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of Brady’s reagent. Evaporation of mother liquor under
diminished pressure left a residue (238 mg.).

On being purified from diluted acetone, original O-
dimethylsophorol (57 mg.) was recovered unchanged.

(b) With palladized charcoal and cinnamic acid. O-Di-
methylsophorol (300 mg.) and 30% palladized charcoal®
(150 mg.) were heated in cinnamic acid (0.7 g.) under
stream of carbon dioxide for 2.75 hr. at about 190-200°.
The melt having intense odor of g-phenylpropionic acid
was issolved in ether. The residue insoluble in ether, con-
taining catalyst was dissolved in acetone. After the catalyst
was fltered off the removal of acetone yielded 45 mg. of
residual solid. Recrystallization from diluted acetone gave
the dehydro-O-dimethylsophorol in pale pink-colored
needles m.p. 201-203°, identical with a specimen from
selenium dioxide oxidation. From orange-colored ether solu-
tion the solvent was distilled off. After washing of residual
solid with aqueous-2N-caustic alkali and water successively,
residue (250 mg.) (m.p. 70-130°) was purified from diluted
acetone, giving the original O-dimethylsophorol (50 mg.).

The synthesis of DL-7,2' 4 -trimethozyisofiavanone. 7,2',4'-
Trimethoxyisoflavone (200 mg.), Adams’ platinum oxide
(20 mg.), and glacial acetic acid (12 cc.) were shaken under
hydrogen at 1 atm. for 56 min., 1.3 moles of hydrogen being
absorbed. After removal of catalyst and acetic acid (in
vacuo), DL-T,2',4'-trimethoxyisoflavanone was obtained as
coloriess needles, m.p. 128-130° (70 mg.) (from acetone-
water).

Anal. Caled. for C;sHisOs: C, 68.78; H, 5.77; 30CH,,
29.6. Found: C, 68.20; H, 5.66; OCHj, 29.0.

Tliraviolet absorptions; (Fig. 8) (alcohol) Ayax 229, 272,
and 406 mu (e, 26800, 20000, and 10420).

The presence of a carbonyl group was confirmed by the
infrared absorption spectrum, which showed a strong band
at 1677 cm.™! in Nujol mull.

Anhydrosophorol (VIIT). Sophorol (500 mg.) was heated
under reflux with 49 sulfuric acid (50 ml.) for 2 hr. After
the solution was cooled the deposited amorphous solid was
collected by filtration, and recrystallized repeatedly from
diluted ethanol (alcohol:water 3:2), giving anhydro-

(85) A. 8. Pfau and P. A. Plattner, Helv. Chim. Acta, 23,
781 (1940).
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sophorol (VIII) in colorless needles, m.p. 225-226° (de-
comp.), which darkened in a few days and gave a faint
green ferric reaction in methanol. Original sophorol (200
mg.) was recovered unchanged from the filtrate.

Anal. Caled. for C;gHyO;: C, 68.08; H, 3.57. Found:
C, 67.89; H, 3.82.

Anhydrosophorol rapidly decolorizes potassium perman-
ganate in acetone. This compound is easily soluble in
acetone, dioxane, and soluble in aleohol, glacial acetic acid,
ethyl acetate, while insoluble in water, chloroform, benzene,
and light petroleum. It dissolves in hot aqueous 2N-sodium
hydroxide but not in cold solution. Further, the compound
reduces Tollens-reagent, and its warm alkaline solution
develops red-orange color with diazobenzenesulfonic acid.
The infrared spectrum showed a band at 3420 ¢m.™? (phen-
olic hydroxyl).

Durham test® for O-dimethylsophorol. When the crystals
of O-dimethylsophorol were treated with a drop of concen-
trated nitric acid on a porcelain plate a red color developed,
which quickly changed to green. The addition of a few drops
of ammonia gave a violet color. On the other hand, when
acetone solution of the compound was treated by Jones’
method?®” a deep violet color was produced.

Acknowledgment. The author expresses his sincere
thanks to Professors Toshi Irie, Takeshi Matsu-
moto, and Tadashi Masamune for their kind interest
and encouragement in this work, and to Professor
S. Fujise of Tohoku University, Professor A.
Robertson and Dr. W. B. Whalley of Liverpool
University for their generous gifts of authentic
specimens.

The writer also is much indebted to Professor
M. Hanzawa of Department of Forestry, Faculty
of Agriculture, for his kind supplies of wood
material.

SAPPORO, JAPAN

(36) 8. H. Harper, J Chem. Soc., 110C (1939).
(37) H. A. Jones, Ind. Eng. Chem. Anal. Ed., 5, 75
(1933); S. H. Harper; J. Chem. Soc., 595 (1942).

[CONTRIBUTION FROM THE CHEMISTRY DEPARTMENT AND OCEANOGRAPHIC INSTITUTE OF THE FLORIDA STATE UNIVERSITY]
Polycondensation of Thermal Precursors of Aspartic Acid!
KAORU HARADA
Recewed March 25, 1959

Anhydropolyaspartic acid has been synthesized by heating unsubstituted aspartic acid. It is found that the anhydro-
polyaspartic acid may be prepared by heating monoammonium malate, maleamic acid, and combinations of asparagine and
malic acid, maleamic acid and malic acid. Postulated pathways to form anhydropolyaspartic acid are discussed and the

resulting polymers are characterized.

A century ago, aspartic acid was prepared by
heating ammonium fumarate or ammonium mal-
ate.? Recently it has been emphasized that thermal
homopolymerization accompanies these reactions.®
On the other hand, heating unsubstituted aspartic

(1) Contribution No. 123 of the Oceanographic Institute,
Aided by Grant C-3971 of the National Institutes of Health,
U. 8. Public Health Service.

(2) J. Wolff, Ann., 75, 294 (1850); Dessaignes, Compt.
rend., 30, 324 (1850).

acid also yielded a homopolymer which gave as-
partic acid upon hydrolysis,4? It is reported in this
paper that the infrared absorption spectra of these
two aspartic acid homopolymers prepared from

(3) 8. W. Fox, J. E. Johnson, and M. Middlebrook, J.
Am. Chem. Soc., 77, 1048 (1955).

(4) J. Kovacs, I. Koenyves, and A. Pusztai, Experientia,
9, 459 (1953); J. Kovacs and I. Koenyves, Naturwiss, 41,
333 (1954).

(5) A. Vegotsky, K. Harada, and 8. W. Fox, J. Am. Chem.
Soc., 80, 3361 (1958).
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ammonium fumarate or ammonium malate and
from unsubstituted aspartic acid indicate
completely identical anhydropolyaspartic acid
structure (III, 1V).® By alkaline treatment these
polymers (III, IV) are easily converted to poly-
peptide structures (I, IT).%5

Experiments reported in this paper revealed
that there were many ways to synthesize anhydro-
polyaspartic acid thermally from aspartic acid,
fumaric acid, malic acid, maleic acid, and their
derivatives and combinations of these compounds.
Typical hypothetical routes of polycondensation
reactions are indicated in Fig. 1.
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aspartate and malic acid or fumaric acid. Both
reactions resulted in good yields. The products
gave positive biuret tests and negative ninhydrin
tests. It was found, in general, that higher reaction
temperature and longer heating gave larger yields.

EXPERIMENTAL

(A) Polyjcondensation of monoammonium di-malate. Mono-
ammonium malate was prepared by mixing equimolar
quantities of di-malic acid and aqueous ammonia which
were then evaporated under reduced pressure. The resulting
white crystalline substance was used for this reaction.

Monoammonium malate, 1.50 g. (0.01 mole), was heated

CH—COONH,

|
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Fig. 1. Flowsheet of postulated reactions

A number of variations of the reactions were at-
tempted in order to verify the proposed pathway
illustrated in Fig. 1. The main hypothesis is based
on the thermal conversion of ammonium ecarbox-
vlate to an amide, the addition reaction’ of the
amide to a double bond and a ring closure of the
aspartyl group to the imide structure (Fig. 1).

Two kinds of reaction were carried out. In (A),
anhydropolyaspartic acid was synthesized from
different kinds of derivatives of malic acid, fumaric
acid, maleic acid, and also combinations of these
compounds. In (B)® anhydropolyaspartic acid was
prepared from asparagine or monoammonium

(6) The compound is actually a polymaleimide.
(7) D. 8. Breslow, G. E. Hulse, and A. 8. Matlack, J. Am.
Chem. Soc., 79, 3760 (1957).

in an open test tube in an oil bath under varying conditions.
The substance melted easily and began to evolve gas. After
cooling, the yellow-brown glassy substance was vigorously
rubbed with 15 ml. of water to yield a precipitate. The
precipitate was filtered and washed with 15 ml. of water
and 10 ml. of ethanol and dried in air. The material was
dialyzed for 3.5 days. Yields are reported in Table I.
Polycondensation of maleamic acid. Maleamic acid was
prepared by acidification of the ammonium salt of male-
amic acid, m.p. 151-152°, which was prepared by ammonol-
ysis of maleic anhydride in dry benzene.® Maleamic acid,
1.15 g. (0.01 mole), was heated under nitrogen under varying
conditions. The substance melted easily and evolved gas.
After cooling, the resulting red-brown glassy substance was

(8) The same type of condensation has been reported
already. Glutamic acid-aspartic acid copolymers were pre-
pared from l-glutamine and di-malic acid. K. Harada and
S. W. Fox, Arch. Biochem. Biophys., in press,

(9) R. Anschutz, Ann., 259, 138 (1890).
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TABLE 1
PoLYCONDENSATION OF MONOAMMONIUM di-MALATE
Yield of Polymer Yield of
Reaction Polymer,
Condition, Before After after
°C.2 dialysis, g.  dialysis, g.  dialysis, 9%°
(a) 130 Trace A s
160 0.45 0.37 32
170 0.77 0.72 63
180 0.86 0.74 64
190 0.93 0.84 73
200 0.92 0.83 73
(b) /s Trace o ...
o 0.31 0.21 18
t 0.79 0.67 58
2 0.90 0.84 73
4 0.98 0.88 77

¢In (a), monoammonium dl-malate (0.01 mole) was
heated for 1.5 hr. In (b), monoammonium di-malate (0.01
mole) was heated at 180°. ® Yields were based on hydrated
polymaleimide,® in the following tables.

treated with 15 ml. of water and was rubbed by glass rod
to yield a precipitate. The pale red-brown precipitate was
filtered, washed with 10 ml. of water and 10 ml. of ethanol,
and dried. After pulverizing, the materials were dialyzed
for 5 days. Yields are reported in Table I,

TABLE 11
PorycoNDENSATION OF MALEAMIC ACID
. Yield of
Reaction Yield of Polymer Polymer,
Condition, Before After after
°ce dialysis, g dialysis, g.  Dialysis, %
(a) 150 0.37 0.28 24
160 0.74 0.64 56
170 0.87 0.77 67
180 0.90 0.83 73
190 0.92 0.86 75
200 0.90 0.85 74
Hr.
(b) 1/, 0.73 0.61 53
1 0.83 0.72 63
<& 0.86 0.77 67
o 0.92 0.81 70
& 0.91 0.81 70

¢ In (a) maleamic acid (0.01 mole) was heated for 1 hr.
In (b) maleamic acid (0.01 mole) was heated at 170°.

Other reactions studied were: polycondensation of di-
monoammonium malate and of maleamic acid, polycon-
densation of dl-malic acid and ammonium maleamate,
polycondensation of maleic anhydride and ammonium
maleamate, polycondensation of fumaric acid and ammo-
nium maleamate. The procedures and yields were similar in
most cases to those in the previous reactions.

(B) Polycondensation of l-asparagine and di-malic acid.
[~-Asparagine monchydrate, 1.50 g. (0.01 mole), and di-malic
acid, 1.34 g. (0.01 mole), were ground together in a mortar.
The mixture was heated in an open test tube in an oil bath
under varying conditions. The mixture melted and began to
evolve gas. After cooling the resulting yellow-brown glassy
material was rubbed with 15 ml. of water. The resulting
light yellow precipitate was filtered and washed with 15 ml, of
water and 10 ml. of ethanol and dried. After crushing in a
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mortar the materials were dialyzed for 5 days. The yields
are reported in Table ITI.

TABLE III

POLYCONDENSATION OF [-ASPARAGINE MONOHYDRATE AND
dl-MavLic Acip

. Yield of
Reaction Yield of Polymer Polymer,
Condition, Before After after
°C.t dialysis, g.  dialysis, g.  dialysis, %
(a) 150 0.53 0.43 19
160 1.65 1.39 60
170 1.87 1.62 70
180 1.88 1.73 75
190 1.93 1.80 78
200 1.97 1.83 79
Hr.
(b) /s Trace - .
1 1.80 1.49 65
2 1.86 1.56 68
4 1.89 1.62 70
6 1.95 1.69 73

?In (a), l-asparagine monohydrate (0.01 mole) and
dl-malic acid (0.01 mole) was heated for 2 hr. In (b), the
same mixture was heated at 175-180°C.

Polycondensation of monoammonium dl-aspartate and di-
malic acid. Monoammonium di-aspartate was prepared by
neutralization of dl-aspartic acid with equimolar proportion
of aqueous ammonia and evaporation under reduced pres-
sure in a desiccator. The colorless sirup which remained
crystallized after 3 days. Crystallization proceeded more
rapidly after seeding. The resulting white crystalline sub-
stance was used in this reaction.

Monoammonium di-aspartate, 1.50 g. (0.01 mole), was
mixed with dl-malic acid, 1.34 g. (0.01 mole), and then heated
under varying conditions. The material was melted and
gas evolution oceurred. After cooling, 15 ml. of water was
added to yield a precipitate. The slightly colored material
was filtered and washed with 15 ml. of water and 10 ml. of
ethanol. After crushing in a mortar, the material was dia-
lyzed for 5 days. Yields are recorded in Table IV(a). Other
reactions studied were: polycondensation of l-asparagine
monohydrate and fumaric acid, polycondensation of mono-
ammonium dl-aspartate and fumaric [Table IV(b)]. The
reaction of procedures are same as above.

Reaction of dl-aspartic acid diketopiperazine diamide and dl-
malic acid. dl-Aspartic acid diketopiperazine diamide,5 1.14 g.
(0.005 mole), was ground with dl-malic acid, 1.34 g. (0.01
mole) in a mortar. The mixture was heated at 180-183° for
2 hr. Gas evolution occurred. After cooling, the yellow
material was rubbed with 15 ml. of water with a glass rod.
The mixture was allowed to stand overnight and the precipi-
tate was isolated by centrifugation. This was washed with 10
ml. of water and 10 ml. of ethanol, and dried. A gray-white
polymer was obtained after dialysis, 1.68 g.

Conversion of polyimide (111, IV) to polypeptide (I, II) by
alkaline treatment. Polymer (IV) (prepared from dl-aspartic
acid alone) 0.5 g., was dissolved in 5 ml. of 1.0N sodium
hydroxide and was heated for 10 min. at 80°. After heating,
the solution was cooled rapidly in ice water, acidified with
3.0N hydrochloric acid (pH 3) and then dialyzed in cello-
phane tubing for 3 days. No precipitation occurred. The
dialyzed solution was dried in a vacuum desiccator unde.
an infrared lamp. A yellow film remained, 0.23 g.

Two grams of polymer(IV) (prepared from dl-aspartic
acid and orthophosphoric acid) was dissolved in 20 ml. of
1.0N sodium hydroxide and was heated for 10 min. at
80°, and the product was treated as described above. A
pale yellow gelatin-like substance was obtained, 1.67 g. A
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TABLE IV

POLYCONDENSATION OF MONOAMMONIUM dl~ASPARTATE AND
dl-Mavic Acip or FuMaric Acip

Yield of
Yield of Polymer Polymer,
Temp., Before After after
°C. dialysis, g.  dialysis, g.  Dialysis, %
(a)® 150 0.05 0.02 1.1
160 0.92 0.77 e
170 1.56 1.33 57
180 1.70 1.56 68
190 1.90 1.74 76
200 1.87 1.80 78
(b)® 150 0.50 0.01
160 0.75 0.15 6
170 0.90 0.36 16
180 0.95 0.43 19
190 1.20 0.98 43
200 1.70 1.58 69

¢In (a), monoammonium dl-aspartate (0.01 mole) and
dl-malic acid (0.01 mole) were heated for 1.5 hr. ® In (b),
monoammonium di-aspartate (0.01 mole) and fumaric acid
(0.01 mole) were heated for 1.5 hr.

2.0 g. sample of polymer (III) prepared from [-asparagine
and malic acid was treated with 1.0N alkali in the same way
as above. A pale yellow-brown substance was obtained, 0.64 g.

Determination of equivalent weight by electrometric titration®

The titrations were carried out at room temperature by
dissolving in excess 0.102N sodium hydroxide and back-
titrating with standard 0.476N hydrochloric acid using a
Beckman model H 2 pH meter. Observed values are as
follows: Imide-type polymer (IV), 123; peptide-type poly-
aspartic acid (II), 128; peptide-type polyaspartic acid so-
dium salt, 4400.

DISCUSSION

Some of the properties of the imide-type polymers
(IV) have already been reported in a previous
paper.5

Infrared absorption spectra showed that all of
the thermal polycondensation products prepared
from different materials had the polyimide struc-
ture.” Typical infrared absorption spectra show
bands at 1780 ¢m.—! and 1701 ¢m.! indicating a

N
C—CO

5-membered cyclic imide structure /N—.
c—c6

The polyimide structure can be converted to a
polypeptide structure by alkaline treatment.®
Characteristic absorption bands of the resulting
peptide-type polyaspartic acid are: 3300 cm.~!,
3080 cm.—! (NH stretching); 1710 ecm.—! (CO of
carboxyl group), 1650 cm.~* (amide I), 1550 cm.—!
(amide II). With very weak alkali, e.g., sodium
bicarbonate, the imide structure is hydrolyzed

(10) These samples were prepared by condensation of
dl-aspartic acid. Peptide-type polyaspartic acid was pre-
pared by alkaline treatment as described in the experimental
part. Peptide-type polyaspartic acid sodium salt was pre-
pared by dialysis after alkaline treatment without acidifica-
tion.
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slowly; the treatment increases the proportion of
peptide structure in the polymer. By refluxing
with water, the water-insoluble imide type poly-
mer was converted partially to water-soluble mate-
rial. The infrared absorption spectra show that this
treatment increases the proportion of peptide struc-
ture. Completely converted peptide-type polyaspar-
tic acid and DNP derivatives of the polymer are
both water soluble and do not precipitate even in
strong acid.

The thermal conversion of ammonium carboxylate
to an amide structure is a common reaction. Re-
cently it has been reported that the amide bond of
acrylic acid amide reacts with the double bond of
other acrylic acid amide molecules to form poly
B-alanine in the presence of basic catalysts.”
Application of the 8-alanine formation reaction was
studied in this laboratory. It was found that the
ammonium acrylate also forms white water-
insoluble crystalline poly B-alanine when heated
at 160-200° for 1-8 hr. without a basic catalyst.
The polymers produce f-alanine upon hydrolysis.
Infrared absorption spectra show that the substance
is completely polypeptide; 3300 ¢cm.—%, 3080 cm. !,

n{CH;=CH—COONH.,)

CHZ‘CHZ—'CONHQ + nHzO

NH stretching; 1650 cm.~!, amide I; 1550 em.—,
amide II.

All reactions for preparing anhydropolyaspartic
acid which are presented in this paper are very
similar to the above poly g-alanine formation re-
action. The amide group or the precursor ammo-
nium carboxylate is the key moiety in forming pep-
tide bonds in that it adds to a double bond of
maleic acid or fumaric acid. In the case of malic
acid, it should be converted at first to the o8
unsaturated acid upon heating, which could then
react with another (unsaturated) dicarboxylic
acid amide. After the addition reaction the result-
ing peptide-type aspartyl residues are converted to
imide type structures at high temperature (Fig. 1).

In reaction A, for example, the monoammonium
dl-malate or the maleamic acid is simultaneously a
nitrogen donor and a nitrogen acceptor. In the re-
action of ammonium maleamate with malic acid or
fumaric acid, the former substance is the nitrogen
donor and the latter is the nitrogen acceptor.
Although the starting substances are not amino
acids, they yield anhydropolyaspartic acid in
polycondensation. In reaction B, aspartic acid and
monoamnionium aspartate are nitrogen donors,
whereas malic acid and fumaric acid are nitrogen
acceptors. These nitrogen donors are amino acid
derivatives and the nitrogen acceptors are not amino
acid derivatives and the nitrogen acceptors are not
amino acids. Anhydropolyaspartic acid results
after copolycondensation in each case.
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Kovaes and co-workers! assumed that aspartic
H.N—CH—CO

0, is the inter-
H,—CO
mediate in the condensation of unsubstituted
aspartic acid. All of the reactions described in this
paper indicate that the aspartic acid anhydride is
not & necessary intermediate in the free aspartic
acid condensation reaction. The literature provides
examples in which an imide is formed without
passing through the anhydride step.''? Piutti

CH,—COOH

acid anhydride,

2NH;
i T
CH,—COOH
CH,—COONH, CH,—CO .
| ? H.O
CH,—COONH, H,—CO
(COOH CONHCONH,
X Tioo —_ CO\
112 150° NH
O T e
COOH COOH CO,,
- NH,
H,N--CONH,

found that the reaction of phthalic acid and urea!?
gives N-phthalylurea at 112° but at 150° ring
closure of the ureide occurs to yield a phthalimide.

cQ oavid CO

\ = \
i O+ RNH,— [|_ | — N-R

\ / x /

Co COOH Cco
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resulting peptide-type polyaspartic acid (I, II) is
converted to the imide-type polymer (III, IV) under
these reaction conditions. If aspartic acid anhy-
dride is an intermediate in the formation of the
imide type polymer, it must pass through a peptide
step rather than function as a direct intermediate.

The reaction of aspartic acid diketopiperazine
diamide with malic acid gives almost completely
an imide-type polymer. This fact suggests that the
diketopiperazine is not stable under these reaction
conditions. It is possible to assume that aspartic
acid diketopiperazine formed thermally as an inter-
mediate is converted to dipeptide again and that
the peptide reacts with another amino acid or
peptide to yield polyimide as shown in Fig. 1.

The close agreement of titration values of the
imide type (123) and the peptide type (128)
polymers shows that the imide-type polymers are
completely converted to peptide-type polyaspartic
acid by excess alkali during titration. Both titra-
tion values agree closely with the calculated value
of 115 for peptide-type polyaspartic acid. The
titration value of the peptide-type polyaspartic
acid sodium salt (4400) shows that almost all of the
carboxyl groups of the polymer combine with
sodium ions which are held tightly even after 4
days of dialysis.

The molecular weights of some of these polymers
were studied by assay with DNFB, The molecular
weight of the products prepared by methods A and
B indicate values in the range of 15,000-28,000.
It is conceivable that some of the polymers do not

+ H.0

HOOC—CH=CH—CO~NHTCH—CO—NH— —
T CH,—COOH m— HOOC—CH=CH—COOH + HZN—«?H—CO—
=

HOOC—CH,=CH—CONH, + ﬁH—CO—NH—
CH—COOH

Even in the reaction of an anhydride'? with an
amine, the anhydride must pass through the amide
step as an intermediate as in the reaction of ~-
butyrolactone with ammonia pass the amide
step.'* The amide intermediate in these reactions

[o:k - NH / J CONH, [ ‘«L :
0 1}\1 0

\HO
of imide formation corresponds to the peptide
bond (I) in the polyimide (III) formation reaction
(Fig. 1). Therefore, it is possible to assume that the

(11) H. T. Clarke and L. D. Behr, Org. Syniheses, Coll.
Vol. II, 562 (1943).

(12) A. Piutti, Gazz. chim Ital., 12, 169 (1882).

(13) E. C. Kornfeld, R. G. Jones, and T. V. Parke, J. Am.
Chem. Soc., 71, 158, 159 (1949); R. F. Brown ¢t al., J. Org.
Chem., 11, 166 (1946). )

(14) J. W. Copenhaver and M. H. Bigelow, Acetylene and
Carbonmonozide Chemistry, p. 163. New York, Reinhold
Publishing Corp. (1954).

CH,—COOH

have N-terminal amino groups (Fig. 1). Therefore,
molecular weight determination by the N-terminal
assay method must be expected to give inaccurate
values in such products. However, it is notable
that even in the polycondensation of monoam-
monium malate or maleamic acid fairly high N-
terminal amino group content was indicated. This
suggests that hydrolysis of the peptide bond ac-
companies the polycondensation reaction.

Since the determination of the ratio of « to 8
linkages of peptide-type polyaspartic acid prepared
by alkaline treatment has been studied by Kovacs
and co-workers,* it has not been considered here.
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