acid and solvents of high ionizing ability and de-
creased by the addition of sodium trifluoroacetate. The influence of trifluoro-
acetic acid would be due partly to its ability to solvate the unsymmetrical anhy-
dride and partly to acid catalysis., Functioning as an acid catalyst, trifluoro-
acetic acid would promote the ionization resulting in acylation by the weaker acid

group (56):

CF,COOCOR + HY == CE,COOCR —= CF,COOH + RCO" 20
F, COOCOR < CE "= o (20)

ot
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Using a solvent of high ionizing powers, the separation of ions should be assisted

(77). The addition of sodium trifluorocacetate, by the common-ion effect, would

suppress the ionization of the unsymmetrical anhydride.
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PRESENTATION AND APPR@ACH TO THE PROBLEM

When T™A is heated with an alcohol, the cyclic anhydride ring is opened
resulting in a mixture of monoesters. Further reaction to triesters and poly-

esters can be obtained through the use of a catalyst such as sulfuric.acid.

Since TMA posseéses a free carboxyl group, it seemed possible to pick re-
action conditions such that an unsymmetrical anhydride of TA and another acid

could be formed:

o7 o7
4 —
(RCO)QO + /O <— RCOOH + ? ﬁ ;b (21)
HOOC —Cx 0 RCOC -C 0

These reactive unsymmetrical anhydrides, which would be much more reactive than
cyclic anhydrides, could well be very important intermediates for specific ester-
ification. An unsymmetrical anhydride of TMA and another acid could react with
an alcohol to give esters of either or both carbﬁxylic compounds depending on the

nature of the acids and alcohol involved and on steric factors.

C<%O Ci;o
O .
i L+ R,0H——35 RCOOR, + S
RCOOC —Cxy HOOC o
20
c
AN
—3 RCOCH + 0 (22)
R,0 Cxo
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It was of interest in this thesis study to prepare the unsymmetrical anhydrides
and investigate the above esterifications. The second reaction, the preparation of

the h-carboalkoxy phthalic anhydrides, would be of particular interest.

The initial study would be performed on the TMA-TFAA reaction system, partly
because of the work of Bourne which suggested that the unsymmetrical énhydride
should be formed readily. Most reaction systems. of TFAA and another carboxylic
acid had led to esters of the latter acid. The cyclic anhydride ring of TMA should
be quite stable with this type of reaction. Tedder (56) has indicated that dibasic
acids are not readily esterified in the presence of TFAA if they form stable cyclic
anhydrides. As an example, no esterification occurred when phthalic acid was
treated with B—nitfobenzyl alcohol and TFAA, yet it was possible to obtain a 69%
yield of p-nitrobenzyl benzoate under corresponding conditions. It will also be
remembered, that one method of preparing -cyclic anhydrides is by refluxing the di;.

acid in a simpler anhydride, such as acetic anhydride (78-80). This further

suggests the stability of cyclic anhydride rings under the above conditions.

The approach to the problem included the preparation of the unsymmetrical
anhydrides (the trifluorocacetyl, acetyl, and acid- chloride derivatives) and the
simple anhydride of TMA,-bis(trimellitic anhydride) anhydride. The anhydride {
derivatives would be characterized, and their stability and esterification prop-
erties would be investigated. Simple alcohols were chosen for the esterification
reactions, with the objective of obtaining moncesters. ©No attempt was made to

obtain polyesters from .the substituted derivatives.
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PROCEDURES AND RESULTS

On the following pages, deécriptions are given of the preparations, purifi-
cations, analyses, and esterifications of four anhydride derivatives of TMA:; the
trifluorocacetyl and acetyl unsymmetrical anhydrides of TMA, the acid chloride of
TMA, and the simple anhydride of TMA, Specific analytical procedures such as
anhydride equivalent, fluorine content, and molecular weight are presented in the
Appendix. The infrared spectra were obtained on KBr disks unless otherwise indi-
cated.

THE TRIMELLITIC ANHYDRIDE-TRIFLUOROCACETIC
ANHYDRIDE REACTION SYSTEM

The unsymmetrical anhydride of TMA and TFAA was isolated, pufified, and

characterized. The stability of the anhydride was considered and a number of

esterification reactions with various alcohols were conducted.
PREPARATICN OF THE UNSYMMETRICAL ANHYDRIDE OF TMA AND TFAA

It was determined that the crude unsymmetrical anhydride could be obtained
easily in high yield by refluxing the two reactants. For example, 5 g. TMA
(0.026 mole:) and 30 g. TFAA (0.14% mole) were refluxed five hours. The hot
solution was filtered and the filtrate solidified on cooling to room temperature.
After drying under vacuum, 5.61 g. were obtained (74.8% yield). On heating above
the melting point (91-9h°), the evolution of a gas was followed by solidification
and remelting at a higher temperature (about 220°). The unsymmetrical anhydride
could also be obtained by reaction at room temperature or under pressure in a
glass tube, but this was more time-consuming -and did not alwéys result in a product

as pure as that obtained from the reaction conducted at reflux temperature.
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PURIFICATION AND ANALYSIS OF THE UNSYMMETRICAL ANHYDRIDE
OF TMA AND TFAA

Great difficulty was experienced in attempts to purify the unsymmetrical
anhydride of TMA and TFAA, due to its tendency for disproportionation and its
great affinity for water, resulting in hydrolysis of the linear anhydride group.
As the anhydride decomposed during an attempt at sublimation, it seemed that re-
crystallization would be the most promising technique. Other purification tech-
niques would be severely hindered due to the solubility properties and due to the
necessary exclusion of such reactive cheﬁicals as water, alcohols, and amines.
The unsymmetrical anhydride was finally recrystallized successfully from benzene,
but not before numerous other solvents had been investigated and found unsatis-
factory (nitroethane, methyl ethyl ketone, carbon tetrachloride, petroleum ether,

o-dichlorobenzene, anisole, acetone, toluene, ether, and cyclohexane ).

The crude unsymmetrical anhydride was prepared by refluxing a solution of
5.0 g. ™A (0,026 mole:) in 30 g. TFAA (0.143 mole), On cooling, the solidified
product was filtered off and dried, m.p. 93-98, 218-220°., The product was re-
crystallized by solution in benzene at room temperature, followed by filtration,
concentration of the filtrate, and standing at room temperature. The recrystal-
lized product had m.p. 92-95, 222°, yield: 1.8 g. When analyzed for anhydride
equivalent with methanolic morpholine (see Appendix I for this procedure ) a value
much higher than theoretical was obtained. The determination of neutralization
equivalent with methanolic sodium hydroxide also led toc a high value. Since dilute
standard solutions were employed for these determinations, it was believed possible
that the methancl was reacting with the unsymmetrical anhydride. Experimentation
indicated that morpholine in acetone could be used for the determination of anhy-

dride equivalent and aqueous sodium hydroxide could be used for the determination



-6

of neutralization equivalents. The anhydride equivalent determined in acetone was
152 (theoretical: 144.067). After the second recrystallization, 1.11 g. were
obtained, m.p. 92-95, 222°. The neutralization equivalent was Th. L4 (theoretical:
72.03) and the anhydride equivalent determined in acetone was 156 (theoretical:
lhh.067). After the third recrystallization, m.p. 94-96, 223°, the sample had a
neutralization equivalent of 73.9 (theoretical: 72.03). The anhydride equivalent
determined in acetone was 150 (theoretical: 1L4.067) while in methanol it was 277
(theoretical: 288.13). To eliminate the possibility of a polyanhydride, the
molecular weight was determined by the freezing point depression of benzene, (See

Appendix II.) The determined molecular weight was 27k +3 (theoretical: 288.13).

A sample of the purified unsymmetrical anhydride was submitted to the Geller
Laboratories for carbon, hydrogen, and fluorine analysis. The analysis obtained
(56.53% C, 1.93% H, and 1.68% F) was quite different from the theoretical values
(45.85% C, 1.05% H, and 19.78% F). The unsymmetrical anh&dride appeared to be too
unstable to be analyzed by an outside laboratory due to the long delay necessary
before analysis. Since some form of elemental analysis was still desirable for
characterization of the compound,.it was decided to determine the fluorine content
immediately after the preparation and purification of the unsymmetrical anhydride.

The method employed was an oxygen combustion followed by titration with CeCl, (see

3
Appendix III). A satisfactory analysis was obtained: 19.3, 19.5% F (theoretical:

19.78% F).

Studies of the infrared spectra indicated carbonyl absorption bands probably
due to the cyclic anhydride ring -at 1870 and'1778 cm, "L (TMA exhibits bands at
1860 and 1778 cm.-l). As expected with cyclic anhydrides, the lower frequency band
had the greater absorption. Bands at 1838 and 1765 cm.—l were probably due to the

linear -anhydride. The former band had slightly greater intensity. The strongest
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carbonyl band of the unsymmetrical anhydride of TFAA and benzoic anhydride is at
1835 em. T (43).. The infrared spectrum indicated that the anhydride was not

completely pure, however, as there was weak absorption at 1710 cm._l (carboxyl).
DISPROPORTIONATION OF THE UNSYMMETRICAL ANHYDRIDE OF TMA AND TFAA

The unusual melting point of the unsymmetrical anhydride of TMA and TFAA
suggested that the product decomposed under the influence of heat. This decom-
position should consist of disproportionation to the simple anhydrides, TFAA and

bis(trimellitic anhydride) anhydride, which is actually a trianhydride.

A sample of the mixed anhydride of T™A and TFAA was prepared to test-the
hypothesis that its decompositioh product was the trianhydride. The unsymmetrical
anhydride (2.91 g.) was heated in an evaporating dish on a hot plate. The sample
melted and then bubbled. The odor of TFAA was noticeable. The sample then solid-
ified and was placed in a vacuum desiccator to cool. The product obtained (2.1 g.,
113% yield based on the trianhydride ) had m.p. 210-224°. The seemingly inconsis-
tent yield figure could be due to a small amount of TMA in the starting material.
The product was recrystallized four times from 1,2-dichlorcethane, m.p. 223-228°,
and mixed m.p. with the trianhydride, 224-228°. The anhydride equivalent was 126
(theoretical: 122.08). An infrared spectrum indicated carbonyl absorption at

1861, 1800, 1777, and 1738 em. .

TA absorbs at 1860 and 1778'cm._l, correspond-
ing to the first and third bands and accounting for the cyclic anhydride. The
linear anhydride could be similar to benzoyl benzoate, which absorbs at 1789 and

1727 em. ™t (81), which are at slightly lower frequencies than the second and fourth

bands. There was no indication of carboxyl absorption.

It was also demonstrated that the trianhydride could be obtained directly by

continued treatment of TMA in TFAA. TMA (4.0 g., 0.0208 mole) was treated with
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TFAA (37.5 g., 0.178 mole) in an all glass tube. The mixture was heated to solution
.and cooled to room temperature a number of times over & period of several days. On
final cooling, 2.55 g. of the trianhydride separated, m.p. 218-222° (yield: 62%).

On recrystallization from 1,2-dichloroethane, 1.8 g. were recovered, m.p. 222-226°
and anhydride equivalent: 129 (theorétical: 122.08). The second crop to separate
from the TFAA solution was the unsymmetrical anhydride, m.p. 96.5-98.5, 219° and

yield: .0.69 g. (11.5%).

While attempting to recrystallize the unsymmetrical anhydride, a peculiar
solvent effect was noted. In certain solvents the unsymmetrical anhydride dis-
proportionated to the trianhydride, even at room temperature or below. A sample
of the unsymmetrical anhydride was dissolved in nitroethane at room temperature.
After two recrystallizations the trianhydride was recovered, m.p. 216-221°. Cold
anhydrous ether was added to & second sample of the unsymmetrical anhydride. The
product dissolved and then, within minutes, crystallization took place. This

crystallized product was also the trianhydride, m.p. 218-221°,
HYDROLYSIS OF THE UNSYMMETRICAL ANHYDRIDE OF TMA AND TFAA

The unsymmetrical anhydride of TMA and TFAA has a great affinity for water.
(Partial hydrolysis would result in TMA and trifluorcacetic acid.) This behavior
was observed in éarly attempts to recrystallize the anhydride. In some cases;
small amounts of moisture fresent in the solvent or absorbed by the solution must
have been responsible for hydrolysis. A sample of the unsymmetrical anhydride was
dissolved in carbon tetrachloride. The product which recrystallized from the solu-
tion had a m.p. of 166-169° and an anhydride equivalent of 204 (values for TMA:
168° and 192). Attempts to recrystallize from toluene, cyclohexane, petroleum
ether, and g—dichlorébenzene also led to products with melting points higher than.

the unsymmetrical anhydride, indicating that hydrolysis had taken place.
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The affinity of the unsymmetrical anhydride for water or water vapor was best
exhibited by a series of infrared spectra. A sample of the crude unsymmetrical
anhydride (m.p. 91-93, 223° ) was pressed into a potassium bromide pellet and a
spectrum was obtained. However, the spectrum had several similarities to TMA.

The main carbonyl absorption bands were at 1870, 1785, and 1712 cm._l as compared
with 1860, 1778, and 1717 cm._l for TMA. The acid band was not as strong as with
TMA, but it was not possible to pick out the two pairs of anhydride bands expected
with a dianhydride of this type. Moisture adsorbed by the potassium bromide or
adsorbed during the grinding process and the formation of the pellet, must have
reacted with some of the unsymmetrical anhydride resulting in the formation of
some T™A. A second spectrum was obtained on a nujol mull of the sample. As might
be expected, there was very little hydrolysis in this case. Carboxyl absorption
was exhibited at 1710 cm._l but with much less intensity. The two pairs of anhy-
dride carbonyl bands were present at 1874, 18L0, 1788, and 1767 cm._l. The un-
symmetrical anhydride was recrystallized four times from benzene and infrared
spectra were obtained after the first, second, and fourth recrystallizations.
Anhydride carbonyl bands of the recrystallized produc£ were at 1870, 1838, 1778,
and 1765 cm._l. Although the carboxyl band at 1710 cm._l decreased in intensity,
the band did not disappear on repeated recrystallization. A small degree of

hydrolysis always appeared to take place in the time interval between recrystalli-

~zation and completion of analysis.
ESTERIFICATION OF THE UNSYMMETRICAL ANHYDRIDE OF TMA AND TFAA

A number of esterifications were conducted between equimolar amounts of the
unsymmetrical anhydride and various alcohols under different reaction conditions.
The reactions are summarized in Table I, while the experimental details are pre-

sented in Appendix IV.
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TABLE I

ESTERIFICATION REACTIONS OF THE UNSYMMETRICAL
ANHYDRIDE OF TMA AND TFAA

Solvent Alcohol Temp., °C. Products
None Phenol 75 T™A
None Butanol-1 75 T™MA
n-butyl trifluorocacetate
None Methanol 25 ™A
methyl trifluoroacetate
Acetone Butanol-1 25 g—butyi trifluoroacetate
Acetone Phenol 25 T™A
trianhydride
Acetone o-Cresol 25 T™MA
trianhydride
Acetone None 25 ' trianhydride
Trifluoroacetic acid ‘Methanol 25 TMA
Trifluorcacetic acid Butanol-2 25 - T™A
Trifluoroacetic acid Butanol-2 85 TMA
Trifluoroacetic acid Capryl 25 TMA
Trifluoroacetic acid Phenol 83 TMA
_ monophenyl trimellitate
Ether Butanol-1 25 ' TMA
n-butyl trifluoroacetate
CClh Phenol 75 T™A
o-Dichlorobenzene Butanol-2 25 T™A

1,2 -Dichloroethane Butanol-2 25 TMA
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In all cases, except the reactions in acetdne, TMA was recovered in very high
yields (usually 80 to 90%). The trifluorocacetate esters were also identified in
some of the esterifications. None of the ester anhydrides of TMA were isolated,
and they could have been formed in only very small quantities. The esterifications
in acetone led to theAisolation of both TMA and the trianhydride, bis(trimellitic

anhydride ) anhydride.

Three additional esterifications were conducted with alcohols in greater than
equimolar quantities (methanol, butanol-1, and butanol-2). With excess alcohol,
the cyclic anhydride ring of TMA is opened, leading to mixtures of monoesters.

THE UNSYMMETRICAL ANHYDRIDE OF TRIMELLITICl
AND ACETIC ANHYDRIDES

The unsymmetrical anhydride of TMA and acetic anhydride was prepared, puri-
fied, and analyzéd. A few brief reactions with methanol were conducted to deter-
mine the possibility of obtaining L-carbomethoxy phthalic anhydride. This ester

anhydride was not obtained.
PREPARATION OF THE UNSYMMETRICAL ANHYDRIDE

The unsymmetrical anhydride of TMA and acetic anhydride was first prepared
in the following manner. TMA (10 g., 0.0522 mole) was refluxed for 2.5 hours in
an excess of acetic anhydride. On cooling, there was no crystallization, so the
mixture was distilled to remove acetic acid and some of the acetic anhydride. The
mixture was then cooled in an ice-salt water bath for two hours. The fine white
precipitate was filtered, washed withv;cetic anhydride, and washed with benzene,
The dried product melted at 77~79° (TMA melts at 168°) and must have been the un-
symmetrical anhydride. This material had an anhydride equivalent of 118 (theoreti-

cal: 117.1). An infrared spectrum indicated that this dianhydride had the anhydride
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carbonyl bands of TMA at 1860 and 1778 em. ™t and another carbonyl pair at 1818 and
1733 cm.'l, probably due to the unsymmetrical anhydride (the carbonyl bands of

acetic anhydride are at 1825 and 1748 cm.-l).

Iater attempts to prepare the unsymmetrical anhydride by this procedure were
not quite as successful. The crude product was never obtained in as pure a form
as in the original preparation. In the first attempt to repeat this reaction,

15 g. (0.0782 mole) TMA were refluxed 2.5 hours with 100 ml. acetic anhydride
(1.06 moles). The acetic acid and some excess acetic anhydride (60 ml.) were then
distilled from the sqlution. No precipitation occurred on cocling. Alternate
steps of concentration and cooling resulted ultimately in a dark sirup with no
precipitation. Attempts to cause precipitation by the addition of benzene, carbon
tetrachloride, o-dichlorobenzene, and p-dioxane were unsuccessful. After refrigera-
tion for several days, however, the sirup solidified to give 18.6 g. of an impure
product which melted over a wide range (77-160°). In the next attempt to prepare
the unsymmetrical anhydride, 10 g. TA (0.0522 mole) and 75 ml. acetic anhydride
(0.794 mole) were refluxed three hours, followed by the distillation of 36 ml.
(38.4 g.) from the solution. In this case, a white powder (1.1 g.) separated on

refrigeration. However, this was also impure, m.p. 78-125°.

Diluting the reactant mixture with acetic acid .in another preparation led to
recovery of unreacted TMA. A purer form of the unsymmetrical anhydride can be
obtained, however, by cooling the reactant mixture in acetone-dry ice and allowing
it to warm slowly to about -50°. The crude product obtained by this procedure was

never in quite as pure a form as in the original preparation.
PURIFICATION AND ANALYSIS OF THE UNSYMMETRICAL ANHYDRIDE

The unsymmetrical anhydride was prepared for purification and analysis. TMA

(10 g., 0.0522 mole) and acetic anhydride (81.08 g., 0.794% mole) were refluxed
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three hours. After the removal of 38.4 g. by distillation, refrigeration induced
the precipitation of 2.6 g. material which was probably a mixture of TMA and the
unsymmetrical anhydride. On cooling the reactant mixture to -79° in acetone-dry
ice and alloﬁing it to warm slowly, the crude unsymmetrical anhydride separated,
m.p. 71-80° and yield 2.11 g. This product was employed to investigate various
possible purification techniques. The results indicated that the unsymmetrical
anhydride of TMA and acetic anhydride could be purified by recrystallization from
benzene or by extraction of the TMA impurity with cold ether. Continued cooling
of the reactant mixture in acetone-dry ice led to the further isolation of 0.87
g., m.p. 69-115°. Benzene extraction and recrystallization led to a product of
m.p. 79-83°. Additional recrystallization from benzene yielded the purest form
of the unsymmetrical anhydride of TMA and acetic anhydride ‘yet obtained. This
product had a m.p. of 8&—86°;. The anhydride egquivalent was 121 (theoretiéal:
117.1), while the neutralization equivalent {qas 59.3 (thegretical: 58.54), and
the molecular weight was 225 + 10 (theoretical: 23&.16).? The infrared spectrum
was consistent with the proposed structure (see Fig. 1). There was no carboxyl
absorption. Carbonyl absorption due to the cyclicvanhydride was at 1863 and 1778

em. T, (TMA has bands at 1860 and 1778 cm._l.) Carbonyl absorption attributed

to the linear anhydride was at 1812 and 1732 cm._l. A medlum band at 1372 cm.—l
could be due to —CHB. This band is not present in ™A or its anhydride. Duplicate
carbon and hydrogen analyses were obtained on the sample by the Geller -Iaboratories.
Carbon and hydrogen content along with the oxygen content (by difference) are pre-

sented in Table II with the theoretical values for the unsymmetrical anhydride of

T™MA and acetic anhydride.

Attempts to recrystallize the unsymmetrical anhydride from the crude material
with the solvents acetonitrile, p-dioxane, acetone, acetic anhydride, o-dichloro-

benzene, vinyl trichloride, and 1,2-dichlorcethane were unsuccessful. An attempt
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to purify by dissolving the sample in acetone at room temperature followed by drying
over phosphorus pentoxide also yielded a mixture, Sublimation attempts at 70° and
1-2 mm. did not lead to the pure unsymmetrical anhydride. Recrystallization from

benzene or ether extraction were the only successful methods.

TABLE II

ELEMENTAL ANALYSIS OF L-ACETYL TMA

Sample c, % H % 0, %
(1) 56.06 - 2.72
(2) 55.71 2.75
Av. 55.89 2.73 41,38
Theoretical 56. 42 2.58 41.00

REACTION OF THE UNSYMMETRICAL ANHYDRIDE WITH METHANOL

Three reactions were carried out between methanol and the unsymmetrical anhy-
dride of TMA and acetic anhydride to determine the possibility of obtaining k-
carbomethoxy -phthalic anhydride. However, this methyl ester anhydride was not

obtained in pure form.

In the first reaction, 0.0490 g. methanol (0.0015 mole) was added to 0.3577 g.
of the solid unsymmetrical énhydride (0.0015 mole). The product was subjected to
sublimation. After two days at 80° and 1-2 mm., only 0,01 g. of sublimate was
collected, m.p. 140-155°. Very little 4-carbomethoxy phthalic anhydride could be
present in this product. The ester, m.p. 94-99° (1) or 104-105° (2), sublimes much

more readily than TMA, m.p. 168°.

Two additional reactions were carried out in benzene. In the first reaction,:
1.03 g. of the unsymmetrical anhydride (0.004k mole) were dissolved in 50 ml. ben-

zene and 0.1426 g. methanol (0.004L4 mole) was added. The solution was refluxed
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for eighteen hours while protected from the atmosphere by a drying tube. After
the distillation of 25 ml. solvent, the solution was concentrated to dryness in
vacuo at room temperature. The.;roduct softened slightly at about 90° but did not
completely melt until 145°, This solid was subjected to sublimation. After five
days at 80° and 1-2 mm., 0.1 g. sublimate were collected, m.p. 100-145°, This

product could have contained a small amount of the ester, but the mixture was not

separated.

This reaction was repeated by refluxing O0.77 g. (0.003% mole) of the unsym-
metrical anhydride and 0.1109 g. (0.0034 mole) methanol in 50 ml. benzene for 24
hours. The sublimate collected after two days (0.03 g.) had m.p. 128-155°, and

was probably mostly TMA,
THE ACID CHLORIDE OF TRIMELLITIC ANHYDRIDE

Since the trifluorcacetic and acetic unsymmetrical aﬁhydrides of TMA appeared
to react with alcohols to yield primarily the trifluorocacetate or acetate esters
plus ™A, it was decided to attempt to obtain an unsymmetrical anhydride which
would be more specific for the formation of trimellitate ester anhydrides. The
monoacyl chloride of TMA, or phthalic anhydride-4-carboxylic acid chloride, seemed
qﬁite promising. To prepare this acyl halide-acid anhydride, a rather mild chlor-
inating agént seemed necessary. The reagent would have to react with the carboxyl
group without affecting the anhydride group. Previous work discussed earlier
suggested that phosphorus pentachloride would be too reactive, but thionyl chloride

might be suitable.
REACTION OF TMA WITH THIONYL CHLORIDE

Refluxing TMA in thionyl chloride until solution was obtained proved successful,

after several mild preliminary reactions indicated more drastic-conditions were
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necessary. (Reactions at room temperature under vacuum or gentle warming of a
mixture of the two reactants led to the recovery of mixtures of products, which

appeared to be composed mainly of TMA. )

Formation of the Trianhydride

Since the anhydride ring did not appear to be affected by thionyl chloride,
the reactiog was conducted at reflux temperature. TMA (5 g., 0.0262 mole ) was
heated in 32.7 g. (0.275 mole) thionyl chloride. Hydrogen chloride was evolved
during  the reaction. Complete solution was obtained after four hours. After an
additional two-hour reflux, the solution was cooled, leading to the separation
of 0.4 g. white crystals, m.p. 219-223°. This.producf was shown to be bis(tri-
mellitic anhydride) anhydride, mixed m.p. 220-224° and anhydride equivalent: 121

(theoretical: 122.08).

Formation of the Acid Chloride of Trimellitic Anhydride

The remainder of the solution was vacuum concentrated to dryness leaving L.k
g., m.p. 63.5-66°, (Yield: 80.3% based on the formation of the acid chloride).
This product gave a strong chlorine test with ethanolic silver nitrate (insoluble
in nitric acid), and was soluble in benzene and acetone with limited solubility in
water and ethanol. The equivalent weight determined by dissolving the sample in
methanol and titrating with sodium hydroxide was 107. The theoretical value on
the assumption of the titration of two functional groups would be 105.%. The anhy-
dridé equivalent was 123 (theoretical: 210.57). Actually this method should not
be applied here as the acid chloride interferes by reacting with both methanol and
morpholine and provides further -interference by releasing hydrogen chloride. An
infrared spectrum in potassium bromide indicated carbonyl absorption at 1857, 1779,

and 1748 em. L.
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PURIFICATION AND ANALYSIS OF THE ACID CHLORIDE

A sample of the crude acid chloride was dissolved in benzene at room tempera-
ture and filtered. On refrigeration, a very small amount of the trianhydride
separated, m.p. 221-224°. Concentration and continued refrigeration led to the
recrystallization of the acid chloride of TMA, m.p. 65-66.5°. The acid chloride
had a neutralization equivalent in aqueous solution of 53.5 and a molecular weight
of 211 + L (theoretical: 52.64 and 210.57); An infrared spectrum in potassium
bromide (Fig. 1) indicated carbonyl absorption at 1848 ana 1778 em, T (cyclic
anhydride) and at 1743 em. T (acid chloride). A spectrum in nujol indicated no
carboxyl or hydroxyl activity, with carbonyl absorption at 1847, 1770, and 1740
cm.-l. Carbon, hydrogen, and chlorine analyses were obtained by the Geller
‘Laboratories. Their results along with the oxygen content (by difference) are

presented in Table III with the theoretical values for the acid chloride.

TABLE IIT

ELEMENTAL ANALYSIS OF THE ACID CHLORIDE OF TMA

c, % H, % 0, % 1, %
Analysis 51.35 1.75 30.19 16.71
Theoretical 51.33 1.4k 30.39 16,84

It was also determined that the acid chloride could be readily purified by
dissolving the sample in anhydrous ether at room temperature followed by cooling
in acetone-dry ice, m.p. 67°. Sublimation of the crude acid chloride at 50° and

1-2 mm. also led to the isolation of fine, white crystals, m.p. 67°.

REACTION OF THE ACID CHLORIDE AND ALCOHOLS

The acid chloride of TMA should react readily with alcohols to form esters.

As this reaction should yield primarily the ester anhydride, the reaction was
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investigated. Since the methyl ester -anhydride of TMA" (4-carbomethoxy phthalic
<anhydride) is a known .compound, the emphasis of this study was placed on ester-
ification with methanol. This ester was synthesized independently from TMA and
ethereal diazomethane for. identification purposes. (See Appendix V for this

preparation. )

Preliminary Esterifications

Several reactions were conducted between the acid chloride of TMA and methanol.
Reaction of the acyl halide was indicated by.the evolution of hydrogen chloride,
but sirups were always obtained. Numerous unsuccessful attempts to crystallize the
anhydride ester were made. It was not until the sirups had been standing for
several weeks that sublimation was attempted. Sublimation, followed by low-temper-
ature recrystallization from ether, led to the isolation of pure L4-carbomethoxy
‘phthalic anhydride. Experimental details of the various reactions are presented

.in the following paragraphs. A single reaction with butanol-2 led to a sirup.
Reaction 1

The acid chloride (5.6 g., 0.0266 mole) was dissolved in 10 ml. benzene at
room temperature and filtered. Methanol  (0.871 g., 0.0272 mole) was added, with
immediate evolution of heat and of hydrogen chloride. The mixture was allowed to
cool slowly wifhout precipitation and was eventually concentrated to a sirup.
Cooling -and scratching failed to initiate crystallization. After about seven weeks,
a precipitate was observed in the sirup. The sirup was diluted with 25 ml. benzene,
which led to the isolation of thfee precipitates. The first crop (0.25 g.) was
trimellitic acid, m.p. 217°d. and negative ferric hydroxamaté test. The second
product (0.2 g.).had-m.p.‘l65-180°. The third crop (0.19 g.) melted over a wide

range (62-18%°). 'This was extracted with 1,2-dichloroethane. The recrystallized
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portion (0.02 g.) softened at 176-178° and melted by 199-205°. This sample gave

a negative ferric hydroxamate test. An infrared spectrum indicated the sample

was a monomethyl trimellitate (carboxyl absorption at 1710 cm._l and ester absorp-
ion at 173k cm.'l). The monoester l-methyl trimellitate is dimorphic, m.p. 177,

203.5-205.5° (;). The remainder of the dichloroethane extract was a sirup on

concentration. The fraction insoluble in dichloroethane (0.11 g.) had m.p. 183-

189°. This material was insoluble in benzene and after recrystallization from

dioxane had m.p. 180-186°. The remaining benzene solution was concentrated, again

leading to a sirup. A small portion (0.0l g.) of the impure ester anhydride was

obtained, however, on sublimation, m.p. 85-93°.

Additional reactions were conducted in different solvents, at different tem-
peratures, and with varying rates of addition of methanol, but the usual result
was a sirup. Details of these reactions with similar results are presented in

Appendix VI.
Reaction with Butanol

The acid chloride (5.25 g., 0.025 mole) was dissolved in 10 ml. benzene and
filtered. Butanol-2 (2.0 g., 0.027 mole) was added. The solution had to be warmed
slightly to initiate the evolution of hydrogen chloride. The mixture was allowed
to cool slowly and was eventually concentrated to a sirup. Cooling and scratching
did not bring -about crystallization. After seven weeks a precipitate was observed
in the sirup, which was then diluted with benzene and filtered (0.09 g.), m.p.
199-205°. This product was insoluble in benzene, dichloroethane, carbon tetra-
chloride, toluene, o-dichlorobenzene, and cyclohexane but soluble in dioxane and
_ether. On recrystallization from ether (0.06 g.) the sample had m.p. 187-191° and
gave a positive ferric hydroxamate test. Infrared analysis indicated that the

. sample was mostly trimellitic acid with a small amount of a monobutyl ester present.
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A small second product (0.02 g.) which separated from the benzene filtrate had
m.p. 120-1%5°, Concentration again led to a sirup. A sublimation attempt at 80°
and 0.8 mm. for fifteen hours was unsuccessful. No significant amount of sub-

limate was recovered.

Quantitative Study

Although L-carbomethoxy phthalic anhydride had been obtained from the above
reactions of methanol and the acid chloride of TMA, .the reactions were by no means
guantitative. The sirups obtained from these reactions had been subjected to a
cerﬁain amount of hydrolysis while standing for several weeks before sublimation
was attempted. For this reason, an additional reaction was conducted to determine
the maximum possible yield of U4-carbomethoxy phthalic anhydride which could be

obtained from the acid chloride of TMA.

The acid chloride was prepared in the usual manner and recrystallized from
anhydrous ethyl ether, m.p. 66-68°. Methanol (0.269 g., 0.0084 mole) was added
dropwise to the finely divided acid chloride (1.75 g., 0.0083 mole). The reaction
was accompanied by the evolution of heat and of hydrogen chloride and resulted in
a sirup. This product was subjected to sublimation at 80° and 1 to 2 mm. After
two weeks, 1.1663 g. crude kh-carbomethoxy phthalic anhydride were collected, m.p.
85-101° (68.2% yield). Recrystallization from ether yielded 0.7 g., m.p. 94-101°.
A second recrystallization gave 0.4 g., m.p. 100-101°, mixed m.p. with 4-carbo-

methoxy phthalic anhydride, 99-101°.

Analysis of L-Carbomethoxy Phthalic Anhydride

The methyl ester anhydride obtained from the reaction of methanol and the acid
chloride of T™A usually had m.p. 100-101°. When mixed with a sample of the ester

obtained from the reaction of TMA and ethereal diazomethane, the m.p. was 99-101°.
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The molecular weight, determined by the freezing point depression of benzene, was
202 + 15 (theoretical: 206.15). The infrared spectrum supported the character-
ization (see Fig. 1). ©No absorption due to carboxyi groups could be observed.
There was carbonyl absorption (cyclic anhydride) at 1858 and 1779 em. L as in T™A
in-addition to a strong ester absorption band at 1732 cm.-l. Carbon and hydrogen
analyses were made by the Geller ILaboratories. Their results along with the
oxygen content (by difference) are presented in Table IV with the theoretical

values for U4-carbomethoxy phthalic anhydride.

TABLE IV

"ELEMENTAL ANALYSIS OF 4-CARBOMETHOXY PHTHALIC ANHYDRIDE

C) % H} % O) %
Analysis (1) 57.82 3.29
(2) 57.66 3.34
(Av.) 57.7h 3.32 38, 9l
Theoretical 58.26 2.93 38.81

ESTERIFICATION OF THE TRIANHYDRIDE WITH ALCOHOLS

Througﬁout the course of this study, the trianhydride, or bis(trimellitic
anhydride ) anhydride, has been obtained as a product of several reactions. The
trianhydride was produced primarily as a decomposition product of unsymmetrical
anhydrides. Since this compound contains two cyclic anhydride groups, as in TMA,
and one linear anhydride group, as in benzoic anhydride, it seemed of interest to

conduct esterifications.
PRELIMINARY REACTIONS

The first esterification reaction consisted of refluxing the trianhydride

in acetone with sec-butyl alcohol. Reaction conditions apparently were not strong
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enough, however, as the trianhydride was recovered. BSubsequent reactions were
carried out with methanol, followed by successful identification of TMA and k4-

carbomethoxy phthalic anhydride in the reaction products.

Butanol

The trianhydride (8.05 g., 0.022 mole) was dissolved in 150 ml. dry acetone
and refluxed eight hours with 1.63 g. butanol-2 (0.022 mole). The initial crop
of fine white crystals which separated on cooling (2.6 g.) had m.p. 218-227° and
an anhydride equivalent of 123 (theoretical for the trianhydride: 122.08). After
three recrystallizations from acetone and o-dichlorobenzene, m.p. 220-225°, the
product had an anhydride equivalent of 127. The second crop (0.73 g.) was prob-
ably the same product, m.p. 221-226°, Attempts to recrystallize the third crop
(1.95 g. ), m.p. 140-215°, and the fourth crop (0.32 g.), m.p. 131-198°, from
methyl ethyl ketone led to partially hydrolyzed products which gave weak ferric

hydroxamate tests and decomposed on heating.
Methanol

The trianhydride was prepared by refluxing T™A (10 g., 0.0522 mole) and
TFAA (13.5 g., 0.06L42 mole) in 25 ml. acetone for five hours. On cooling, the
trianhydride was filtered, washed with cold benzene, and dried, m.p. 214-222°
and yield: L4.37 g. (45.8%). Some yellow coloration remained; this was removed
with a cold carbon tetrachloride extract and a hot benzene extract, m.p. 216-222°,
The trianhydride (3.65 g., 0.0l mole) was dissolved in 150 ml. hot 1,2-dichloro-
ethane. After adding 0.32 g. (0.0l mole) methanol, the solution was refluxed
sixteen hours. On cooling to -30°, O.4 g. TMA separated, m.p. 162-166°. Concen-
tration to 100 ml. led to the isolation of additional TMA, m.p. 161-167°. The

solution was eventually concentrated to a sirup. Various crystallization techniques
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and extractions were attempted on this sirup leading to the isolation of several

subcrops, all of which were mixtures. TMA was the only product identified.

A second reaction was carried out with methanocl. The trianhydride was pre-
pared by the reaction of TMA and TFAA in acetone at room temperature. The product
was filtered, washed with benzene, and dried, m.p. 222-226°. The trianhydride
(2.9 g., 0.008 mole) was dissolved in hot 1,2-dichloroethane and 0.253 g. (0.008
mole ) methanol were added dropwise. The solution was refluxed 24 hours and then
vacuum concentrated to dryness at room temperature. The product was composed of
both a solid and a sirup, and was extracted with cold benzene. The insoluble
material (1.66 g.) had a m.p. of 108-1L45° and was again extracted with cold ben-
zene followed by hot benzene. The recovered insoluble material was TMA, m.Dp.
162-165°. A small crop (0.08 g.) which recrystallized from the hot benzene had

a m.p. of 108-145°, The remaining extract was a sirup on concentration.

The first crop to separate from the cold benzene extract of the main product
had a m.p. of 110-130° and a yield of 0.05 g. This was recrystallized from ben-
zene (0.02 g.). .Most of the sample melted at 90-95° but the melt was not clear
until 125°. Some methyl ester anhydride was probably present in this sample. The
second crop from benzene (0.1 g.) had a m.p. of 180-205°d. The remaining benzene

extract was a sirup on concentration.

After about seven weeks, a precipitate was observed in the sirup. After
dilution with 5 ml. ether, 0.0l g. were filtered off, m.p. 87-94°. On recrystal-
lization from benzene (0.005 g.), the m.p. was 89-93° (impure methyl ester -anhy-
dride). After evaporation of the ether, a sublimation attempt at 85° was carried
out. The sublimate collected (0.03 g.) had a m.p. of 91-100°. On recrystalliza-
tion from ether (0.0l g.) the m.p. was 100-101° (L4-carbomethoxy phthalic anhydride).

Reported m.p:. values in the literature range from 94-105° (1-2). Additional
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4-carbomethoxy phthalic anhydride was obtained by redissolving the product in
ether and cooling to -80° for 24 hours. This led to the precipitation of 0.08 g.
having a m.p. of 87-98°. Recrystallization from ether gave the anhydride ester

(0.04 g.), m.p. 101-103°.
QUANTITATIVE STUDY

As in the case of the preliminary esterifications of the acid chloride of
TMA, the above reaction of the trianhydride and methanol could not be considered
as quantitative, since the resulting sirup must have been subjected to a certain
degree of hydrolysis. For this reason an additional reaction was conducted and

.immediately followed by sublimation.

The trianhydride (0.89 g., 0.0024 mole) was dissolved.in 50 ml. 1,2-dichloro-
ethane. After the addition of 0.0792 g. methanol (0.0025 mole) the solution was
refluxed eighteen hours. After concentrating the solution to dryness, the product
(0.79 g.) had a m.p. of 100-170°. After subjecting this product to sublimation at
80° and 1 to 2 mm. for five days, 0.1 g. crude M—carboﬁethoxy phthalic anhydride
was obtained, m.p. 88-98° (yield: 20.2%). After low-temperature recrystallization

from ether, 0.06 g. were recovered, m.p. 99-100° and mixed m.p. 99-101°,
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DISCUSSION OF RESULTS AND CONCLUSIONS

THE TRIMELLITIC ANHYDRIDE-TRIFLUOROACETIC ANHYDRIDE
‘ REACTION "SYSTEM

THE UNSYMMETRICAL ANHYDRIDE OF TMA AND TFAA

The reaction of ™A and TFAA results in the formation of the unsymmetrical

anhydride, which is actually a dianhydride consisting of a cyclic and a linear

anhydride:
=0 0
C\ C\
CF,C0).0 + 0o — 00 0 + CF,COOH.
HOO —Cxo CF5 0 ~o (23)

The cyclic anhydride group is quite stable in this system. In fact, any tri-
mellitic acid impurity would be converted into T™A in a manner analogous to the

preparation of phthalic anhydride by treating phthalic acid with acetic anhydride:

—COooH cZ°
(CFBCO)EO + 0 +2 CFBCOOH (24)
HOOC OCH HOOC C§§O

There can be no doubt that the product is an unsymmetrical anhydride and not merely
an equimolar mixture of the simple anhydrides due to the melting -point, which is
much lower than that of TMA or its anhydride, and since the anhydride can be re-
crystallized from benzene. A mixture of anhydrides would also be unlikely because
of the high volatility of TFAA. The values obtained for neutralization equivalent,
anhydride equivalent, and fluorine content were consistent ﬁith the identification,
as was the infrared spectrum of the purified product. These analyses would also

be consistent for a polyanhydride such as:
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which would require the opening of the cyclic anhydride ring, the stability of
which has already been mentioned. However, this alternate structure was shown
to be impossible by the determination of molecular weight. The molecular weight
was obtained from the freezing point depression of benzene, a solvent'in which

the unsymmetrical anhydride is fairly stable.

The unsymmetrical anhydride of TMA and TFAA readily undergoes partial hy-

drolysis, leading to the formation of TMA and trifluorcacetic acid:

0 =0

Z
0 o 4 L0 — 0 + CF,CO0H (25)
| Ll / 2 / )
CFC-O0- e, HOOC Cxq

If an attempt is made to recrystallize this anhydride from a solvent which con-
tains a small amount of water, hydrolysis will occur, as it must have when a

sample was dissolved in carbon tetrachloride. It has been stated previously (17)
that carboxylic trifluoroacetic anhydrides hydrolyze completely by standing in
contact with moist air for even a few seconds. This would explain the infrared
spectra. Moisture adsorbed from the air by potassium bromide led to a spectrum
which was essentially the same as the known spectrum of TMA. When nujol was
employed instead of potassium bromide there was less chance for hydrolysis to occur

and the spectrum suggested the presence of the four carbonyl bands of a dianhydride.
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However, there was still slight carboxyl absorption, indicating that a small degree

of hydrolysis had taken place.

With a compound of the type RCOOCORl; the rate of hydrolysis would be strongly
dependent on the role played by the alkyl group in decreasing the availability of
electrons at the reaction site. If the hydrogen atoms of the alkyl group are re-
placed by fluorine atoms, as in the trifluoroacetyl group, the R group is a very
powerful electron-withdrawing group due to the strong inductive effect of the
highly electronegative fluorine. Electron-withdrawing substituents increase the
tendency for a water molecule to combine with the carbonyl carbon atom. The rate
of hydrolysis is also increased by increasing differences in sizes of the two R

groups. Thus, the highly reactive nature of the unsymmetrical anhydride of TMA

and TFAA toward water would be expected.

The unsymmetrical anhydride of TMA and TFAA disproportionates very easily:

=0
00 cZ° Ose- 00 —c\/
) 0 == (cry00),0 + G | | Y (26
2 CF,C0C N P ~—coc - <

?his disproportionation occurs under the influence of heat or certain solvents.
When the anhydride 1s heated to its melting point, disproportionation takes place
immediately leading to the evolution of TFAA and the solidification of bis(tri-
mellitic anhydride) anhydride. Other unsymmetrical anhydrides in which the two
alkyl or aryl groups differed considerably in size showed a marked tendency to
‘disproportionate into the simple anhydrides even on standing at room temperature
(g§). This factor was also found to be.in effect with the unsymmetrical anhydride

of ™A and TFAA; it was found to be necessary to analyze this anhydride immediately
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after preparation and purification. The instability was illustrated when a sample
was submitted for elemental analysis. The carbon and hydrogen values obtained
were intermediate to the calculated values for TMA and bis(trimellitic anhydride)
anhydride, indicating that both disproportionation and hydrolysis had probably

taken place.

Although the unsymmetrical anhydride can be recrystallized from a nonpolar
solvent, such as benzene, when it is dissolved in a more polar solvent, such as
acetone, nitrocethane, or ether, disproportionation takes place. The equilibrium
of Reaction (26) must be strongly influenced by the nature of the solvent. The
more polar solvents must shift the equilibrium to the right resulting in a pre-
ponderance of the simple anhydrides. This would agree with the results of Ralston
and Reck (Eg) who could not recrystallize unsymmetrical anhydrides from acetone
or acetonitrile, but could recrystallize from petroleum ether, even though the

anhydrides were quite soluble in all three solvents.

It has been demonstrated that perfluoro fatty acids form addition compounds
with some ethers, tertlary amines, nitriles, and ketones (§g). For example, tri-
fluorcacetic acid formed an addition compound with ethyl ether while heptafluoro-
butyric acld formed addition compounds with acetone and acetonitrile. If TFAA
could be complexed by ether, such as by intermolecular hydrogen bonding between
fluorine atoms and the hydrogen atoms of ether, this might be expected to shift
the equilibrium of Reaction (26) to the right, leading to the crystallization of
bis(trimellitic anhydride) anhydride. Solubility properties might also affect the
position of the equilibrium. The unsymmetrical anhydride readily dissolved in
cold ether, and crystallization of bis(trimellitic anhydride) anhydride commenced

within a few minutes.
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ESTERIFICATION OF THE TMA-TFAA SYSTEM

One series of esterification reactions of the TMA-TFAA system was quite
different from any of the other reactions. Reactions condﬁcted in an acetone
medium led to the isolation of bis(trimellitic anhydride) anhydride. Reactions
carried out in acetone must be strongly influenced by the position of the equil-
ibrium of Reaction (26). This would be analogous to the attempt to recrystal-
lize the unsymmetrical anhydride from ether. Indeed, when no alcohol was added
to the solution of TMA and TFAA in acetone, bis(trimellitic anhydride) anhydride,
the trianhydride, crystallized out in 50% yield. Assuming that the equilibrium
is displaced to the right a certain degree, when an alcohol is added, it could
react with the trianhydride, TFAA, or the unsymmetrical anhydride. The latter
two compounds would be expected to be the most reactive of the three. When a
slightly -less than equimolar quantity of phenol or o-cresol was added to the
esterification mixture, the trianhydride was the first compound to separate.
However, the trianhydride was never recovered in pure form in yields greater than
15%. This would indicate that in addition to the second disproportionation product
(TFAA) reacting with alcohol, the unsymmetrical anhydride was also reacting. If
the unsymmetrical anhydride reacted to give mainly the trifluorcacetate ester, TMA
should also be formed. TMA was recovered from these esterification reactions in
acetone in yields up to 50%. To show that the trifluoroacetate ester was actually
being formed, n-butyl trifluoroacetate was recovered from one reaction.of TMA, TFAA,

‘and n-butyl alcohol in acetone.

For the general esterification of the TMA-TFAA system, where the unsymmetri-
cal anhydride would be expected to predominate, there are two possible reaction
mechanisms., The first type would be the ionic mechanism which is usually encoun-

tered for reactions of acyl trifluoroacetates. In this case the unsymmetrical
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anhydride would ionize a small extent into a trifluoroaéetate anion and a trimel-
lityl cation. (The alternative mode of ionization into a trifluoroacetyl cation
and a trimeliitaté anion would be quite unlikely due fo the strong electronegative
character of fluorine.) The reactive acylium ion would then be the primary acylat-

ing species, leading to a trimellitate ester anhydride and trifluoroacetic acid:

0 0 . 0
I O = (cr;c00)" + | 0 1)
CF5C-0-C ~o0 +C- C~o
'ROH
__C%O
CF,, COOH+ \o (28)
/
ROOC C'sq

In the second type of reaction mechanism, the bimolécular displacement reaction
suggested by Tedder (Qé), the alcohol would react directly with the molecular form
>of the unsymmetrical anhydride. This mechanism can be used to predict the results
for the esterification of most unsymmetrical anhydrides. Since nucleophilic attack
occurs preferentially at the carbonyl group which is most deficient in electrons,
this mechanism would favor the formation of the ester of the stronger acid. For
the esterification of the unsymmetrical anhydride of TMA and TFAA, this mechanism

would predict, therefore, that the trifluoroacetate ester -and TMA would be formed:

=0 _0
0 0 < - —~Z
-l 0 + ROB—3 CF,COOR + 0 (29)
CF,C-0-C Cx, 3 HOOC C/
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In most of the esterification reactions, approximately equimolar quantities
of ™A and alcohol were employed, along with a slightly greater than equimolar
quantity of TFAA. This procedure was followed to minimize esterification with the

cyclic anhydride ring of TMA and with excess TFAA.

Under conditions unfavorable for the ionization of the unsymmetrical anhy-
dride, the bimolecular reaction resulting in TMA and the trifluoroacetate ester
would be expected to be in effect. This was demonstrated by the reactions carried
out in the chlorinated solvents. A reaction in carbon tetrachloride with. phenol
and reactions with sec-butyl alcohol in o-dichlorobenzene and 1,2-dichloroethane
led to the recovery of TMA in yields of better than 80%. The alcohol must have
reacted with the molecular form of the unsymmetrical anhydride in these cases.

In the former reaction a minor crop was obtained which could have contained the
phenyl trimellitate anhydride, but insufficient material was obtained for positive

identification.

The reaction of an equimolar portion of alcohol with the solid unsymmetricél
anhydride also primarily follows the bimolecular reaction. The esterification
with phenol led to the recovery of TA in 84% yield. When the unsymmetrical anhy-
dride was reacted with n-butyl alcohol, crude TMA in about 80% yield was obtained.
The distillate from this reaction amounted to 69% yield, based on n-butyl tri-
fluorcacetate. The esterification reaction of methanol with the solid unsymmetri-
cal anhydride led to the isolation of a product which was mostly T™A (87% yield).
It has been shown that 4-carbomethoxy phthalic anhydride can be removed from mix-
tures by sublimation. In this case the sublimate softened slightly at about the
melting point of the ester anhydride, but was apparently composed primarily of TMA.
Very little trimellitate ester could have been formed in this reaction, and the

trifluoroacetate ester must predominate. Only the sharpest fraction of methyl
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trifluoroacetate was retained from the distillate of this reaction (26.2% yield).
The actual yileld must have been considerably higher, but a large part of the ester
-was lost due to its high volatility. A reaction of the unsymmetrical anhydride in

ether with n-butyl alcohol, led to TMA and n-butyl trifluorocacetate.

It would be of interest at this point to compare the results of this study
with those obtained by Bourne, et al. (Zg) for the esterification of the unsym-
metrical anhydride of TFAA and benzoic acid, which might be expected to be |
similar to the unsymmetrical anhydride of TMA and TFAA. Benzoyl trifluorocacetate
was a more effective trifluorocacetylating agent than an unsymmetrical anhydride
like acetyl trifluorocacetate,.probably due to resonance stabilization of the
benzoylium cation, but some benzoate esters were obtained. With E-butyi alcohoi,
Bourne obtained 6% benzoate and 93% trifluoroacetate; in a nonionizing solvent
(carbon tetrachloride) he obtained 97% trifluorcacetate. When the reaction was
conducted in an equimolar portion of trifluorocacetic acid (1.3 moles), the resﬁlt
was 8% benzoate and 92% trifluoroacetate. The result under the same conditions
for esterification with the secondary alcohol was the same, but reaction with
phenol led to 88% benzoate and 11% trifluoroacetate. (Since phenol is appreciably
-acidic, the electrons of the oxygen atom should be relatively less readily avail-
able for.reaction with the weaker electrophilic reagent than with the benzoylium
ion, and attack by the molecular form of the unsymmetricél anhydride should be
slowed down.) Reaction with ethanol led to 13% benzoate and 81% trifluoroacetate.
When a large quantity (10 moles) of trifluoroacetic acid was employed as a solvent,
reaction with n-butyl alcohol led to 38% benzoate and 59% trifluoroacetate.  Sub-
stitution of the secondary alcohol in this reaction system led to 57% benzoate
and AO% trifluorocacetate. The decreasing proportion of trifluorcacetate obtained
from the secondary alcohol.is explained by the greater difficulty of approach of

the molecular form of the anhydride to the oxygen atom of the alcohol.
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In this study, no trimellitate ester anhydride was isolated when alcohol was
added to the unsymmetrical anhydride alone, or to the anhydride in nonionizing
solvents. Trifluorocacetate esters and TMA were obtained. A reaction with approxi-
mately equimolar portions of methanol and the unsymmetrical anhydride in ten moles
of trifluorocacetic acid was followed by sublimation of the dried product. The
results indicated that very little U4-carbomethoxy phthalic anhydride could have
been formed. If the reaction were similar to that of benzoyl triflﬁoroacetate,

a greater amount of trimellitate ester would be formed in the reaction with a
secondary alcochol. Four reactions were conducted between equimolar quantities of
the unsymmetrical anhydride and sec-butyl alcohol in trifluoroacetic acid (three
to ten moles). Reactions were carried out at room temperature and at reflux. In
all cases, TMA was obtained in high yields and no trimellitate ester could be
identified positively. Reaction with a longer chain secondary alcohol (capryl)
had the same result. Equimolar quantities of the alcohol and the unsymmetrical
anhydride in ten moles of trifluoroacetic acid led to the almost immediate crystal-
lization of 72.4% TMA. The reaction of phenol and benzoyl trifluorcacetate led
to a high yield of phenyl benzoate, but with the unsymmetrical anhydride of TMA
and TFAA, TMA was recovered in large gquantities. A very smsll amount (0.02 g.)
of a monophenyl trimellitate was obtained but was not completely characterized.
Various recrystallization and extraction techniques'were employed in the above

reactions, but TMA was always obtained.

The reactions of alcohols with the unsymmetrical anhydride of TFAA and TMA
appear to be quite different from the reactions of alcohols with acetyl and
benzoyl trifluoroacetate. All of the reactions conducted led to TMA and tri-
fluoroacetates almost exclusively. 1In all cases the reaction must follow the bi-

molecular reaction of the SN2 type. If the reaction followed the usual ionization
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mechanism of the trifluoroacetyl unsymmetricél anhydrides, the trimellitate.esters
would have been obtained. Even under conditions favoring the ionization mechanism,
such as the reactions carried out in excess trifluorocacetic acid, and with alco-
hqlic compounds usually favoring this mechanism, such as secondéry alcohols and
pﬁenols, the trimellitate esters could not be obtained. The mechanism postulates

a small degree of ionization into the tri%luoroacetate and acylium ions. A
partial éxplanation why this mechanism is not favored, is that resonance stabil-
ization of any acylium cations formed leads to accompanying -lowering of the density

of the positive charge on the éarbonyl group:

| 0 —c#° 0 +0 70

P lI ) o | Yy e | »
—C§O = Q C= —C% C= ~0
(30)

This may be a simplification due to the influence of the anhydride group; but
would have the effect of slowing down the reaction of the cation with hydroxyl
groups and allow the reaction with the molecular form of the unsymmetrical anhy-

dride to become more important.

This explanation is not completely satisfactory, since similar rescnance
structures can be proposed for the benzoylium cation., It does partly explain,
along with steric effects, why greater prqportions of trifluoroacetates are
obtained from the unsymmetrical anhydrides with TMA and with benzoic acid than
are obtained from acetyl trifluorocacetate. However, since resonance structures
for the benzoylium ion would be more highly favored than those of the trimel-
litylium ion, on thisvbasis alone higher proportions of trimellitate esters than

" benzoate would be expected from their corresponding acyl trifluoroacetates.
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lIt would appear that very little lonization actually takes place. It has
been stated (§2) that benzyl carbonium ions normally are formed with ease, since
they are stabilized by resonance, provided that electron-withdrawing groups are
not conjugated with the system. For example, when a carbonyl group is conjugated
with the system, resonance operates to oppose the separation of the ions; under

these conditions carbonium ion formation is unlikely.

The interpretation of the effects of substituents on a reacting molecule
are divided into inductive (or electrostatic) effects, resonance (or conjugation)
effects, and steric effects (84). The Hammett substituent constant (o) represents
- the ability of the substituent group to attract or repel electrons by a combina-
tion of, its inductive and resonance effects. The constant is not applicable to
ortho substitution due to steric effecﬁs? but it is meta and para substitution
in effect in this instance. The a;id—strengthening substituents, those with
positive o's, are classed as electron—wifhdréwing agents (85). There are no
values of ¢ for anhydride groups in the literature, but these meta and para
carbonyls might be expected to be simlilar to meta and para methyl ester groups.
Values of o for meta and para ~COOCH3 groups are both §trongly positive, although
not as much so as the values for —CF3 or —NO2 groups. Both carbonyl groups con-
tain an electronegative atom doubly bonded to a more positive atom that is in turn
singly bonded to the rest of the molecule. The carbonyl oxygens can withdraw
electron density from the neighboring carbon atoms leaving them with partial
positive charges. This inductive effect arising from the action of dipoles fesults
in the atoms nearest the position of substitution being subjected to the greatest = -
. induced polarization. However, it appears that inauctive effects are transmitted
to the reaction center almost as efficiently from the para as from the meta posi-

tion (§2). Carbonyl groups, which are assoclated with negative inductive effects,
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also withdraw pi electron density from conjugated systems. This disturbance of
pi electron density at one atom in a conjugated system is not diminished by dis-
tance. The best indications of the resonance effect are exhibited with para
substituents. These effects due to the meta and para carbonyls would both act

to withdraw electron density. They would not be expected to be as great as the
effect of the -CF

3

would act in opposition to its electron-withdrawing action. The over-all effect

group of the other half of the unsymmetrical anhydride, but

might be a diminution of ionization, resulting in the pronounced reaction of the
alcohol with the molecular form of the unsymmetrical anhydride. Under these
circumstances, the formation of TMA and trifluoroacetates would be expected due

to the action of the more electronegative —CF5 group.

Three reactions were conducted in which a greater than equimolar gquantity
of alcohol was added to the uhsymmetrical anhydride. These reactions all re-
sulted in the opening of the cyclic anhydride ring with the consequenf formation
of 1- and 2-alkyl trimellitates. The reaction of excess methanol with the solid
unsymmetrical anhydride led to a mixture of 1- and 2-methyl trimellitates. The
reaction in chloroform with excess n-butyl alcohol led to a monobutyl trimellitate.
A reaction of one mole of the anhydride with two moles séc—butyl alcohol in tri-
fluoroacetic acid also led to the opening of the ring~and formation of monobutyl
trimellitates.

THE UNSYMMETRICAL ANHYDRIDE OF TRIMELLITIC
AND ACETIC ANHYDRIDES

The unsymmetrical anhydride of TMA and acetic anhydride may be obtained, as
indicated in Reaction (7),Iby refluxing a solution of the two anhydrides. The
unsymmetrical anhydride dces not separate out on cooling to room temperature, as

in the case of the trifluorocacetyl derivative. It is necessary to distill off
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some of the excess solvent and follow by cooling to obtain the crude derivative.
The anhydride cannot be obtained by continued distillation to remove acetic acid

and acetic anhydride, as this would lead to disproportionation, as shown in Reaction

8). |

The unsymmetrical anhydride can be purified either by extraction of the
impurities with ether or by extraction of the unsymmetrical anhydride with ben-
zene followed by recrystallization from the same solvent., This product could not
be merely a mixture of the two anhydrides since it has a distinct melting point
and it can be recrystallized. Analytical values were consistent with the identi-
fication, as was the infrared spectrum. The determination of molecular weight

eliminated the possibility of a polyanhydride.A

The esterification of this unsymmetrical anhydride was only briefly examined.
Three reactions were carried out with methanol to determine the possibility of
obtaihing 4-carbomethoxy phthalic anhydride from this unsymmetrical anhydride.

The reactions were all followed by sublimation, but the ester anhydride was not
obtained in pure form. Again this reaction might be similar to that of acetic
benzoic anhydride which leads predominantly to acetate esters (E@). Without the
influence of the highly electronegative ~CF5 group, the ionic mechanism would not
be favored in the case of acetic benzoic anhydride. The explanation of Bailey and

Chang (E@), due to the structure shown below, was that resonance in the benzoyl
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group would disperse the positive charge into the benzene ring making this carbonyl
group less susceptible to nucleophilic attack than the acetyl carbonyl group, whiéh
would be polarized by the inductive effect of the methyl group. In the case of the
acetic trimellitic anhydride, electronic effects, due to the influence of the
cérbonyls of the cyclic anhydride, would be. expected to make the trimellityl
carbpnyl carbon more positive, and would render reaction at this site more favor-
able than at the acetyl carbon atom.l Since M-carbomethoxy phthalic anﬁydride was
not obtained it would seem that this reaction was governed by steric effects. The
much greater size of the phenyl group in comparison to the methyl group would

favor the formation of acetate esters and TMA.
THE ACID CHLORIPE OF TRIMELLITIC ANHYDRIDE

The two anhydride derivatives of TMA discussed above react with alcohols te
return T™MA, It waé desirable to obtain an anhydride derivative which could react
with alcohols to yield high percentages of the triméllitate ester anhydrides. The
acid chloride of TMA éppeared:to be the most promising derivative. Refluxing a
mixture of TMA and excess thiényl chloride until éolution is obtained leads to the

formation of the acid chloride:

0
Se- Se-
o ./
N + 80C1, —> 0, + 80, + HC1 (31)
040 - ~COOH ~C7 —COoCl
0

On cooling the solution to room temperature, a small amount of bis(trimellitic
anhydride ) anhydride crystallizes, probably formed by the reaction of the acid '

chloride with TMA:
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O/ + ‘ >} —> HC1 +
N _
O/C COCl HOOC / §O
o\c /O
O/ 0 0 C
\ [l [ > (32)
oéc —C—0—C- ——C§o

Vacuum concentration of the filtrate to dryness leads to high yields of the acid

chloride.

The acid chloride of TMA may be obtained quite easily in pure form by re-
crystallization from either benzene or ether. Fine, white crystals may also be
obtained by sublimation. Elemental analysis, neutralization equivalent, molecu-

lar weight, and infrared analysis were all consistent with the proposed structure.

The acid chloride portion of the molecule should be more reactive than the
cyclic anhydride portion. When methanol was added to the solid acid chloride or
to a benzene or 1,2-dichloroethane solution, an immediate exothermal reaction was

indicated with evolution of HCl:

RN AN
e- e
0 +C 0 + HC1 .
S HOH — O e (33)
o~ —cocl =C H,

Concentration of the products led to a sirup. Varying the reaction conditions and
the rate of addition of methanol had no effect, and crystallization could not be
induced. The reaction with butanol, accompanied by the evolution of hydrogen

chloride, also led to a sirup. Since hydrogen chloride was evolved, it was known

:
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that the acid chloride was reacting. However, since crystallization could not be
induced it seemed possible that this was not the sole reaction. There could be a
small degree of esterification of the cyclic anhydride ring;. this reaction could
be catalyzed by the hydrogen chloride evolved. It still seemed probable that the
main reaction was the esterification of the carboxylic acid chloride. . It has been
shown (86) for acylation of substituted benzoyl chlorides, that reactivity runs
parallel with the depletion of electrons at the carbonyl carbon atom. It might
be expected that the anhydride group should increase the reactivity of the acid
chloride. Gould (§E) has stated that alcoholysis of acyl chlorides is typical

of the bimolecular nucleophilic substitution reactions, and that the reaction is
accelerated by the substitution of electron-withdrawing groups, such as —NOQ, in

the benzene ring.

It was discovered that L-carbomethoxy phthalic anhydride could be removed
from the sirupy product by sublimation. By this procedure, the crude ester was
obtained in 68.2% yield, indicating that esterification of the acyl chloride was
the main reaction. This ester 'was purified by recrystallization from ether.
Infrared analysis, elemental analysis, melting point, and the molecular weight

determination were all consistent with the identification.
BIS(TRIMELLITIC ANHYDRIDE) ANHYDRIDE

The simple anhydride of TMA was obtained by several preparations during this
work, primarily through disproportionation of an unsymmetrical anhydride.  Heating
of the unsymmetrical anhydride of TMA and TFAA or solution in certain solvents led
to disproportionation and the recovery of bié(trimellitic anhydride ) anhydride.

This trianhydride has been purified by recrystallization from various solvents.
The determination of melting point, neutralization equivalent, anhydride equivalent,

infrared analysis, and elemental analysis were all consistent with the identification.
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Once again, the possibility of a polyanhydride was eliminated by the determination

of molecular weight.

A few esterification reactions of the trianhydride were conducted. It might
be expected that the linear anhydride group could be slightly more reactive than
the cyclic anhydride groups, so that TMA and a k4-carboalkoxy phthalic anhydride

would be obtained:

Oajc __Cé/
o\ >O + ROH ———>

(3%)

N

‘COOH ROOCO c

Steric factors might slow down this reaction, however, leading to some esterifi- |

AN

cation of the cyclic anhydride groups. This simple anhydride is not as reactive
as the unsymmetrical anhydrides. When dissolved in acetone and refluxed with sec-
butyl alcohol, a considerable portion of the unchanged trianhydride crystallized
out on subsequent cooling. Reaction was obtained, though, with methanol. As in
the case of reaction with the acid chloride, concentration of the reaction mixture
"led to a sirupy product. Both TMA and kL-carbomethoxy phthalic anhydride were iso-
lated from the product. This reaction is not as specific as the reaction of the
acid chloride, however, as sublimation resulted in the recovery of only 20.2% of

the theoretical yield of L4-carbomethoxy phthalic anhydride.

SUMMARY OF RESULTS

Five anhydride derivatives of TMA have been obtained. The trifluoroacetyl

and acetyl unsymmetrical anhydrides, which are new compounds, were prepared,
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purified, and characterized. These unsymmetrical anhydrides are difficult to pur-
ify since they readily hydrolyze and disproportionate. They react with alcohols

leading predominantly to TMA and the trifluoroacetate or acetate ester,.

The acid chloride.:-of TMA, a previously unreported compound, can be obtained .
through the reaction of TMA with thionyl chloride. This acid chloride has been
purified and characterized. Reaction with methanol leads to a sirup. Sublimation,
however, removes the desired L-carbomethoxy phthalic anhydride in high yield. This
ester anhydride has also been purified, and characterized more completely than in
previous reports of the compound. The acid chloride would be the most promising
anhydride derivative for further work in this—area, such as in the preparation of
the U-carboalkoxy -phthalic anhydride series, simple and mixed diesters, and ulti-

mately, cross-linked esters.

The simple anhydride of TMA, bis(trimellitic anhydride) anhydride, has been
prepared by the disproportionation reaction of the unsymmetrical anhydride of TMA
and TFAA and from the reaction of TMA and thionyl chloride. This derivative was
purified and characterized. A report of this compound appeared after this study
was initiated. Reaction with methanol led to ™A and 4-carbomethoxy phthalic
anhydride, but the reaction does not appear to be as specific as the reaction of

the acid chloride.
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APPENDIX I
DETERMINATION OF ANHYDRIDE EQUIVALENT

The method employed for the determination of anhydride equivalents was
based on the reaction of the anhydride with morpholine and titration of the excess
reagent with hydrochloric acid (§Z-§§). This method was chosen because of its
reported success in the presence of acids and its determined applicability in the

presence of esters.

The required amount of redistilled morpholine was diluted with methanol to
give a 0.1N solution. A 0.1N methanolic hydrochloric acid solution was stand-
ardized against a sodium hydroxide solution which had been standardized previously
with potassium acid phthalate. The indicator used was methyl yellow (E-dimethyl-
aminoazobenzene ) and methylene blue in methanol. The procedure consisted of
adding an excess of the morpholine solution to the anhydride, allowing five min-
utes for reaction, followed by titration of the excess morpholine with the methan-
olic hydrochloric acid solution. It is also necessary to run a blank determina-

tion.

The mixed indicator solution suggested by Johnson and Funk goes through a
wide color change which was not too important with the large sample sizes employed
in their study, but with small samples this introduces a problem in determining
the end point. This problem was eliminated, however, by following the titration
potentiometrically. It was also found that aqueous hydrochloric acid and mor-

pholine in acetone could be used in the procedure.

Phthalic anhydride was purified by recrystallization from anhydrous ethyl

ether. This sample, analyzed‘by the morpholine method, had a purity of 102%.




-71-

A fresh supply of TMA was then obtained through the courtesy of A. F. Schubert of
Amoco Chemicals Corporation. Analysis by. the morpholine method .indicated a purity
of 99.1%. It thus appeared that the morpholine method would be acceptable for
determining anhydride content in the presence of carboxyl groups. The anhydride
reacts mole for mole with morpholine to give an amide and a carboxyl group. The

carboxyl groups may form salts with the morpholine, but these would be titratable.

The method was also tested on diethyl phthalate, a mixture of monomethyl tri;
"mellitate and trimellitic acid, and a sample of trimethyl trimellitate which haa
been prepared with a sulfuric acid catalyst.by a procedure similar to that given
in an Amoco Technical DBata Sheet (é). Since none of these materials feacted with
morpholine, the method was shown to be suitable for the determination of anhydrides

without interference from acids or esters.
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APPENDIX II
DETERMINATION OF MOLECULAR WEIGHT

The molecular weights of the trifluoroacetyl-TMA unsymmetrical anhydride, the
acetyl-TMA unsymmetrical anhydride, the acid chloride of TMA, bis(trimellitic anhy-
dride) anhydride, and 4-carbomethoxy phthalic anhydride were determined by freez-
ing point depression as outlined by -Steinbach and King (89). All but one of the
determinations were made with benzene as the solvent. Bis(trimellitic anhydride)
anhydride is insoluble in benzene; its molecular weight was determined from the

freezing point lowering of dioxane.

A Beckmann thermometer graduated into 0.01°C. divisions was employed. The
solvent or solution was transferred to a test tube which was placed within a
larger test tube to separate it from the cocoling bath (ice water). The thermometer
and a ring stirrerwere placed in the solution. The freezing points-were then
determined by recording the témperatures at thirty-second intervals to obtain the
cooling curves. By obtaining the freezing point lowering between solvent and solu-
tion (Ag) and knowing the molal freezing point lowering constant for the solvent

(5&), the molecular weight was calculated by:

Mol. wt. = (1000)(wt. of solute)(gf)/ (wt. of solvent)(AT).
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APPENDIX III
FLUORINE ANALYSIS

The method employed for fluoriné analysis consisted of a Schoniger combustion
(90) followed by titration with cerous chloride (91-92). The modified method éon—
sisted of weighing a sample (10 to 30 mg.) onto a piece of filter paper with about
20 mg. sodium peroxide. The filter -paper was then rolled and placed in the plati-
num holder of the stopper of the Schoniger flask. Distilled water (10 ml.) was
added to the flask to absorb the combustion products. The air in the flask was
displaced with oxygen. The paper was ignited and quickly placed in the flask.
An interval of 30 minutes was allowed for -complete absorption of combustion prod-
ucts. After opening the flask, the solution was acidified with 5 ml. 0.01N
hydrochloric acid and the carbon dioxide was boiled off. The solution was neutral-
ized with O0.01N sodium hydroxide using bromthymol blue as-an indicator and then
made slightly acidic (pH 5 to 6). Ethanol (10 ml.) was added and the fluoride was

then titrated with O.OlN cerous chloride using a Murexide indicator. A blank was

also run,

The original method did not include the addition of the catalyst, which was
acceptable when a known compound was tested. Perfluorocaprylic acid was recrys-
tallized from carbon tetrachloride and then from toluene., The analytical results

obtained were: 69.4, 70.9% F (theoretical: 68.83%).

When a freshly prepared sample of the unsymmetrical anhydride of TMA and
TFAA was analyzed bj.the Schoniger technique, low results were obtained: 10.1,
11.6% F (theoretical: 19.78% F). It appearéd probable that some disproportiona-
tion was taiing-place before combustion was completed, and that some oxidation aid

might be necessary. Opinion in the literature is divided on the need for catalysts
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in the combustion of fluorinated compounds. Rogers and Yasuda (22) employed the
Schoniger combustion and reported no difficulty in compounds containing the -CF5
group. Johnson and lLeonard (2&) also stated that decomposition of the —CF5 group
by flask combustion is complete and that no oxidation aids are necessary. However,
Belcher, et al. (22) observed that some compounds containing the -CF3 group gave
low results, and attributed this to the formation of carbon tetrafluoride.

Belcher obtained improved results with the aid of potassium chlorate. Steyermark,
et al. (96) and Senkowski, et al. (97), also observed the need for-a catalyst and

employed sodium peroxide.

The analysis was repeated with the addition of about 20 mg. sodium peroxide.
With the aid of the catalyst, the results were quite satisfactory: 19.3, 19.5% F

(theoretical: 19.78% F).
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APPENDIX IV

ESTERIFICATION 'REACTIONS OF ALCOHOLS WITH THE TRIMELLITIC
ANHYDRIDE-TRIFLUOROACETIC ANHYDRIDE SYSTEM

"ESTERIFICATION OF THE UNSYMMETRICAL ANHYDRIDE OF TMA AND TFAA

Several reactions were conducted by adding an alcohol to the unsymmetrical
anhydride. In this state, the solid anhydride reacts to yield primarily TMA and

the trifluorocacetate ester.
Phenol

After two hours at room temperature, a mixture of TMA (5.0 g., 0.026 mole ) and
TFAA (6.75 g., 0.032 mole) solidified. After the addition of 2.289 g. phenol
(0.024 mole) the mixture was heated at 75° and gradually liquefied. After twenty
‘hours the mixture had partially solidified. Filtration gave a yellow-white solid
which was washed with two 25-ml. portions of carbon tetrachloride, The white crys-
talline solid remaining in a yield of 3.735 g. was TMA, and had a m.p. of 162-165°
and anhydride equivalent of 195 (theoretical: 168° and 192.1). Additional TMA
(0.48 g.) separated on addition of the carbon tetrachloride washings to the original

filtrate, m.p. 152-161° and anhydride equivalent: 191.

Butanol-1

A mixture of ™A (10 g., 0.0522 mole) and TFAA (12 g., 0.0572 mole) was allowed
to react at room temperature. . Initially, the TMA appeared to be dissolving, but
after standing overnight, the mixture had completely solidified. On heating on a
water bath at 75°, the mixture partially melted and then solidified. The mixture
would not liquefy on continued heating.at this temperature. Butanol-1l (3.888 g.,

0.0524 mole) was added to this mixture, which was then heated at 75° for 8.5 hours.
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The mixture was then extracted with 30 ml. boiling -anhydrous ethyl ether and
filtered. The ether-insoluble material, recovered in 8.224 g. yield, was probably
mostly TMA, m.p. 156-182° and anhydride equivalent 203 (expected values: 168° and
192.1). Several small additional crops which were obtained on refrigeration and

concentration were not resolved.

The ether was stripped from the extract and the reméining liquid was dis-
tilled to yield 6.15 g. of product which gave a positive ferric hydroxamate test
and negative test for alcohols with the ceric nitrate reagent. This ligquid should

be n-butyl trifluoroacetate and had a saponification equivalent of 210 and n%o

1.3288 (theoretical: 170 and ;11138 1.3394)(72).

Methanol

Several reactions were carried out between methanol and the unsymmetrical
anhydride of T™A and TFAA. The first reaction was an attempt to obtain 4-carbo-

methoxy phthalic anhydride.

The unsymmetrical anhydride was prepared by refluxing a solution of TMA
(5 g., 0.026 mole) in TFAA (30 g., 0.143 mole) for five hours. The cooled solu-
tion was then filtered and the filtrate solidified on cooling. This product was
dried in vacuo at room temperature to give 6.457 g. (0.0224 mole) k-trifluoro-
acetyl TMA, m.p. 93-96, 220-221° (86.1% yield). Methanol (0.72 g., ©.0225 mole)
was added dropwise to the unsymmetrical anhydride with evolution of heat. The
product was extracted with 10 ml. cold anhydrous ether, filtered, and washed with
a second portion of ether. The ether-insoluble material (1.97 g.) had a m.p. of
152-163°. Sublimation at 85° and 1-2 mm. led to a trace of material having a m.p.
of 146-168°. The ether washings were concentrated to dryness, 0.3k g., m.p.

145-163°,  Sublimation again led to a small amount of material, m.p. 139-155°.

—
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The ether extract was also concentrated to dryness to yield 1.43 g., m.p. 115-163°,
Sublimation for three days at 85° and 1-2 mm. removed only a trace of material.
This product softened slightly at 88° but did not melt until 150°. It is possible
that this fraction contained a trace of 4-carbomethoxy phthalic anhydride, but

the major portion of the sublimate was probably TMA.

lSince the ester anhydride was not obtained, .it was necessary to prove the
formation of methyl trifluoroacetate. The unsymmetrical anhydride was prepared
as above, on a larger scale, and recrystallized from benzene to give 21.1 g.
(0.073 mole), m.p. 93-95, 221°. .Methanol (3.96 g., 0.12k mole) was added drop-
wise with evolution of heat. A colorless liguid (2.6 g.) was distilled with b.p.
43-45°, This liquid gave a positive ferric hydroxamate test and had n%B 1.33L46,
Literature values for methyl trifluorcacetate are b.p. 43° and n%o 1.29073 (Zi).
An infrared spectrum compared favorably with the known spectrum of methyl tri-
fluoroacetate but had several extra bands. Absorption at 678 and 1485 em. "t
indicated a benzene impurity while absorp%ion at 1032 and 3360 cm._l indicated ’
a methanol impurity. It was decided to repeat this experiment without adding

quite as much excess methanol and taking greater care to remove all benzene after

recrystallizing the unsymmetrical anhydride.

In this case, methanol (3.0l g., 0.094 mole) was added dropwise to the re-
crystallized unsymmetrical anhydride (25.8 g., 0.0896 mole). The fraction of
distillate of this product having b.p. 43-L4° was retained. Yield: 3.0 g. (26.2%

based on methyl trifluoroacetate). This product hadf'ng5 1.293. Literature values

20
D

0.5 g. having b.p. L44-L46° was also "retained, n%s 1.293. Infrared spectra of

for methyl trifluoroacetate are b.p. U3° and n_~ 1.29073 (ZE). A second cut of

these two fractions matched the known spectrum of methyl trifluorocacetate. (See

Fig. 2 for the spectrum of the isolated methyl trifluorcacetate ).
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An additional reaction was carried out to determine the effect of excess
methaﬁol. ™A (1.0 g., 0.0052 mole) was heated in 27 g. TFAA (0.128 mole) in an
enclosed glass tube. Some excess TFAA (22 g., 0.105 mole) was removed by distil-
lation. Frothing and heat evolution accompanied the addition of 1.58 g. methanol
(0.0493 mole). Two precipitates were recovered from the reactant solution. The
first product had a m.p. of 148-151° with a neutralization equivalent of 71.25
and an anhydride equivalent of 285. This was probably a mixture of TMA and an:
ester. The second product was a mixture of 1- and 2-methyl trimellitate, with a
neutralization equivalent of 109.5 (theoretical: 112.1) and no anhydride content.

The mixture softened at 179°, m.p. 200-206°.

-ACYLATTON :REACTIONS OF TMA AND TFAA IN ACETONE

Different solvents were examined as media for the esterification of the TMA-
TFAA system. Acetone was used in several reactions; the main reactions are

described below.
Butanol-1 .

™A (10 g., 0.052 mole) and TFAA (13.5 g., 0.06L4 mole) were dissolved in
4O ml. acetone. After two hours at room temperature, 3.858 g. n-butyl alcohol
(0.052 mole) were added to the yellow solution, Qith noticeable evolution of heat.
After T2 hours, a small amount of a brown flaky precipitate settled and was filtered
off. After a week, no further precipitation occurred. The solution was distilled
and four fractions were collected. The low boiling fraction was acetone, while
the last three fractions all gave positive ferric hydroxamate tests and contained
g—butyl trifluorocacetate (refractive index at 18°: 1.3394, saponification equiv-
alent: 170) (72). The indices of refraction at 27° for these fractions before

and after charcoal treatment were, respectively: 1.3490, 1.3502; 1.3339, 1.3348;
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and 1.3%250, 1.3264, The saponification equivalents of the last two fractions

were 1L42 and 163.
Phenol

T™A (25 g., 0.130 mole) was dissolved in 60 ml. acetone and 33.75 g. TFAA
(0.160 mole). After two hours, 11.57 g..phenol (0.123 mole) were added. On
standing -at room temperature, three successive crops crystallized. These were
filtered, washed with acetone, and dried. After standing five months, the fourth
crop was filtered off, washed, and dried. The first two crops were recrystallized
from 2:1 acetone :imethyl ethyl ketone. A brief summary of the properties of these

products is presented in Table V.

TABLE V

"ANALYSTS OF TMA-TFAA-PHENOL REACTION :PRODUCTS

Product Yield, g. m,p., °C. Anhyd. Equiv, Neut. Equiv.
1 1.0 222-226 124 60. 4

« 2 1.4 217-221 127 -
3 2.2 148-156 -- --
4 13.8 148-155, 210 ‘ -- --

The first two crops were bis(trimellitic anhydride) anhydride while the
latter two crops contained a large amount of TMA. The fourth product (brown
crystals) had a phenolic odor and was extracted with hot 1,2-dichloroethane.

The insoluble fraction was trimellitic acid, m.p. 222°d. Four crops were

obtained from the extract. The first crop was TMA, yield 7.7 g. and m.p. 165-169°.
The second crop (0.96 g.) had m.p. 147-153°, This was mainly TMA; after three re-
crystallizations, . yield: 0.7 g. and m,p. 167-169°. 1TMA was the only pure product
identified in the third crop (0.5 g.). The final crop, resulting from concentra-

tion of the remaining extract to dryness, was probably impure phenol, m.p. 35-38°,




Cresol

The reaction of TMA, TFAA, and o-cresol in'acétone followed the pattern of
the above reaction with phenol. TMA (25 g., 0;150 mole) was dissolved in 60 ml.
acetone and 33.75 g. TFAA (0.160 mole). After two hours, 13.L4 g. redistilled o-
cresol (0.124 mole) were added. As in the previous reaction, four crops were

obtained. The first two crops were recrystallized from acetone. Their properties

are indicated in Table VI.

TABLE VI

ANALYSIS OF TMA—TFAA-CRESOL REACTION .PRODUCTS

Product Yield, g. m.p., °C. Anhyd. Equiv.
1 0.8k 221-225 | 124
2 3,05 2021-225 12k
3 | 1.25 162-215 .
L 13.7 140-150 -

Again, the first two crops were bis(trimellitic anhydride)'anhydride
(anhydride equivalent: 122.08) while the latter two crops were mixtures. After
recrystallizing the fourth crop three times from o-dichlorobenzene, it had a m.p.
of 164-167° and anhydride equivalent 227. This product (10.41 g.) was probably
TMA with a small impurity. The m.p. of TMA ié 168° while the anhydride equivalent
is 192.1. (The anhydride equivalent of the ester anhydride of TMA and o-cresol
would be 282.2k4.) A fourth recrystallization brought the m.p. to 164-166° and

the anhydride equivalent to 210,

Absence of Alcohol

If the initial product obtained from reactions in acetone is bis(trimellitic

anhydride) anhydride, then this disproportionation product should also result if
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no alcohol is present. Although later work indicated this trianhydride could be
obtained most easily by refluxing the two anhydrides in acetone, the early work

was performed at room temperature.

™A (50 g., 0.26 mole) dissolved in 160 ml. acetone and 67.5 g. (0.321 mole)
TFAA. Over the course of several days, four similar crops were filtered from this
mixture. The first three crops were recrystallized from acetone whilg the fourth
crop was recrystallized from o-dichlorobenzene. Analyses of the purified mater-
ials are presented in Table VII? These products should all be bis(trimellitic
anhydride ) anhydride (anhydride equivalent: 122,08 and neutralization equivalent:
61.0&). The stability was estimated by storing a sample of the third crop in a
desiccator over phosphorus pentoxide. After eighteen days the melting point was
unchanged. An infrared spectrum obtained on a potassium bromide disk (Fig. 3)
indicated carbonyl absorption at 1860 and 1776 cm._l. These bands are present in
TMA and have been attributed to the cyclic anhydride ring. There was also carbonyl
absorption at 1801 and 1737 cm.'l; these bands are attributed to the open chain
anhydride group. There was also an indication of hydroxyl group activity, which
is inconsistent with the proposed structure. However, this could be due to mois-
ture adsorbed by the potassium bromide. Two spectra run in hexachlorobutadiene
and one in nujol indicated that no hydroxyl groups, and therefore no carboxyl groups,
were present. The infrared spectra of TMA and trimellitic acid, Fig. 3, are

presented for comparison.

TABLE VII
ANALYSIS OF TMA-TFAA-ACETONE REACTION .PRODUCTS

‘Product Yield, g. m.p., °C. Anhyd. Equiv. Neut. Equiv.

1 3.6 217-220 124 60.9
2 bol 223-227 125 o
3 3.1 222-225 126 --
L k.0 220-224 124 --
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The reaction was repeated on a slightly smaller scale to obtain a fresh sample
of bis(trimellitic anhydride) anhydride for elemental analysis. The sample was re-
crystallized from 1,2-dichloroethane and had a m.p. of 224-227°. Carbon and hydro-
gen analyses were obtained by the Geller -Laboratories. Their results along with
oxygen content, by difference; anhydride equivalent; neutralization equivalent;

and molecular weight are presented with the theoretical values in Table VIII.

VIII

ANALYSIS OF BIS(TRIMELLITIC ANHYDRIDE) ANHYDRIDE

c, % H, % 0, % Anhyd. Equiv. Neut. Equiv. Mol. Wt.
Found 58.60 2.02 39.38 128 59.5 356+10
Calc. 59.0% 1.65 39.32 122 61.0 366.23

"ESTERIFICATION IN TRIFLUOROACETIC ACID

In previous studies of esterifications of carboxylic acids promoted by TFAA,
increased yields of the carboxylic acid esters were obtained when the reactions
were carried out in trifluoroacetic acid. For this reason a series of reactions

with various alcohols were conducted in this medium.
Methanol

One reaction with methanol was carried out in trifluorocacetic acid followed
by sublimation, which should be the most efficient method of removing any 4-carbo-
methoxy phthalic anhydride. TMA (5.0 g.), TFAA (5.&67 g.), and trifluoroacetic
acid (29.68 g.), molar ratio 1:1:10, were refluxed to effect solution and formation
of the unsymmetrical anhydride. The solution was then cooled and 0.83L4 g. methanol
(equimolar to TMA) was added with heat evolution. The mixture was -allowed to react

at room temperature for 4O hours. The precipitate which had formed (0.25 g.) had
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a m.p. of 157-190°. Sublimation at 80° and 1-2 mm. led to a small amount of impure
TMA, m.p. 146-158°., The remaining solution was concentrated to dryness in vacuo
at room temperature. The dried product (3.51 g.) had a m.p. of 151—1652 Sublima-

tion removed 0.02 g., m.p. 110-160°. No ester was isolated.

Butanol

Several reactions were carried out with butancl-2 in trifluorocacetic acid.
However, the ester anhydride of TMA was never positively identified. Reactant
conditions were varied as shown in Table IX. TMA was the only product positively

identified from each reaction.

TABLE IX

ESTERIFICATION IN TRIFLUOROACETIC ACID

Reaction A% TFAA® TFAcida’b Butanol® Temp., °C. Time, hr.
23 0.0522 0.0522 0. 468 0.0521 25 120
28 0.0522 0.0522 0.104 0.0513 25 T2
30 0.0522 0.0523 0.351 0.0522 85 8
31 0.0522 0.0523 0.351 0.0522 85 | 2k

fMolar quantities.

bTrifluoroacetic acid.

Crystalline products were obtained on standing, while vacuum concentration
led to the isolation of secondary crops. Recrystallization was attempted from
various solvents (acetone; methyl ethyl ketone, dioxane, o-dichlorobenzene, ether,

and l,2—dichloroethane) but ™A or a mixture was the usual result.

One unusual product was obtained as the third crop from Reaction 235, After

three recrystallizations from o-dichlorobenzene, the crystals recovered had a
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m.p. of 166-167° and an anhydride equivalent of 250. This represents a m.p; close

to ™A (168°) and an anhydride equivalent close to the butyl ester anhydride
(248.226). Duplicate equivalent determinations were carried out by dissolving
the samples in hot water and titrating with sodium hydroxide. A value of 79.8 was
obtained. The saponification eqﬁivalent of.the butyl ester anhydride would be
82.7. An equivalent of 92.7 was obtained when the sample was titrated in aqueous
ethanol. An infrared spectrum exhibited carbonyl absorption at 1860 and 1773 cm.
(also present in TMA due to the cyclic anhydride ring). The spectrum had several
differences from TMA, however. Carbonyl absorption was also shown at 1705 cm.-l.
Small-scale tests for the presence of the sec-butyl group were inconclusive. One
saponified sample was distilled and the first few milliliters of distillate gave
a negative test for alcohols with the ceric nitrate reagent. A blank of the same
theoretical concentration also gave a negative test. A second saponified sample
was extracted with benzene. The benzene extract was reacted with acetyl chloride.
After hydrolysis of the excess acetyl chloridé, the sample was tested with ferric

hydroxamate for sec-butyl acetate. A very weak test was given. Duplicate carbon

1

and hydrogen analyses were run on a sample by the Geller-Iaboratories. The results

along with the oxygen content (by difference) are presented in Table X along with
the theoretical values for TMA and the butyl ester anhydride. 1In spite of the

sharp melting point, the sample must have been a mixture.

TABLE X

ELEMENTAL ANALYSIS OF PRODUCT 23

Sample 4 C, % , H % 0, %

23 (1) 58. 96 2.91

(2) 59.32 2.71
Av, 59. 1k 2.81 38.05
4-Butyl T™MA 62.90 4,87 32.23

T™A 56.26 2,10 L. 64
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In addition to the usual recrystallization techniques, one attempt was made
to purify the main product from Reaction 31 by extraction. After recrystalliiing
thié product from o-dichlorobenzene the sample had an anhydride equivalen% of 212.
This value is slightly higher than TMA. If this sample contained a small amount
of the butyl ester anhydride, it seemed possible to extract the TMA with sodium
bicarbonate. This procedure might not extract the ester anhydride. Consequently,
b4 g. were dissolved in 300 ml. 1,2-dichloroethane. The solution was filtered
and extracted with three 50-ml. portions of 5% sodium bicarbonate. The organic
solution was washed with distilled water, dried with anhydrous magnesium sulfate,
filtered, and concentrated to 7 ml. When there was no crystallization, the solu-
tion was concentrated almost to dryness, but only a trace of material crystallized,
m.p. 167-168.5° (TMA). The sodium bicarbonate solution was acidified with hydro-
chloric acid with no precipitation. This solution was then extracted with three
40-ml. portions of 1,2-dichloroethane. After washing, drying, and filtering, the
organic extract was concentrated almost to dryness with no crystallization. If
there were any anhydride ester in this sample, it must have been completely ex-

tracted by the sodium bicarbonate solution.

- An additional reaction of TMA, TFAA, and butancl-2 was carried out in tri-

fluoroacetic acid to determine the effect. of the addition of excess alcohol.

The ™A (10 g., 0.0522 mole) dissolved in 40 g. (0.351 mole) trifluoroacetic
acid and 11 g. (0.0523 mole) TFAA after three hours. The sec-butyl alcohol (7.72
g., 0.104 mole ) was then added. The mixture was refluxed for six hours and then
allowed to cool slowly overnight. The white powdery precipitate (8.6k4 g.) was
filtered, washed with benzene, and dried, m.p. 224-240°d. This product had a
very low anhydride content, and was extracted with 150 ml. hot 1,2-dichloroethane

to remove the anhydride. Only 0.05 g. was recovered from the solution, m.p. 167-190°.
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The insoluble white powder (7.94 g.) was recovered, m.p. 235-242°d. This product
gave a weak ferric hydroxamate test and had an equivalent weight of T1l.4. The .
sample was dissolved in p-dioxane for recrystallization. The first crop (k.2 g.)
gave a weak ferric hydroxamate test, m.p. 2L2-2hL°d. The equivalent weight was
determined by dissolving three samples in hot water and titrating with sodium
hydroxide: 88.7, 89.2, 89.1 (89.0). This value is the same as the saponification
equivalent for a mono-butyl trimellitate (88.75). The product was probably the
l-butyl or 2-butyl derivative (or a mixture of the monoesters). An infrared
spectrum exhibited a strong similarity to trimellitic acid but also gave an
indication of an ester group at 1733 cm._l in addition to carboxyl absorption at

1705 em. L.

Other Alcohols

Two additional reactions were conducted in trifluoroacetic acid, one with a

longer chain secondary alcohol (capryl) and another with phenol.

.In the first reaction, ™A (10 g., 0.0522 mole) was dissolved in TFAA (10.94
g., 0.0522 mole) and trifluorocacetic acid (53.4 g., 0.458 mole). Theksolution was
filtered through a fine sintered glass filter and 6.77 g. capryl alcohol (0.052
mole ) were added. The solution turned orange, accompanied by the evolution of
heat, and crystallization started immediately. After standing overnight, 7.24 g.
TMA were filtered off, m.p. 166-168° and anhydride equivalent 210 (theoretical
168° and 192.1). Small secondary crops which separated on refrigeration gave

negative ferric hydroxamate tests after recrystallization from dioxane.

In the second reaction, 11 g. (0.0523 mole) TFAA and 40 g. (0.351 mole) tri-
fluoroacetic acid were added to 10 g. (0.0522 mole) TMA, After three hours with

gentle warming the TMA dissolved and 4.63 g. (0.0492 mole) phenol were added.
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The solution was refluxed three hours (83°) and then allowed to cool slowly over-
night. The 3.21 g. of white crystals which separated had a m.p. of 164-168° and
an anhydride equivalent of 2035. After three recrystallizations from o-dichloro-

benzene, the sample had a m.p. of 165-167° and anhydride equivalent: 207 (TMA).

On refrigeration, 4.63 g. white crystals séparated. This second crop had an
anhydride equivalent of 216, softened at 70-80° and melted at 151-158°. The
sample was recrystallized from o-dichlorobenzene, m.p. 158-168°. A trifluoro-
acetic acid odor was noticed on filtering. After three subsequent recrystalliza-
tions, the m.p. was 163-166° and anhydride equivalent: 209 (TMA). The third crop
of white crystals (1.61 g.) which separated was similar to the second crop, m.p.
80-162° and anhydride equivalent: 216. Again, on recrystallization from 0-di-
chlorobenzene, a trifluoroacetic acid odor was noticeable. Afte? three recrystal-
lizations, the m.p. was 165-166° and anhydride equivalent: 209. After concentra-
tion of the o-dichlorobenzene filtrate, 0.022 g. crystals separated which softened

at 139° and melted at 159-161°.

The remaining reactant solution was concentrated almost to dryness. The solid
material (3.26 g.) was filtered and washed with benzene. The product had a phenolic
odor and melted over 105-170°. This fourth product was extracted with 50 ml. hot
1,2-dichloroethane. The small amount of insolubles decomposed over -170-225° and
gave a weak ferric hydroxamate test. The dichloroethane solution was fractionally
crystallized into three crecps. The first crop, after recrystallization, had a
m.p. of 167-168.5° and an anhydride equivalent of 205 (TMA). The second crop,
after three recrystallizations, had a m.p. of 164-168° and an anhydride equivalent
of 202 (TMA). The third crop finally crystallized from a viscous solution. This
crop, m.p. 98-120°, had a phenolic odor, and was recrystallized from dichloro-

ethane. The first crop (0.02 g.) had a m.p. of 158-159.5°. An infrared spectrum




-90-

indicated carbonyl absorption at 1705 cm.—l, probably due to carboxyl groups, and
1748 cm.-l, probably due to ester groups. This subcrop is probably a monophenyl

trimellitate.
ESTERIFICATION IN ADDITIONAL SOLVENTS

A number of esterification reactions of the TMA-TFAA system were carried out
in solvents other than acetone and trifluorocacetic acid. Solvents which were
briefly investigated were chloroform, ether, carbon tetrachloride, o-dichloro-

benzene, and 1,2-dichloroethane.
Chloroform

One reaction between the unsymmetrical anhydride and butanol-1 was conductéd
in chloroform. Butanol-1 (0.L405 g., 0.0055 mole ) was added to the unsymmetrical
anhydride (1.129 g., 0.003%9 mole) followed by L ml. chloroform. The mixture was
refluxed thirty minutes. After cooling slowly, the mixture was poured into an
excess of 5% sodium bicarbonate.. The organic layer was separated, washed with 5%
sodium bicarbonate, and washed with distilled water. The alkaline solution was
extracted with chloroform and the chloroform solutions were combined, washed with
water, and dried with anhydrous magnesium sulfate. Evaporating to dryness showed
that the chloroform had not extracted a significant amount of material. The aqueous
solution was acidified with dilute hydrochloric acid, resulting in the precipitation
of a product with m.p. l6h-l72°, neutralization equivalent: 133, and no anhydride
content. Refrigeration of the filtrate precipitated an additional product of m.p.
174-176° and neutralization equivalent: 129. These products are probably mono-
butyl trimellitates (neutralization equivalent: 133.12). Further concentration led
to trimellitic acid, neutralization equivalent: 70.98 (theoretical: 70.05). This

sample decomposed at 234-237°, indicating the formation of the cyclic anhydride
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ring and evolution of water, and remelted at 166-167° on subsequent reheating (TMA

has m.p. 168°).
Ether

A similar reaction was carried out in anhydroué ethyl ether. A reactant
mixture of 2.63 g. (0.009L mole) of the unsymmetrical anhydride and 0.676 g.
(0.0091 mole) butanol-1 was diluted with 10 ml. ether. Reaction at room tempera-
ture led to the crystallization of 0.82 g. ™A (m.p. 165-168°). The remaining
solution was treated in a manner analogous to the treatment of the chloroform
solution of the previous reaction. The solid products obtained were impure.

The ether was stripped from the solution leaving a liquid with a slight yellow

coloration, n%z 1.3560. This liquid was probably impure n-butyl trifluoroacetate,

w2 1,339k (72).

Other Chlorinated Solvents

Three reactions were carried out in other solvents: carbon tetrachloride
o-dichlorobenzene, and 1,2-dichloroethane. In the first reaction, 6.75 g. (0.032
mole ) TFAA were added to 5.0 g. (0.026 mole) TMA. The mixture solidified after
several hours at room temperature, and would not liquefy on heating at 75°. The
mixture was heated at 75° for 32 hours after the addition of 20 ml. carbon tetra—
chloride and 2.323 g. (0.025 mole) phenol. The first two crops to separate (4.0
g.) were both TMA, m.p. 165-167° and anhydride equivalent: 200 (theoretical 168°
and 192.1). This accounted for 80% of the starting material. A small additional
crop (0.2 g.) separated on cooling and was recrystallized from anisole. This
product had an anhydride equivalent of 256, which is close to that of the phenyl
ester anhydride (268.2). However, the m.p. indicated the sample was impure. (The

sample softened at 114-117° and melted at 156-158°.)
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Two reactions were carried out between the TMA-TFAA system and butanol-2 in

100 ml. solvent.

Reaction

33
3k

The reactions are summarized in Table XI.
TABLE XI

REACTIONS IN CHLORINATED SOLVENTS

TMAa TFAAa Butanola Solvent
0.0521 0.0785 0.0521 o-dichlorobenzene
0.0521 0.0785 0.0521 1,2-dichloroethane

aMolar quantities.

Most of the TMA was recovered from these reactions. TMA was the only product

positively identified (by melting point and anhydride equivalent).
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APPENDIX V
PREPARATION OF L4-CARBOMETHOXY PHTHALIC ANHYDRIDE
FROM TMA AND DIAZCMETHANE
A sample of L-carbomethoxy phthalic anhydride was desired for identification
purposes of the esters obtained from reactions of methanol with the anhydride
derivatives of TMA. Duff, et al. (g) reported the preparation of this ester from

the reaction of TMA and diazomethane but gave little experimental detail.

The ethereal diazomethane solution was prepared as outlined by Weygand (2@).
Nitrosomethylurethane (12 ml.) in 480 ml. ether was reacted with 1h.h ml, 25%

aqueocus potassium hydroxide. The yellow distillate was ethereal diazomethane.

Nine reactions of varying time and temperature were carried out between TMA
and ethereal diazomethane. Only low yields of the anhydride ester could be obtained.
The products appeared to be mainly mixtures. In one reaction, an excess of ethereal
diazomethane was added to T™A (4.5 g.). Reaction was indicated by gas evolution
and a decrease in intensity of the yellow coloration of the solution. After con-
centration to dryness the product was extracted with benzene at room temperature.
Most of the product (4.48 g.) was insoluble, m.p. 141-210°d. Concentration of the
benzene extract led to a yellow sirup. Sublimation of this sirup ét 80° and 1 to
2 mu. led to the isolation of about 0.2 g. crude 4-carbomethoxy phthalic anhydride
(4.1% yield), m.p. 86-101°. After low temperature recrystallization from ether,

the m.p. was 99-102°.

Although anhydrous ethyl ether was employed, it would seem that part of the
product migﬁt have been hydrolyzed. It also appears that the cyclic anhydride
ring is not as stable to diazomethane as might be implied by the reported prepara-
tion (2). Bhati (99) recently reacted succinic anhydride with diazomethane and

obtained a diazo-keto-ester to which he assigned the structure:
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(-)(+)
?HE—CO-CH—NEN
CHQ—COOCH5
In addition, with substituted phthalic anhydrides, Bhati obtained keto-lactones

of the type:

\__C/?_?HQ
_0
/——c\\)

R

A reaction of this type in the case of TMA and diazomethane might account for the

low yield of L4-carbomethoxy phthalic anhydride.
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APPENDIX VI

METHYLATION OF THE ACID CHLORIDE OF TRIMELLITIC ANHYDRIDE

Several additional reactions were conducted between the acid chloride of TMA
and methanol. The rate of addition of methanol to the benzene solution of the acid
chloride was varied in two reactions, while vacuum was applied in & third reaction
to facilitate the removal of the hydrochloric acid. Other reactions were carried
out between the solid acid chloride and methanol, and with methanol and the acid

chloride in various solvents (1,2-dichloroethane, ethyl ether, and toluene).

REACTION 5

The acid chloride (4.0 g., 0.019 mole) was dissolved in 1,2-dichloroethane
at room temperature and methanol (0.594 g., 0.019 mole) was added. Hydrogen
chloride was evolved on gentle warming of the solution. On refrigeration, 0.1 g.
separated, m.p. 202-214°. The solution was eventually concentrated to a sirup.
Cooling to -80° followed by slow warming and recooling did not bring about crystal-

lization.

After about seven weeks, a white precipitate was observed in the sirup, which
was diluted with 10 ml. dichloroethane and filtered. The dried product (0.24 g.)
had a m.p. of 195-213°., The sample gave a positive ferric hydroxamate test and
was extracted with hot benzene. The insoluble material had a m.p. of 207-215° and
gave only a weak ferric hydroxamate test. Nothing crystallized from the benzene

solution, which on concentration led to a sirup.

The dichloroethane filtrate was concentrated again to a sirup. Sublimation
at 60° and 2 mm. led to the collection of 0.02 g. of 4-carbomethoxy phthalic anhy-
dride, m.p. 87-94°. After low-temperature recrystallization from ether, the m.p.

was 99-101°.
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REACTION 6

This reaction was similar to the first reaction: 7.87 g. acid chloride
(0.0374 mole) and 1.188 g. methanol (0.0371 mole) in benzene. This time, however,
the solution was placed under vacuum immediately to facilitate removal of hydrogen
chloride. Concentration and refrigeration failed to initiate crystallization and
the sample was finally concentrated to a sirup. Alternate cooling to -80° followed
by slow warming with small additions of ether and scratching failed to bring about

crystallization.
REACTION 7

This reaction of 5.22 g. acid chloride (0.0248 mole) and 0.792 g. methanol
(0.0247 mole) was also carried out in benzene. In this case, the methanol was
added dropwise with agitation at a rate of 0,01 ml./mini The solution was stored
temporarily over potassium hydroxide. Refrigeration, cooling, and scratching
failed to initiate crystallization and the solution was eventually concentrated

to a sirup.

After six weeké, a precipitate was observed in the sirup, which was then
diluted wifh benzene and filtered. The dry product (0.87 g.) had a m.p. of 120-
145° and was extracted with hot benzene. On cooling, 0.1 g. separated from the
benzene extract, m.p. 125-158°. The remaining benzene extract was & sirup on con-
centration. The fraction insoluble in benzene (0.53 g.), m.p. 147-170°, was
extracted with 1,2-dichloroethane. Trimellitic acid (0.1 g.) was insoluble, m.p.
215°d. Three crops were obtained from the dichloroethane extract. The first crop
(0.06 g.) had m.p. 213-217°, while the second (0.15 g.) had a m.p. of 166-168° (TMA).
The third crop (0.04 g.) had a m.p. of 132-146° and a m.p. of 142-152° after re-

crystallization from dichloroethane.
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A second product (0.2 g.) separated from the benzene filtrate, m.p.. 109-190°4.
Two crops obtained from a dichloroethane extract of this product had a m.p. of

184-213°a3. (0.03 g.) and 179-198°d. (0.1 g.).

An additional product separated from the benzene solution of the sirup from
this reaction, m.p. 95-180°. Sublimation of this product at 70 to 80° and 1 to 2
mn. led to the isolation of 0.109 g. crude k4-carbomethoxy phthalic anhydride. On

recrystallization from ether the pure anhydride ester was obtained, m.p. 100-102°.

REACTION 8

The acid chloride (4.9% g., 0.0234 mole) was dissolved in ether at room
temperature. The solution was cooled to -40°, at which point crystallization
began. The mixture was warmed to 0° to effect solution, and 0.713 g. methanol
(0.0223 mole) were added. The solution was cooled to -L0O° and kept at tﬁis tem-
perature for five hours. The crystallized product (2.13 g.) was filtered off and
shown to be the acid chloride, m.p. 67°. The remaining ether solution was concen-

trated, leading to a yellow sirup.

REACTION 9

An additional reaction was conducted in benzene. The acid chloride (2.15.g°,
0.01 mole) was dissolved in 20 ml. benzene at room temperafure. A solution of
0.317 g. methanol (0.0l mole) in 10 ml. benzene was placed in a separatory funnel
and added dropwise to the refluxing solution over a period of four hours. The
solution was refluxed an additional two hours, cooled, concentrated to 15 ml., and
set aside. No precipitation occurred after two weeks and the solution was even-
tually concentrated to a sirup. The sirup was then dissolved in anhydrous ether.

On standing, 0.45 g. separated, m.p. 120-170°. The ether filtrate was cooled to
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-80° and 0.22 g. separated, m.p. 108-156°. Sublimation of this product at 80° and
1 to 2 mm. led to the crude l4-carbomethoxy phthalic anhydride, m.p. 88-101°, which

was purified by recrystallization from ether, m.p. 99-101°.
REACTION 10

The acid chloride (2.4 g., 0.011 mole) was dissolved in 50 ml. toluene and
cooled to -35°, at which point 0.43 g. (0.013 mole) methanol were added. The
solution was cooled to -50° and maintained at that teﬁperature for seven hours,
after which it was filtered and concentrated to 25 ml. Cooling to -75° then led
to the crystallization of 1.27 g. unchanged acid chloride, m.p. 63-66°. Further
cooling at ~75° for 24 hours led to additional crystallization of the acid chloride,
m.p. 64-66°. Further concentration of the toluene filtrate led to a small amount
of a dark sirup. The recovered acid.chloride (1.27 g., 0.006 mole) was redissolved
in 2 ml. toluene at room temperature and 0.158 g. (0.005 mole) methanol were added.

Concentration of this solution also led to a sirup.
REACTION 11

Methanol (0.158 g., 0.005 mole) was added dropwise to the solid acid chloride
(1.6759 g., 0.008 mole). Hydrogen chloride was evolved. The product was extracted
with 10 ml. cold ether and 0.1 g. unchanged acid chloride.was filtered off, m.p.
61-64°. The ether extract was cooled to -75° leading to the crystallization of
0.58 g., m.p. 53-61°. This was extracted with cold benzene. The recrystallized
product (0.02 g.) had a m.p. of 91-105°. This should be the impure 4-carbomethoxy

phthalic anhydride. The remaining benzene extract was a sirup on concentration.



