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Among polyamides there is a large group of polymers
CONTENTS which differ from other polyamides in their properties and
methods of preparation. This group, called polypeptides
1. Introduction 329  or poly-o-amino-acids, is very close in its composition
and structure to one of the most important classes of poly-
II. Synthesis of polypeptides from a-amino-acids, meric substances — proteins. In contrast to proteins in
peptides, and 2,5-dioxopiperazine derivatives 330  which there is a strictly defined alternation of amino-acids,
1. Thermal polycondensation of a-amino-acids synthetic polypeptides usually contain only one amino-acid

and peptides 330 OF several amino-acids with a random distribution along

the chain of the macromolecule.

2. Synthesis of polypeptides usi densi)
4 b polypeptides using condensing By polycondensation of various low-molecular-weight

agents 334
€ derivatives of peptides, it proved possible to prepare
3. Polymerisation of 2,5-dioxopiperazine deriva- block-polypeptides with a random distribution of the blocks
tives 335  but with a known alternation of the amino-acids within each
block, and also polypeptides with a defined alternation of
III.  Synthesis of polypeptides from a-amino-acid deri- amino-acids, whose number however was small,
vatives with modified amino- or carboxy-groups 335
1. Polycondensation of a-amino-acid amides and {-~HNCHR,COBNCHR,CO-],[-BNCHR,COHNCHR,CO-}, and
nitriles 335 [-HNCHR,COHNCHR,COHNCHR,CO-),.
2. Polycondensation of a-amino-acid esters 336

Starting with the work of Fischer!, Bergmann?, and
Leuchs 3, studies of the synthesis and properties of peptides
and polypeptides have proceeded on a wide front. The
results of the investigations published up to 1957 were
described in detail previously 4°. The further increase in

3. Polycondensation of N-phenylthiocarbony!
derivatives of a-amino-acids and oligopeptides 339

IV. Synthesis of polypeptides by the polymerisation of

the anhydrides of N-carboxy-a-amino-acids 342 {he number of papers published, including reviews, on the
1. Synthesis of the anhydrides of N-carboxy-a- individual problems of the chemistry of polypeptides®-13
-amino-acids 342 indicates the growing importance of synthetic polypeptides.
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One of the main aims of protein chemistry in the last
decade has been the elucidation of the correspondence be-
tween biological functions and the chemical structure of
proteins !4, Synthesis of polypeptides as model compounds
is one of the possible ways of determining the effect of
various amino-acids, their sequence, and steric configura-
tion on biological properties.

Synthetic polypeptides are also of considerable interest
for polymer chemistry, since the methods of their prepara-
tion permit nowadays the synthesis of polymers with various
amino-acid compositions and different structures, and with
molecular weights ranging from several hundred to a million
and above, and also they provide a means of modelling
natural peptides, and modifying their composition, struc-
ture, and properties. This makes it possible to obtain
polymers whose properties vary within very wide limits,
and thereby solve important problems in the chemistry of
macromolecular compounds.

In view of the abundance of data available, we are
obliged to restrict ourselves to a description of the prin-
cipal results of studies of the synthesis of polypeptides,
published between 1957 and 1963, including certain impor-
tant sections such as the chemical reactions and conforma-
tional analysis of polypeptides and also the methods of
investigating their structures. Furthermore, the review
does not deal with the important field of stepwise syntheses
of peptides and their application, which is of independent
interest. The review considers in detail the synthetic
methods which have been most extensively developed in the
last six years.

II. SYNTHESIS OF POLYPEPTIDES FROM a-AMINO-
-ACIDS, PEPTIDES, AND 2,5-DIOXOPIPERAZINE
DERIVATIVES

1. Thermal Polycondensation of @-Amino-Acids and
Peptides

It has been found that the usual method of polycondensa-
tion of amino-acids containing an amino-group at some dis-
tance from the carboxy-group [H,N(CH,),COOH, #» = 5] cannot
be successfully used with a-amino-acids and peptides. At
elevated temperatures the amino-acids and peptides under-
go various side reactions (decarboxylation, deamination,
cyclodehydration, etc.) resulting in the formation of low-
-molecular-weight products. Furthermore, the closeness
of the amino- and carboxy-groups in a~-amino-acids favours
the formation at high temperatures of 2,5-dioxopiperazines,
dimeric cyclic derivatives with high stability ., 2,5-Dioxo-
piperazines are also formed as a result of the degradation
of polypeptides ¢~!¢ on prolonged exposure to high tempera-
tures. All these facts make it extremely difficult to obtain
linear polypeptides directly from a-amino-acids. How-
ever, attempts to simplify to the greatest possible extent
the synthesis of polypeptides are continued and to this day
attract the attention of many investigators.

Among the various amino-acids studied, glycine under-
goes polycondensation most readily. Meggy ! suggested
that, since glycine can be dehydrated at 140-180° in gly-
cerol or ethylene glycol with the formation of 2,5-dioxo-
piperazine and the latter is thermodynamically less stable
over a wide temperature range (60°-180°) than polyglycine,
direct condensation of glycine to polyglycine is quite pos-
sible. Indeed, when glycine is heated with a small amount
of hydrochloric acid in sealed tubes at temperatures in
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excess of 140°, it is converted into polyglycine, the yield
of the polymer varying with the glycine : hydrochloric acid
ratio.

Polyglycine is not obtained below 130° and when tubes
which had been heated to 140° are kept a further 24 h at
130° the yield of the polymer falls appreciably. It appears
that this reaction requires a temperature above 140° and
the presence of a solid phase. Apart from hydrochloric
acid, the reaction is catalysed by phosphoric acid, ammon-
ium chloride, and sodium hydroxide. It can also be carried
out in the presence of water alone, but hydrochloric acid
ensures the highest yield and the best quality of the poly-
mer,

Meggy believes that the polymerisation of glycine may
be regarded as a heterogeneous stepwise reaction between
glycine in solution and the solid polyglycine:

m

It would appear that this process could result in prolonged
growth of the polymeric chain and hence in a prolonged in-
crease of the average degree of polymerisation n. How-
ever, it is probably accompanied by internal hydrolysis of
the peptide bonds (X + Y)-mer + H,0 = X-mer + Y-mer, as
a result of which equilibrium is established under the given
conditions and # remains constant. Having measured
the partial pressure of water in the system, Meggy calcu-
lated that for this reaction AH = 3.3 kcal mole~! and AS =

= 5.9 kcal mole~?! deg~?,

glycine + X-mer = (X + I)-mer + H,0.

Attempts at polycondensation of other amino-acids were
unsuccessful. @-Aminoisobutyric acid does not change on
heating with a small amount of hydrochloric acid at 140° for
24 h. At 220-240° traces of a sublimate were observed,
which Meggy believes to be 3,3,6,6-tetramethyl-2 5-dioxo-
piperazine. Prolonged heating at this temperature resulted
in appreciable pyrolysis of the initial amino-acid. Under
similar conditions DL-phenylalanine decomposes partially
with the formation of resinous products; L- and DL-alanine
is converted into dark viscous products which are completely
soluble in water. Thus the majority of @ -amino-acids do
not form homopolypeptides on heating. The ease with
which glycine undergoes polycondensation is probably due
to the absence of a side-chain capable of causing steric
hindrance.

Fox and Middlebrook?°-22 suggested that the conditions
of the thermal polycondensation of amino-acids are very
similar to the conditions obtaining in the formation of pro-
tein species on earth and showed that amino-acids which
failtoyield peptides when heated in a pure form are partially
converted into linear polypeptides when they are heat-treated
in a mixture with other amino-acids. Further study led to
a number of interesting findings and the observation of a
number of interesting phenomena. Thus when equimolar
mixtures of the DL-forms of aspartic acid, leucine, valine,
and phenylalanine are heated at 200° for 0.5=3 h, in addi-
tion to appreciable quantities of acetone-soluble tarry pro-
ducts, polymers were obtained whose hydrolysate contained
the initial amino-acids?32¢, On the basis of the results
obtained for the polycondensation of various pairs of amino-
-acid in different combinations, Fox and Harada concluded
that copolymeric peptides are obtained by the thermal method
only when the reaction mixture contains either glutamic or
aspartic acid?®. Table 1 presents the results of biuret
tests of the products of the joint thermal condensation of
glutamic acid with other a-amino-acids. Usually? L- or
DL-glutamic-acid was heated for 0.5-2 h with various

amino-acids in equimolar proportions at 160-190°. The
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TABLE 1. Earlier, Kovacs, Kényves, and coworkers 2#=3  who
| vl of studied the mechanism of the thermal polycondensation of
of . . : :
Reactants Bonas vest Reactants biwettest  aspartic acid and the structure of the resulting polymeric
orodomie sl T products, arrived at a similar conclusion.  The poly-
~ . . . T sii + . . . 2 2
Slutamie actd + ggﬁ’y‘if * {,‘}f;{fﬁ;&f TR 1 intense) condensation of aspartic acid was carried out either by
Gf;lycilge 4 2.5 + Pffﬂ:;::’f;f;fi; . heating in a vacuum (0.1 mmHg) at 200° or by boiling a
t - s . . . . . .
p‘;paex:;;i:? rreione + Pyroglutamic acid + suspension of aspartic acid in tetralin which made it pos-
Pyroglutamic acid + + proline + glycine + sible to remove the water, evolved during the condensation,
+ glycine + Pyroglutamic acid + A T N !
Pyroglutamic acid + 2,5- + aspartic acid + glycine + by azeotropic distillation. The authors found that thermal
P;‘,:;;’,::’;,E:;g“:‘;;g + 2,5 P{;‘;‘f,,“c’;ﬁ;fdzci alyoine + polycondensation of aspartic acid (I) yields the so-called
“dioxopiperazine + water + Pyroglutamic acid + lysine “anhydropolyaspartic acid” (IV):
Glutamic acid + aspartic hydrochloride + cystine +
acid + Pyroglutamic acid + lysine COOH
Pyroglutamic acid + hydrochloride + cystine + | ) A
+ aspartic acid + + glycine + H,;N—CH a- and/or B-dipeptide
Glutamic acid + asparagine + 2,5-Dioxopiperazine + e (IIb) .
Pyroglutamic acid + alanine + + %ycylglycine 0 CH,
Pyroglutamic acid + valine + 2,5-Dioxopiperazine + | /CO\
Pyroglutamic acid + leucine + + glycine + phenylalanine 0 COOH H,N—CH
Pyroglutamic acid + phenyl- + Glycine + aspartic acid + o | (o]
alanine + (weak) CH,
Pyroglutamic acid + serine |at 160° the pro- || Glutamine + aspartic acid + ¥
duct darkens || Glutamine + asparagine + ¢
before the test| (weak)
COOH (11a)
Nﬂ_é'ﬂ
—
molecular weight of the copolymers with glycine reached 1CHg ICO— :”’0
10000-20 000, CO—;— | —NH—CH +H:0
s 3 s )
During thermal copolycondensation glutamic acid is con- @ CHy
verted into pyroglutamic acid?® which melts in the presence COOH |,
of other substances at 170° and probably behaves as a sol- @
vent for the reaction mixture thus favouring a more rapid FARMN 2N N\
. . . —Ho0 —CH N— | —CH N— |—éH
and complete reaction. Furthermore, a relative estimate = | én : N—
of the yields of the products showed that pyroglutamic acid O CQ'CO/ \czcv/ cH, [/

is more reactive than glutamic acid. It is also extremely
probable that glutamic and pyroglutamic acids can behave as
“acid” catalysts for amino-acid copolycondensation, since
it is known that the formation of the amide bond is cata-
lysed by protons, in particular in the presence of traces of
water. However, the above workers did not present any
evidence for this hypothesis.

Heating of aspartic acid does not result in the formation
of any liquid products at temperatures below 200° but the
acid is also capable of forming copolymers, which in con-
trast to the copolymers with glutamic acid, contain a
smaller proportion of neutral and basic acids. A striking
property of aspartic acid is that it is capable of homopoly-
merisation on heating above 100°. This interesting pro-
perty attracted attention long ago and has been the subject
of numerous studies.

It has been shown 27,28 that polyaspartic acid is a poly-
imide (I), which firmly retains water (approximately one
molecule of water per imide bond); the latter can only be
removed by thorough drying at 200° in a vacuum. The
polyimide polyhydrate is converted into polyaspartic acid
with the structure of a true polypeptide (II) on brief heating
in dilute sodium hydroxide solution. The mean molecular
weight of polyaspartic acid, which is approximately 110000,
was determined by end-group analysis and from the rate of
sedimentation in the ultracentrifuge.

CH,—CO\N ene®
HN—dH—co” N —(I.‘,HCOOH )
cHy” No CH,

x|

COOH

l|-l O H
i |
H,NCHCO—} —N—CH—C— |—-N—CH—COOH (I
|

CH, CH, CH,

! | |
COOH COCH COOH

av)

Using the Hofmann degradation, the authors determined
the ratio of the - and B-links in the intermediate afS-poly-
aspartic acid (I1I), which proved to be 1:1.3. The mole-
cular weights of different specimens of substance (III) cal-
culated by Van Slyke's method were in the range 6000-12 000.

Anhydropolyasparticacid, prepared by different methods,
had identical properties: it did not dissolve in water or a
dilute solution of sodium bicarbonate, and on partial hydro-
lysis (0.1 N NaOH) it was converted into afB-polyaspartic
acid. In addition, study of the mechanism of the initial
stage of the condensation showed that heating of acetyl-
aspartic acid (145-200°) also yields anhydropolyaspartic
acid (IV) instead of the expected monomeric anhydride.

When mixtures of aspartic and glutamic acids in various
proportions were heated at 170-180°, polymers of fairly
high molecular weight, with a polyimide structure accord-
ing to infrared spectroscopic data, were obtained®. As in
the case of the homopolymer of aspartic acid, the imide
form of the copolymer is converted into the polypeptide on
treatment with a hot solution of sodium hydroxide or boiling
water. If the polypeptide thus isolated is heated, it is
reconverted into the imide form, identical with the initial
polymer. The authors propose the following mechanism
for the mutual interconversions of the various forms of
polyaspartic acid and the products of the thermal copoly -
condensation of glutamic and aspartic acids.

polyimide
200° in l H,0 (from

pistol over atmosphere)
avs

aspartic acid + 160-—-200° -
+ glutamic acid 131 polyimide polyhydrate
1 N NaOH o
lao“, 10 min H,0, 100
sodium salt of polypeptide
polyimide poly-
1N H=3 hydrate with some
NaOH pa= peptide bonds
polypeptide
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Table 2 presents data on the effect of temperature on the
copolycondensation of L-aspartic and L-glutamic acids 3.
It is evident that the mean molecular weight and the yield
appreciably increase with temperature. The dependence of
the yield of the polymer on the proportions of the initial
acid is given in Fig. 1, which shows that the optimum yield
of the polypeptides is achieved when the aspartic : glutamic
acid ratio is (3—-4):1.

It was found that the glutamic acid content of the copoly-
mer in the N-terminal position is 2-2.5 times greater than
its total content in the polypeptide (Table 3).

On the basis of these data, Fox and Harada put forward
the hypothesis ¥~% that on copolycondensation amino~-acids
“spontaneously” take up a specified ordered arrangement
in the polymeric chain.

The results of the polycondensation of glutamic and
aspartic acids with one another and with other a-amino-
-acids show that all 18 amino-acids which are present in
natural proteins can take part in polycondensation simul-
taneously. As a result of such synthesis, Fox and Harada
obtained a number of protein-like substances which they
called “proteinoids”; the qualitative composition of their
hydrolysates was the same as that of most natural pro-
teins ¥-38,  “Proteinoids” are fairly readily obtained only
in the presence of a large excess of agpartic and glutamic
acids. When they are present in equimolar proportions
with other amino-acids, side-products are formed (for
example 2,5-dioxopiperazines) in addition to peptides, and
the isolation of the peptides becomes difficult.

The proteinoids were prepared by heating (2 h at 170-
180°) two parts of glutamic acid, two parts of aspartic
acid, and one part of an equimolar mixture of the remaining
amino-acids. Apart from an excess of the acid amino-
-acids, the success of the reaction requires the removal of

TABLE 2. Copolycondensation of
L-aspartic (0.01 M) and
L-glutamic (0.01 M) acids.

Yield of
Yield of IMean molecular
1;::"”;2’ crude P:"Z’:," weight of the

®y polymer, g dialysis, g copolymer
160 0.64 — —

170 0.19 0.16 —

180 0.49 0.40 5 100
190 0.88 0.71 13 000
200 0.98 0.83 18 000

B I N I NN N N | J
100 a0 60 40 20 [
aspartic acld, mole %

Fig.1l. Variation of the yield of the copolymers
of aspartic and glutamic acids with the reactant
ratio; the total amount of aspartic and glutamic
acids in each determination was 0.025 mole;
temperature 180°; duration of reaction 3.5 h;

in the region corresponding to the continuous line
the reaction mixture was present in a single phase.
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water from the reaction vessel, which is achieved by heat-
ing the reactants above 100°.  Glutamic acid may be re-
placed by glutamine. The reaction is accelerated by ortho-
phosphoric acid, whose effect on the copolycondensation of
a-amino-acids was studied using as an example the copoly-
condensation of aspartic acid with glutamic acid and of
aspartic acid with glycine, which takes place readily ®.
Phosphoric acid increases the yield but has almost no effect
on the molecular weight of the polypeptides. On more
prolonged heating, the amount of product which does not
dialyse through the cellophane membrane increases, which
is probably due to an increase in the yield of the high-mole-
cular-weight fraction of the polymer. The formation of
non-~dialysable polymer after heating for 1 h begins at a
temperature as low as 150°. In the absence of phosphoric
acid comparable results are obtained only at 170°. Table 4
presents data on the effect of temperature on the copoly-
condensation.

In the presence of phosphoric acid the N-terminal com-
position of the copolymer changes little and the aspartic acid
content of the copolymer rapidly increases with increase of
the aspartic acid : glutamic acid ratio in the initial mixture.
The difference between the aspartic acid:glutamic acid
ratios calculated from the total and N-terminal composi-
tions is in this case even greater. It follows from this
that phosphoric acid favours the self-regulation of the dis-
position of the amino-acid residues in the polypeptide chain.
The relative content of phosphoric acid in the initial reac-
tion mixture has an appreciable effect on the rate of conden-~
sation (Fig.2). The authors believe that phosphoric acid
can behave in this reaction both as a solvent and as an acid
catalyst and can also facilitate the removal of water from
the reaction sphere and the formation of intermediate active
compounds .

All the proteinoid fractions gave positive biuret, xantho-
proteic, and other qualitative tests for protein. In the
cold proteinoids do not react with ninhydrin. However, in
hot solutions they give the colour characteristic of this test
(clearly as a result of the partial removal of amino-acids)

TABLE 3.
Content of
Moles of as- {Moles of glu- [Content of glus P
partic acid |tamic «ci‘dI in |tamic acid in “l“"‘:'";: acid
in reaction |reaction mix- [the polymer os) . _; tvmi:ul B/A
mixture ture a whole (A), % position (B), %
0.01 0.01 29 59 2.0
0.02 0.01 19 54 2.8
0.03 0.01 15 54 3.6
TABLE 4. Effect of temperature on the thermal copoly-

condensation of aspartic (0.02 M) and glutamic
(0.01 M) acids in the presence of 0.8 ml of 85%
orthophosphoric acid.

Tempera- Yield of polys|Yield of poly-| Aspartic acid : glue
ture, °C | mer before mer after tamic acid ratio in  [Mean molecular weight
’ dialysis, g | dialysis, g copolymer

130 1.15 0 |
140 0.39 traces [
150 0.62 0.44 ’
160 2.00 1.61
170 1.99 1.76 17 24 /700 0.01
180 2.27 2.09 18 I 1.5 11 800 0.018
190 2.28 213 1 1.6 12 300 0.024
200 2.30 2.14 12 1.0 33600 1.020
210 2.33 2.18 9 t.r 25 600 0.014
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Fig.2. Variation of the yield with the number
of raoles of 85% phosphoric acid in the copoly-
merisation of 0.02 mole of aspartic acid and
0.01 mole of glutamic acid.

but at a slower rate than natural proteins. The mean
molecular weight of proteinoids is smaller than that of the
copolymers of aspartic and glutamic acids obtained under
the same conditions, amounting to about 4000-8000.

Infrared spectra showthat proteinoids have a typical poly -
peptide structure. Inaddition, the spectra showabsorption
bands characteristic of imide bonds but the peaks charac-
teristic of 2,5-dioxopiperazines are completely absent.

The solubility of proteinoids depends on the method of
preparation. Copolymers synthesised in the usual way
were nine-tenths insoluble in water but were soluble in salt
solutions, for example in 0.1 N phosphate buffer at pH 7.9
or in 3.5% solution of sodium chloride. Like natural pro-
teins, synthetic proteinoids can be salted out by the addi-
tion of a saturated solution of ammonium sulphate to the
salt solution.

Proteinoids can replace the peptone in the broth culture
of Lactobacillus arabinosus; although the growth rate of
the bacteria in the broth based on the proteinoid is some-
what lower, the very factof the growth of the microorganisms
indicates that the links in the proteinoid are susceptible to
attack by bacterial proteases.

Thus in many of their properties the products of the
thermal copolycondensation of the mixture of 18 amino-
-acids closely resembles natural proteins. However,
heating at 170-180° inevitably results in partial racemisa-
tion of the asymmetric centres in the amino-acids and, in
contrast to the protein chain, the peptide chain of protenoids
is built up of amino-acid residues of different configuration.
Asaresultof this, it is impossible to obtain by this method
polypeptides with the steric structure of protein molecules.

The available data are insufficient for a complete answer to
the problem of the arrangement of the amino-acid residues
in proteinoids — whether the arrangement is completely ran-
dom or whether it is ordered in some specified way. The
authors of the investigation believe that, since the N-terminal
ratios of glutamic acid, aspartic acid, and neutral amino-
-acids appreciably differ from the ratios in the total com-
position and from the ratios of the components in the initial
mixture (Tables 5 and 6) and since the N-terminal amino-
-acid composition varies with the temperature of the syn-
thesis while the total composition remains constant, the
thermal reaction of the mixture of amino-acids cannot
be regarded as a completely disordered process.

Krampitz 4!1~4% obtained several proteinoids by heating
a mixture of amino-acids in sealed tubes in an atmos-
phere of nitrogen (3 h at 170°). Proteinoid (I) was synthe-
sised from two parts of asparticacid, two parts of glutamic
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TABLE 5. Effect oftemperature on
the amino-acid composi-
tion of proteinoids for
two amino-acid ratios.
Tempera- | Aspartic | Glutamic b:;::::j
ture,°C | acld, % | acid, % | .qcid, %
2:2:1 ratio
160 66 13 22
170 65 12 23
180 63 13 24
190 56 14 29
1:1:1 ratio
160 56 14 30
170 55 13 32
180 55 14 3N
190 46 19 35
TABLE 6. Effect oftemperature on
the N-terminal amino-
-acid composition of
proteinoids for two
amino-acid ratios.
Aspartic | Glutamic | Neutral
Tempera- | acid N: | acid N3 acid Nz
ture, °C |: ami d': amil id :ami id
IN,% & IN, % 3N, %
2:2:1 ratio
160 7 57 36
170 6 46 48
180 11 37 53
190 8 13 80
1:1:1 ratio
160 8 42 50
170 7 30 63
180 10 20 &)
190 9 10 81

acid, and one part of an equimolar mixture of other amino-
-acids, namely: DL-alanine, DL-isoleucine, DL~thereonine,
DL-valine, DL-methionine, DL-phenylalanine, DL-serine,
DL-tryptophan, L-arginine, L-histidine, L-proline, L-leu-
cine, L-tyrosine, glycine, and lysine monohydrochloride.
Proteinoid (II) contained four parts of aspartic acid, four
parts of glutamic acid, and one part of the above equimolar
mixture of amino-acids. After purification the copolymers
give the following positive reactions: biuret, xanthopro-
teic, Hopkins-Cole—Adamkewicz, Salkowski, and the reac-
tion with Azocarmine B. The N-terminal positions in both
proteinoids contain mainly aspartic and glutamic acid resi-
dues, the contents of neutral and basic acids being only
slight. It was found that the hydrolysis of copolymers (I)
and (IO) by a number of proteolytic enzymes, such as
pepsin, trypsin, erepsin, and papain proceeds to dif-
ferent extents. Similar results were obtained by Fox
and Harada, who studied the effect of chymotrypsin and
pepsin on two proteinoid specimens 3. Fig.3 presents
the results of the proteolysis of the synthetic products and
casein. It is evident that casein is hydrolysed more
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Fig.3. Proteolysis of proteinoids with pepsin

and chymotrypsin:

1) proteolysis of 2: 2: 1-proteinoid with chymo-
trypsin; 2) proteolysis of casein with chymo-
trypsin; 3) proteolysis of 1:1: 1-proteinoid

with pepsin; 4) proteolysis of casein with pepsin.

completely by the enzymes than the proteinoid, because
proteases act only upon the links between L-amino-acid
residues. Pepsin is particularly active in the presence of
acid amino-acid residues and for this reason proteinoids
are more susceptible to “attack” by pepsin than by other
enzymes.

Like dicarboxylic amino-acids, free DL-lysine is con-
verted at 150~170° into the liquid lactam and at 180-230°
it undergoes homopolymerisation4¢, Lysine also readily
condenses with glycine, alanine, and other neutral amino-
-acids, glutamic and aspartic acids, caprolactam, and
succinic, terephthalic, and other acids. The infrared
spectra of the lysine homopolymer and the copolymers of
lysine with neutral amino-acids and with glutamic acid
show that these are typical polypeptides. Lysine mono-
hydrochloride is incapable of homopolycondensation but it
readily undergoes copolycondensation with glutamic acid
and other amino-acids in the presence of orthophosphoric
acid.

The lysine homopolymer is soluble in water but does
not dialyse through a cellophane membrane. The copoly-
mers of lysine with glutamic acid and with glycine are
gel-like substances while its copolymer with aspartic acid
is a spongy solid mass. The amorphous copolymers of
lysine with glutamic and with aspartic acids swell in alkalis
and acids but do not dissolve in them. This is probably
because the copolymers are highly branched and probably
possess to some extent also a three~dimensional structure.

In 1961 Fox et al.*® reported the thermal copolymerisa-
tion of all 18 @-amino-acids in the presence in the reaction
mixture of acid or basic components. One of the copoly-
mers was obtained on heating the mixture of amino-acids
with an excess of aspartic acid and another, under similar
conditions, with an excess of lysine. In many of their pro-
perties both copolymers closely resemble proteins. The
first proteinoid readily dissolved in water, dilute sodium
bicarbonate solution, and phosphate buffer, had a mole-
cular weight of the order of 3000-9000, and an isoelectric
point close to 2.8. The infrared spectrum shows that the
copolymer contains a considerable number of imide links
which disappear when the proteinoid is treated with alkali,
its spectrum then becoming typical of a polypeptide struc-
ture. Copolymer (II) was an elastic rubberlike substance
soluble in mineral acids and only partially soluble in water
(10%). Its molecular weight exceeded 25000, its isoelec-
tric point was of the order of 8.4, and it had the additional
interesting feature that it could form films.
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Soon after the start of the investigation of the thermal
synthesis of peptides, Fox et al.?* observed by chromato-
graphy that the hydrolysis mixtures contain a greater num-
ber of amino-acids than were taken initially in the reaction.
This is probably because under the conditions of the thermal
polycondensation the initial reactants undergo various chemi-
cal changes with the formation of newamino-acids and other
products. It was shown, for example, that aspartic acid
is converted into a- and B-alanine, and on heating with
urea into ureidosuccinic acid, an intermediate in the syn-
thesis of many pyrimidine bases. It is also interesting
that spots characteristic of alanine and aspartic acid were
found on chromatograms of the hydrolysis products from
polymers obtained on heating ammonium fumarate and
maleate.

Meggy ¢ described the synthesis of polymers on heating
glycine in water at 140-180° in an autoclave. The yield of
products varied with temperature and the reactant ratio.
The reaction is catalysed by hydrochloric acid, nitric acid,
sulphuric acid, phosphoric acid, ammonium hydroxide,
sodium hydroxide, and potassium hydroxide.

Bahadur 47-% studied the photosynthesis of a-amino-acids
and peptides in aqueous media.  The reaction of electric
light on a sterilised mixture of paraformaldehyde, water,
and colloidal molybdenum oxide resulted in the formation of
alanine and glycine together with a small amount of valine,
histidine, glutamic acid, and ornithine, the nitrogen re-
quired for the synthesis being “fixed” from the atmosphere.
Illumination of aqueous solutions of glycine in the presence
of sucrose leads to the formation of oligomeric peptides, in
particular glycylalanine, glycylnorleucine, and glycylglyc-
ine. When sterilised solutions of glycine and aspartic acid
were illuminated with a 1000 W electric lamp for 400 h in
the presence of benzoyl peroxide as the photocatalyst and
sucrose as an additional energy source, new amino-acids
and peptides were formed. A control experiment in the
dark gave a negative result.

Ellenbogen 5° published an interesting paper on the syn-
thesis of polypeptides on illumination with a mercury or a
hydrogen lamp of aqueous solutions of ammonium salts
through which a mixture of hydrocarbons (from methane to
pentane) was passed continuously. The catalysts were
certain salts of sodium, potassium, calcium, and a number
of heavy metal oxides. The amino-acid composition of the
resulting polypeptides varied with the composition of the -
reaction mixture and the conditions of synthesis.

Apart from early work?5!-3¢ in which it was shown that
thermal polycondensation of glycylglycine and glycylalanine
usually yields 2,5-dioxopiperazines, there is no informa-
tion in the literature on the polycondensation of di- and tri-
-peptides, probably because no significant results were
obtained in such attempts.

2. Synthesis of Polypeptides Using Condensing Agents

Synthetic polypeptides frequently have a relatively low
molecular weight; it may be increased by means of con-
densing agents which are widely used in experiments on
stepwise synthesis of peptides with a known amino-acid
sequence. Such condensing agents are NN'-dicyclohexyl-
carbodiimide 55, tetraethyl pyrophosphite 3¢, phosphorus
pentoxide 57, etc,  Furuyama et al.5® used the relatively
readily available bis- o-phenylene pyrophosphite as a con~
densing agent. After polycondensation of L-leucylglycyl-
glycine in dry pyridine (for 6 h at 100°), two polypeptide
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TABLE 7. obtain positive results in the anionic polymerisation of
Finol polypeptide 1,4-dimethyl-2,5-dioxopiperazine in the presence of metal-
lic sodium, sodium hydride, and acetylcaprolactam.
Initial peptide M solvent "
e ey o0y | e | 1500000 III. SYNTHESIS OF POLYPEPTIDES FROM a-AMINO-
Poly-¢-benzyloxycarbonyl- -ACID DERIVATIVES WITH MODIFIED AMINO- OR
~L-lysine 350000 chloroform 840000 CARBOXY-GROUPS
Poly-L-proline 10000 water 32000
Poly(y-benzyl L-glutamate) + 200000 chloreform | 6 000000 .
+ poly-e-benzyloxycarbonyl- 300000 The low tendency of free a-amino-acids and dipeptides
“L-lysine(1: 1) towards polycondensation and their marked tendency to

fractions with molecular weights (M) of 3220 and 1730
were isolated. The polypeptides dissolved in 80% aqueous
phenol and 85% formic acid.

When NN’-dicyclohexylcarbodiimide is used for the
polycondensation of oligomeric peptides with free carboxy-
and amino-groups, polymers with high molecular weight are
obtained (Table 7)%°. The polycondensation was carried
out at room temperature in different organic solvents. The
authors of these studies believe that the condensation involves
three terminal NH, and COOH groups. In those cases
where the polypeptide has terminal amino-'and carbamoyl
groups, no increase in molecular weight is observed. The
method can also be used to prepare high-molecular-weight
polypeptides, including water-soluble peptides, whose syn-
thesis by other methods presents considerable difficulties.
In the presence of free carboxy- and amino-groups at the
end of the peptide chain, this method can yield block copoly-
mers and branched-chain polypeptides.

3. Polymerisation of 2,5-Dioxopiperazine Derivatives

It has been shown in a number of investigations%°-83 that
2,5-dioxopiperazine is thermodynamically less stable than
polyglycine and is relatively readily converted into the poly-
peptide under various conditions. By analogy with glycolide
and lactide, which polymerise into linear polyesters, it
might have been expected that substituted 2,5-dioxopipera-
zine would also polymerise into polypeptides by the follow-
ing reaction:

\ NH~C0”

R

However, there have been only a few studies on the
polymerisation of 3,6~substituted 2,5-dioxopiperazines.
Goto® achieved the copolymerisation of 3,6-diisobutyl-
-2,5-dioxopiperazine with 2-oxopyrrolidine-5-carboxylic
acid by heating an equimolar mixture of the starting
materials (200°, 36 h) in glycerol. The copolymer thus
isolated (yield 70%) gave a positive biuret reaction. The
author believes that the product is the polypeptide, which
he called a “protein analogue”. Fox and Harada?® men-
tioned the possibility of the copolymerisation of glutamic
acid with 2,5-dioxopiperazine. However, they established
that, when 2,5-dioxopiperazine and 2-oxopyrrolidine-5-
-carboxylic acid are heated together under anhydrous con-
ditions, no polypeptide is formed and only after the addi-
tion of a certain amount of water to the mixture does the
copolymer give a positive biuret test.

- CO—NH
nL R--CH CH—R]-——» [——HN——(‘ZH-OO-ﬂm,

Attempts to prepare polypeptides by hydrolytic poly-
merisation of 1-ethyl-1,4-diphenyl- and 3,6-dimethyl-2,5-
-dioxopiperazines were unsuccessful. Hall® failed to

undergo cyclisation precludes their use for the synthesis
of high-molecular-weight peptides under conditions exclud-
ing the possibility of racemisation of asymmetric centres.
To facilitate the formation of the peptide bond, it is neces-
sary to activate the carboxy- or the amino-group of the
acid. An enhanced reactivity of amino-acids is usually
achieved*® by converting them into various O- or N-deri-
vatives in which the link between the substituent and the
amino-acid residue is readily susceptible to aminolysis in
the case of O-derivatives or to acylation in the case of
N-derivatives.

1. HyN.CHR—COX+HyN—CHR—COX ~—— Hy;N—CHR—CONH—CHR-COX -~
——— HsN—CHRCO [HN-CHR—CO},—HNCHRCOX,
II. Y—HN-.CHR.COOH+Y—HN-CHR.COOH ——
—— Y—HN-CHR.CONH.CHR.COOH —— Y— [HN.CHR.CO},—OH.

Usually such derivatives are esters and thioesters of
amino~acids and peptides, amides, acid chlorides, azides,
and also N-benzyloxycarbonyl-, N -phenylthiocarbonyl-,
N-nitrophenoxycarbonyl-, and other derivatives of amino-
-acids.

1. Polycondensation of a-Amino-Acid Amides and Nitriles

Kovacs and Nagy ® described the separation of polyaspar -
tic acid by boiling a 5-10% aqueous solution of L-aspara-
gine. Part of the asparagine hydrolyses to aspartic acid
but most of it is converted into an amorphous mixture of
oligo- and poly-peptides, among which, in particular,
L-asparagylaspartic acid was identified. The mean mole-
cular weight of the polymeric products isolated was about
500, the yield being 63%. If the reaction is carried out at
70~75°, the yield falls to 18%. Polymers of high mole-
cular weight were obtained by dialysis. The mean mole-
cular weight of various preparations after dialysis varied
from 1700 to 3000. Like af-polyaspartic acid, these poly-
peptides readily dissolve in water and give a positive biuret
reaction; their infrared spectra are identical with those of
polyaspartic acid.

Guidry ¢7,%8 studied the polycondensation of glycine amide
in aqueous ammonia solution. The reaction was carried
out by heating glycine amide (or its hydrochloride) with
half its weight of ammonium hydroxide solution at 100° for
several hours. The product was purified by dialysis and
then lyophilised. Table 8 presents data on the yield and
mean degree of polymerisation.

The authors quote preliminary kinetic data on the poly-
condensation of glycine amide, which are presented in
Fig. 4. The graph shows that the initial rate of reaction is
fairly high, so that polycondensatjon can successfully com-
pete with hydrolytic and aminolytic side-reactions. The
polycondensation products were white or slightly coloured
powders, insoluble in water but soluble in concentrated
lithium bromide solutions; they gave the biuret reaction
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TABLE 8.
Mean .
Molaryield
Composition of reaction mixture :: y’;::f of polys
sation glycine, %
2 g of glycine amide hydrochloride +
+1 ml 2N NH,OH 40 16.5
2 g glycine nmiae hydrochloride +
+1ml 8 N NH,OH 29 74.8
Glycine amide (mot recrystallised) 33 274
Glycine amide (recrystallised) 34 75.0
Note. The specimens were heated in closed

tubes at 100° for 20 h and more. The degree
of polymerisation of the first two substances
was determined by formol titration by the Soren-
sen method in lithium bromide solution, and that
of the other two by the Van Slyke method.

4r
240h -~ o

2+

yield, mole %

1 1 1 1
20 L7 50 80

:'§-.

Fig.4. The rate of formation of polyglycine
from glycine amide on heating the latter in
ammonium hydroxide solution at 100°.

and were completely hydrolysed to glycine in boiling acid.
The infrared spectra of the polymers showed two broad
absorption bands characteristic of the NH and CO bending
vibrations (1534~1562 and 16341648 cm~! respectively),
which means that the polymers contain predominantly bonds
corresponding to the a- and B-forms of polyglycine. This
is also indicated by the presence of absorption bands in the
region of 1015 cm-! (&) and 1028 cm~! (B). At a lower
reaction temperature (60°) the polyglycine was obtained in
20% yield.

Copolycondensation of glycine amide with the amides of
other amino-acids does not give appreciable yields of poly-
meric products, but the residues of most of the amino-acids
whose amides were used as starting materials were detected
in the copolymers.

On heating aminoacetonitrile ® in aqueous ammonia, a
black polymer was obtained, which however could not be
characterised. Heat treatment of methyleneaminoaceto-
nitrile in the presence of ammonium sulphate leads to the
formation of a non-dialysable product consisting mainly of
glycine and probably cysteine residues. All the peptides
were characterised by the usual analytical methods and had
relatively low molecular weights of the order of 570-930.

Mach put forward the hypothesis® that the primary
synthesis of amino-acids and proteins took place in three
stages. Initially aminoacetonitrile was formed from the
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simple compounds HCN, HCOOH, and NH; and this then
underwent polycondensation into polyglycine. The reaction
of the polyglycine with aldehydes and unsaturated compounds
in the third stage resulted in the synthesis of polypeptides.
To confirm this hypothesis, the author heated one part of
aminoacetonitrile with kaolin (20 parts) at 130° for 5 h.
Chromatographic analysis revealed the presence in the re-
action products of glycylglycine, diglycylglycine, and poly-
glycine. After treatment of the polyglycine with formalde-
hyde in the presence of basic catalysts, serine was detected
in the hydrolysis mixture.

Losse and Anders7® studied the polymerisation of
a-aminopropionitrile on mineral carriers. They regarded
this reaction as one of the possible ways in which protein
is synthesised in nature. One part of a-aminopropionitrile
was heated with two parts of a mineral adsorbent (Fuller's
earth) for 50 h at 80° and 5 h at 130°. The initial nitrile
was then converted to the extent of 60% into polyamidine,
the hydrolysis of which yielded polyalanine with a number-
-average molecular weight of the order of 20 000.

# BN-—CH—C=N —— (—HN—CH (CH)— C-), e (—HN—CH (CH) CO-),,.
|

CH, NH

The polypeptide was isolated, characterised by the usual
analytical methods, and compared with the polymer obtained
by the synthesis from N-carboxyalanine anhydride. The
properties of both polypeptides proved to be identical. It
is interesting that, when a@-aminopropionitrile is heated in
the absence of a mineral carrier, there is virtually no poly-
merisation, aa’-iminodipropionitrile HN[CH(CH,)CN],
being formed.

2. Polycondensation of o-Amino-Acid Esters

The alkoxy-group in amino-esters is fairly active and
readily undergoes aminolysis, particularly in the presence
of acid catalysts!:

H,;NCHRCOOR' -+ H;NCHRCOOR’ ~-=— H,NCHRCOHNCHRCOOR' .,

Thus polycondensation of amino-acid esters would appear
to be a convenient way of synthesising linear polypeptides;
however, the main reaction in the polycondensation is fre-
quently the cyclisation of the ester of the dipeptide formed
into 3,6-disubstituted 2,5-dioxopiperazines7?,’3, Thus the
methyl esters of glycine and DL-alanine gave 53 and 96%
respectively of 2,5-dioxopiperazines on their polycondensa-
tion in the presence of 2% CO, "¢ and SiO,."*

The characteristic features of the polycondensation of
glycine and DL-alanine esters in the presence of carbon
dioxide and ester carbamates have been investigateds,77.
According to the authors, the first stage in the reaction is
rapid formation of the carbamate of the amino-acid ester:

CO,4-2H,NCHRCOOR’ —— R’OOCCHRITH,«BOCNHCHRCOOR' .

The reaction is strongly exothermic and in the case of the
ethyl ester of glycine terminates after 2-3 s with absorp-
tion of one mole of carbon dioxide for two moles of the
ester ™. The resulting carbamate is fairly stable, decom-
posing into the initial compound at about 60°.

In the symmetric carbamate one ester group is in the
activated state and readily undergoes aminolysis. Thus in
the polycondensation of amino-esters the growth of peptide
chains proceeds as a result of the reaction of the symmetric
carbamate with the amino-groups of the peptides or (in the
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case of the initiation of a new chain) with the amino-group
of the amino-acid ester with the formation of an asymmet-
ric carbamate 77,79;

+ - R
R'OOCCHRNH, OOCNHCHRCOOR' -+ H— [HNCHRCO],—OR =22,

4+ -
~— R‘OOCCHRNH;—00CNHCHRCO— [HNCHRCO],—OR'—

—— R'OOCCHRNH;+-CO;-+H—[HNCHRCO],, ,—OR’,

Because of its instability 8%, the asymmetric carbamate
breaks down with the regeneration of carbon dioxide and the
formation of a peptide containing one amino-acid residue
more than the initial peptide or, what is more probable,
the carbamate reacts with a new molecule of the monomer
with the formation of the symmetric carbamate and the free
peptide 8!:

+ -—
R’O0OCCHRNH,- OOCHNCHRCO [HNCHRCO),OR’+H,NCHRCOOR’ ———

+ —
-—>R’00CCHRNH; OOCHNCHRCOOR’ + H[HNCHRCO],, ,OR’,

The increase of the reactivity of the ester group in the
symmetric carbamate of the amino-acid ester, as a result
of the influence of the carbamate group, was confirmed by
the study of the polycondensation of the ethyl ester of glycyl-
glycine. In this case the increased distance between the
carbamate and ester groups results in a sharp decrease of
their mutual influence, which is reflected in an almost
complete absence of the catalytic effect of carbon dioxide
on the polycondensation of the glycylglycine ester %2,

The polycondensation process probably proceeds in
steps, its rate increasing with the concentration of the
initiator (Fig. 5).

The slowest stage in the polycondensation of ethyl
glycinate is the formation of the ester of the dipeptide,
which is relatively rapidly converted into the tripeptide and
2,5-dioxopiperazine. Figs.6 and 7 show the variation of
the products of the polycondensation of ethy! glycinate with
the duration of the reaction. At the beginning of the pro-
cess almost half the solid products consist of 2,5-dioxo-
piperazine, whose relative amount diminishes as the pro-
cess approaches completion. The amount of tripeptide
reaches a maximum and then gradually falls as a result of
its rapid conversion into the polymer. The process is
autocatalytic and, as the peptides accumulate and their
length increases, there is an increase of the relative rate
of consumption of the monomer by virtue of the polypeptide
chain growth.

Determination of the rate of aminolysis of p-nitrophenyl
esters of benzyloxycarbonyl derivatives of glycine and its

)

Fig.5. Variation of the mean degree of
polymerisation # of the initial fraction
with the consumption of the monomer m
for different initial molar ratios & of
carbon dioxide and the monomer:

1) £y = 0.02; 2) £ = 0.04; 3) &y = 0.08.
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Fig. 6. Composition of the polycondensation
products of ethyl glycinate (%):

a) 2,5-dioxopiperazine, determined from the
increase in amino-nitrogen; b) 2,5~-dioxo-
piperazine, determined by the “copper”
method; c¢) ethyl ester of diglycylglycine;

d) tetrapeptide fraction; e) free ethyl
glycinate.
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Fig. 7. The content of 2,5-dioxopiperazine
and the ethyl ester of diglycylglycine (as a
percentage of the initial monomer sample):
1) 2,5-dioxopiperazine; 2) ethyl ester of
diglycylglycine.

di- and tri-peptides by ethyl glycinate and also the esters
of the di- and tri-peptides indicates an increase in the rate
of reaction of the amino- and ester groups with increase
in chain length, particularly on going from the monomer to
the dipeptides, which is consistent with the idea that poly-
condensation of amino-acid esters is autocatalytic .

In the absence of carbon dioxide the polycondensation of
ethyl glycinate is very slow and takes place in two stages.
The rate of the first stage is very low, but subsequently it
increases (Fig.8). In the second stage the monomer is
used up much more rapidly. Addition of the polyconden-
sation mixture accelerates the reaction, which still takes
place in two stages, but the first stage is much shorter.
An even greater shortening of the first stage occurs on
addition of 20 mole % of the methyl ester of alanylglycyl-
glycine, the rate of the second stage remaining almost un-
changed, as in the case where the polycondensation mixture
was added®’. It was found that the addition of ethanol has
a similar accelerating effect® on the polycondensation,
which the authors explained by the catalytic action of the
alcohol on the aminolysis reaction.
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Fig.8. Polycondensation of ethyl glycinate: Fig. 10. ~ Dependence of the rate con-

1) without additives;
the polycondensate;
tripeptide ester.

2) in the presence of
3) in the presence of the

Fig.9. Kinetics of the monomer con-
sumption () in the polycondensation of
ethyl glycinate; initial concentration of
the initiator (§g):

1) 0.02; 2) 0.04; 3) 0.08; 4) 0.16; 5) 0.01;
the values of mj - 1 - 2§, are plotted along
the ordinate.

Extrapolation of the data obtained in the polycondensation of
ethylglycinate with carbon dioxide (Fig.9) shows that the true
relative concentration of the monomer (M, - AM)/M, = m,
where AM, is the amount of monomer combined with carbon
dioxide, is less than unity at zero time and decreases with
increase in the concentration of the initiator.  This con-
firms that, at the beginning of the reaction, part of the
monomer (1 - m,) is rapidly combined and only then does
the second stage of the reaction, characterised by first-
-order consumption of the monomer, begin.

Study of the kinetics of the polycondensation of ethyl
glycinate in the presence of its carbamate #,%° and carbon
dioxide  showed that the nature of the process does not
change when the method of initiation of the polycondensa-
tion is modified and confirmed that the carbamate of the
amino-acid ester indeed catalyses the polycondensation. At
all the catalyst concentrations investigated, the monomer
is consumed by a first-order reaction. Comparison of the
rate constants for the consumption of the monomer when the
polycondensation of ethyl glycinate is initiated with the car-
bamate and carbon dioxide shows that the reaction kinetics
in the two cases are the same (Fig. 10).

The nature of the polycondensation of the amino-esters
does not change in the presence of the anhydrides of the
N-carboxy-derivatives of the acids®'~3. As in the poly-
condensation initiated with carbon dioxide, the reaction
proceeds in two stages. In the polycondensation of ethyl
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stant for the consumption of the
monomer (K, s~ mole™!) on the initial
concentration of the initiator (weight
fraction):

1) initiation with carbon dioxide;

2) initiation with carbamate.

glycinate and the anhydride of N-carboxyglycine it was
found that in the first stage the ester is consumed very
rapidly, which in the authors' view is due to the formation
of the asymmetric carbamate:

0

el .=
R—CH—CNg | 9H,NCHRCOOR’ ——R’O0CCHRNH,- OOCNHCHRCONHCHRCOOR',
NH-C\q

The second stage, which is slower, proceeds by the car-
bamate mechanism with the formation of similar polycon-
densation products as in the case where the process is
initiated with carbon dioxide or the carbamate of the amino-
-acid ester 93,94,

Metallic sodium and triphenylmethylsodium have also been
described as catalysts for the polycondensation of amino-
-acid and peptide esters.  Brenner and Rickenbacher %
carried out the polycondensation of the methyl esters of
DL-lysine and L-leucine (3—4 h at 5°) with a suspension of
sodium (without additional solvent) and obtained in 60-70%
yield polypeptides with a mean degree of polymerisation of
7 and 10 respectively. Polycondensation under these con-
ditions of a mixture of the esters of L-leucine, DL-lysine,
and DL-aspartic acid gave only a mixed polypeptide with a
molecular weight of about 4000, which is difficultly soluble
in water. The authors indicate that in the polycondensation
of the methyl ester of L-leucine almost complete racemisa-
tion takes place. The authors explain the decrease of the
yield of 2,5-dioxopiperazines when esters are subjected to
polycondensation with metallic sodium by the adsorption of
the amino-acid esters and the formation of polypeptides on
the surface of the catalyst, while 2,5-dioxopiperazines
form mainly in solution. In the polycondensation of esters
in the presence of triphenylmethylsodium in ethereal solu-
tion the mean degree of polymerisation reaches 10-13.9¢

The polycondensation of the esters of oligopeptides has
been considered in a relatively small number of studies. Thus
Poroshinetal. state that when the methyl ester of L-prolyl-
glycyl-L-proline is heated (15h at 110°and 3 X 10-*mmHg),
a complex mixture of polypeptides is formed, which the
authors did not analyse in detail®’. De-Tar et al.® treated
the hydrobromide of the p-nitrophenyl ester of g-methoxy-
-L-asparagylglycylglycine with the exact calculated amount
of triethylamine in dimethylformamide or dimethylsulphox-
ide at room temperature and obtained a polypeptide with a
molecular weight of about 12 000. It was shown that whether
a linear polypeptide or cyclic compounds are formed is to
a large extent determined by the concentration of the initial
tripeptide ester. Thus treatment of a 15% solution of the
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tripeptide ester resulted in a very small yield of polypep-
tides because of the formation of a cyclic hexapeptide. The
authors used this method to prepare a number of polypep-
tides containing aspartic acid, phenylalanine, and glycine,
or histidine and glycine, or phenylalanine and glycine. The
synthesis of the last polypeptide from the hydrobromide of
the p-nitrophenyl ester of phenylalanylglycine is particu-
larly interesting, because it shows that linear polypeptides
and not cyclic compounds are formed from the nitrophenyl
esters of dipeptides.

Polypeptides of high molecular weight were prepared by
the polycondensation of the thiophenyl ay-dimethyl ester of
y-L-glutamyl-L-~glutamic acid, the mixture being slightly
heated®. After purification the resulting polypeptide gave
positive biuret and ninhydrin reactions. The authors demon-
strated by paper chromatography that the polypeptide is
polydisperse and contains high-molecular-weight fractions
which remain at the starting point of the paper chromato-
gram after a 36 h run.

Among other work on the synthesis of polypeptides from
tripeptide derivatives, that of Wolman et al. !® ig interest-
ing. They oxidised the hydrazide of prolylglycylglycine
with bromosuccinimide in dimethylformamide in the pre-
sence of triethylamine and obtained a polypeptide with a
molecular weight of 1400. They suggested the following
mechanism for the reaction:

_.CO\

CH
# H[—HNCHRCO—]NHNH, 421 | . SNBr + 20 CHIN
CH,—CO

CH
—+# Ny +H{—HNCHRCO—Ju OH + 20 | H' SNH + 20 (C4Hy)sNH.Br~,

2’
The method is fairly simple and may be used when the

initial tripeptide does not contain side-groups susceptible
to oxidation by N-bromosuccinimide.

3. Polycondensation of N-Phenylthiocarbonyl Derivatives
of a-Amino-Acids and Oligopeptides

Noguchi 101,192 showed that on heating N-phenylthio-
carbonyl amino-acids to 150-160° thiophenol and carbon
dioxide are split off with the formation of oligopeptides of
relatively low molecular weight:

C4H;SCOHNCHRCOOH ~—— CgHySH-+O=C=NCHRCOOH — [ —HNCHRCO), + CO, .

Apart from the polypeptides, the reaction products include
2,5-dioxopiperazine and other side-products. When the
polycondensation is carried out in solution (frequently in
the presence of pyridine), high-molecular-weight polypep-
tides with molecular weights up to more than 100000 are
formed.

Thermal polycondensation of N-phenylthiocarbonyl
amino-acids can yield both homogeneous and mixed poly-
peptides of almost all nautral and basic amino-acids. The
authors assumed the possibility that thiophenol may be split
off as a result of the intermolecular reaction with subse-
quent removal of carbon dioxide from the anhydride and
formation of the polypeptide chain:

R

1] |
C‘Hs‘?—C—HN—CH~COO' -
r |
o
- 1
o= —> CgHsS™ + C‘HSSHNCch.—-oc-HN?H—COO‘
4

—_—

|
Coﬂs—S—HN~C|H—-C=O
R — C.HgSHN('ZHCOHN(IZHCOO' + CO..
R R

Tables 9 and 10 list the polypeptides prepared by this
method and some properties of the initial N-phenylthiocar-
bonyl amino-acids and polypeptides. The data in Tables 8
and 9 indicate the possibility of wide application of the
method involving the polycondensation of N-phenylthiocar-
bonyl derivatives of amino-acids for the preparation of
DL-polypeptides. When derivatives of dipeptides are used,
the formation of polypeptides with a known sequence of
amino-acid residues may be expected.

However, Weymouth !?2 showed that this method has a
number of disadvantages. When polyglycine is synthe-
sised under the above conditions, considerable amounts of
2,5-dioxopiperazines (in excess of 20% of the total weight of
products) are deposited on the walls of the vessel. Usually
about 50% of the residue is soluble in water, and compari-
son of the viscosity of the solutions of these polymers with
the viscosity of similar specimens of polyglycine, for which
the end~groups have been determined, yields the molecular
weight in the range 1000-2500. Noguchi and coworkers 194
found the molecular weight of polyglycine of similar vis-
cosity to be 135000.

Having checked Noguchi's data using the polycondensa-
tion of phenylthiocarbonylalanine and sarcosine, the author
concludes that the polycondensation of N-phenylthiocarbonyl
amino-acids involves the formation of polypeptides of rela-
tively low molecular weight. Furthermore there is no
proof that these polymers are purely linear polypeptides.

The polycondensation of other N-substituted amino-acids
has been described, i.e. the polycondensation of N-benzyl-
oxycarbonyl!?® and phenoxycarbonyl!?* derivatives, in-
cluding those with different substituents in the phenyl ring.
Ishizuka and Saito!?® established that the most suitable
medium for the polycondensation of phenoxycarbonyl amino-
-acid derivatives is nitrobenzene. In this case the time
of polycondensation is greatly reduced and the polypeptide
has a higher molecular weight (Table 11).

Ishizuka !26-128 carried out the polycondensation of
N-o-nitrophenoxycarbonyl derivatives of amino-acids
and dipeptides by this method and obtained polyleucine
(M =14000), poly-DL-phenylalanine (M = 12 000), poly-
glycine (M = 14000), polyalanylglycine (M = 28500), poly-
glycylalanine [a previous line is repeated at this point in
the Russian text instead of the conclusion of the sentence
(Ed. of Translation)].

The polycondensation of N-p-methylphenoxycarbonyl
amino-acids, in solution in a mixture of benzene and
toluene, in a sealed tube at 60° for 1200 h yielded poly-
glycine (M = 10500), poly-DL-phenylalanine (M = 17 600),
poly-L-leucine (M = 11000), and poly-a-aminobutyric acid
(M =18300). The molecular weights were determined
osmometrically in dichloroacetic acid 2°. Polyleucine with
an intrinsic viscosity of 0.28 was prepared by the polycon-
densation of N-phenoxycarbonyl-L-leucine in nitrobenzene
at 125° for 20 h. 1%

Bruckner et al.® prepared a high-molecular-weight
polypeptide from the ay-dimethyl ester of benzyloxycar-
bonyl- y-L-glutamyl-L-glutamic acid. = The initial dipep-
tide was treated with ethyl chloroformate in the presence
of triethylamine. After the hydrogenolysis of the benzyl-
oxycarbonyl group over a palladium catalyst, the catalyst
was filtered off and the solution of the mixed anhydride of
the dipeptide was divided into two parts. The first part
was allowed to stand for 24 h at room temperature, after
which the solvent was distilled off in a vacuum and the

residue was further heated for 1 h also in a vacuum. The
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(o]
TABLE 9. Properties of N-phenylthiocarbonylamino-acids and their esters (CgHgS—C—HN—CH-COOH and
o
i R
CgHS—C—~HN-CH-COOR').
R
N-Phenylthiocarbonylamino-acids Esters of Nephenylthiocarbonylami 1d,
initial aminosocid R properties R’ properties references

B-Alanine H m.p. 104° C,H, |m.p.52° 101
DL-Phenylalanine C(H,CH, m.p. 56° C,H, | m.p. 63—-65° 101
L-Phenylalanine CGH,CH, m.p. 66° alf] 12.5° CHy |m.p. ss-ss" [alf} 14.3° (C,H,0H) 121
DL-Valine (CH,),CH m.p, 121° C,H, m.p. S 121
L-Valine (CH,),CH m.p. 115° [alf] 6.0° (C,H,0H) CH, |m.p. s(f’ [al} 42.9° (C,H,0R) 121
L-Leucine (CH,),CHCH, CH, |oil 101
DL-Methionine CH,SCH,CH, m.p. 9 C.Hy {oil 121
L-Methionine CH,SCH,CH, m.p. es" {al}} 8.5° (C,H, OB) C,H, |m.p. 53° [al}} 38.1° (C,H,0H) 121
0-Benzyl-DL-serine C¢H,CH,0CH, - CH, m.p. 73-74° 116
&-N-Benzyloxycarbonyl-

-DL-lysine CI,CH,0COHN(CH,), | m.p. 116-118° CH, |m.p.174-175° 110
L-Nitroarginine - m.p. 134—-136° C,Hy, | m.p. 59-60° [a]g 9.4° 118
L-Aspartic acid HOOCCH, m.p. 100-102° - 119
y-Aminobutyric acid - m.p. 110-111° C,H; |oil 113
S-Aminovaleric acid - m.p. 125° C,H, 114
£-Aminohexanoic acid - m.p. 95° 111
Ditto - m.p. 97—98° CH, |oil 109
DL-Alanylglycine CH, m.p. 136-137° C,H, m.p. 119-120° 121
Glycyl-DL-alanine CH, m.p, 156° CH, m.p. 122-123° 107
Ditto - C,H, |m.p.109-110° 107
L-Leucyl-L-alanine (CH,),CHCH, and CH, | m.p. 147-148° m.p, 105-106°

{a]f} 30.6° (C,H,0H 1.95 /100 ml) (2} 39.6° (C,H,OH 2.23 £/100 ml) 111

Glycyl-DL-phenyl- C(H,CH, m.p. 178-179° C,H, | m.p. 107-108° 107
alanine

Glycyl-L-leucine (CH,),CHCH, m.p. 155°, [alf} 15.0° (C,H,0H) C,H, |oil 107

B-Alany)-DL-alanine CH, m.p. 146.5° CH, m.p. 112-113° 108

y-Aminobutyryl-DL- CH, m.p. 113° CHy |m.p. 95° 13

-alanine
e-Aminochexanoyl-L- CH,CH, m.p. 130-131°, [alf] 24.1° (C,H,0H) | C,H, |oil 109

-phenylalanine
e-Aminohexanoyl-DL- CH, m.p. 133-134° CH, m.p. 80-82° 110

-alanine
y-Aminobutyryley~ m.p. 146° C,Hy |m.p, 127° 113

-aminobutyric acid
J-Aminovaleryl-3- m.p, 152-153° C,H; | m.p, 97-98° 114

-aminovaleric acid
S-Aminovaleryl-DL- CH, m.p, 155° CH, m.p. 115° 114

-alanine
e-Aminohexanoyl- m.p. 151° C,H, m,p, 105° 115

glycine
e-Aminohexanoyl-L- (CH,),CHCH, oil, {al[} 20.4° (CH,COOH) CHy |oil 115

~leucine
e-Aminchexanoyl-a- C,H, m.p. 137° C,H, |m.p. 8% 115
-aminobutyric acid

TABLE 10. Properties of polypeptides prepared by the thermal polycondensation of N-phenylthiocarbonylamino-
-acids [CgHsSCOHNCH(R)COOH].
Formula of the structural unit of
Initial aminosacid polypeptide Conditions of preparation of polypeptide Proparties of polypeptide References
1 2 3 4 5
Glycine ~—HNCH,CO in }gnzane with pyridine, 150 h at My* = 135200, yield 91% 104
8
DL-Alanine —HNCHCO in (l;gn:ene with pyridine, 1000 h at My = 22400, yield 69.6% 105
6
CH,
B-Alanine —HNCH;CH,CO in l(:;gnune with pyridine, 1000 h at My = 37300, yield 38.2% 108
6
» —HNCH,CH,CO 20 h in the melt at 120° and 3 h at = 43 500, yield 93,5%, readily 108
165° in a vacuum ndsorbﬂ Fe(‘,?l, in HCOOH
DL-Phenylalanine in benzene with pyridine, 200 h at My = 59400, yield 38% 103
cnyiele —HNCHCO 80 ' v '
(|IH CeH
L-Phenylalanine st in dioxan, 1000 h at 60-70° My = 16800, [a]} 24.4°(CICH,COOH)| 121
DL-Valine —HNCHCO— ditto My = 17600 121
H(CH,),;
L-Valine —HNCHCO— » My = 12300, [a]}} 20.3°(CICH,COOH) | 121
(l:H(CH,),
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TABLE 10 (contd.)

Formula of the structural unit of

Initial aminc-acid polypeptide Conditions of preparation of polypeptide Properties of polypeptide References
1 2 3 4 5
L-Leucine —~—HNCHCO— in benzene, 670 h at 80° My = 26 889, yield 63% 106
éH,CH(CH,),
L-Aspartic 0 in the melt at 140°, 30 h in a vacuum | Mp = 1500, yield 71% 119
I
—CH—-—C
di—cd
Hy \0
L-Glutamic acid /0 in the melt at 180° 20 h in a vacuum My = 2100 120
-—CH—C\
& N—
\CH C/
! \0
DL-Methionine —HNCHCO— in dioxan, 1000 h at 60—70° My = 10500, yield 38.7% 121
H,CH,SCH,
L-Methionine —HNCHCO— ditto My = 23700, (o]} + 2.6° 121
|
CHaCH,SCH, (CICH,COOH)
&-Aminohexanoic acid —HN(CH,); CO— 23 h in the melt at 130° followed by | My =26 000, yield 77%, [] = 0.194 | 109
vacuum treatment at 16 in 1:1 CH,COOH + CICH,COOH
O-Benzylserine —HNCHCO— in benzene with pyridine, 150 h at My = 49005300, m.p. 185-190°, 116
& 70° rmadily debenzylated by HBr in
HyOCH,C,H, dioxan to poly-DL-serine
¢-N-Benzyloxycarbonyl- —HNCHCO— in benzene with pyridine, 400 h at My = 4000, yield 48% 117
-DL-lysine | 7¢°
(CHa)q
NHCOOCH,CH;
L-Nitroarginine —HN—?HCO— in g‘i)axan with pyridine, 16 days at My = 1040, [a]i; —14.1° 118
7
(CH4)yNHC(==N)NH
Glycine + L-leucine —HN—CH;COHNCH—CO— in ggoxun with pyridine, 1000 h at ~1t ll copolymer. My = 11457, 106
6 d
CH,CH(CHy), yield 367
LeLeucine + —HNCHCOHNCHCO— in benzene, 1000 h at 60° copolymer, My = 16 000, yield 106
+ DLephenylalanine é AN 47.8%
H,CH(CH,)sCH;CH,
L-Leucyl-L-alanine CH4CgHy in dioxan, 1500 h at 60—70° My = 14300, yield 24.6% 111
——HN(!:HCOHN HCO
CH,CH(CH,)y
Glycyl-DL-alanine —HNCH;COHNCH(CH;)CO— in %oxnn with pyridine, 1000 h at My = 34813 107
| 6
CH,
GlycyI-D L-phenyl- ~~HNCH;COHNCHCO— ditto My =30603 107
8 ﬁnlne
CHaCeHg
Glycyl-L-leucine -—HNCH,COHN(IZHCO—- » My = 38000 107
CH,3CH(CHy)s
B-Alanyl-DL-alanine —HNCH;CH;COHNCH(CH5)CO— | 27 h in dioxan at 135°and 2 h at My = 26 100, yield 52% 108
150° in a vacuum
€~Aminohexanoy!-L- —HN(CH,); COHNCHCO— in dioxan, 30 h at 130-140° copolymer, My = 51 200, yield 79% 109
-phenylalanine CH,CeHy
e-Aminohexanoyl-DL- —HN(CH,)yCONHCHCH,CO— 27 h in dioxan at 135°and 2 h at copolymer, My = 65 000, yield 82.8%; [110, 112
-alanine 150° in a vacuum the copolymer undergoes reversible
thermal denatnrauon, which is a
maximum at 50°, heat of denatura-
tion 45 keal mole™
y-Aminobutyric acid ~NH(CH,)sCO— in dioxan, 1.7 h at 7¢° My = 15000 (CH,COOH), m.p. 230°, | 113
yield 28.6%
y-Aminobutyryley- —HN(CH,);COHN(CH,);CO— in dioxan, 100 h at 140° My =16 500 113
-aminobutyric acid
y-A;mn'obntyryl-DL- —HN(CH,);COHNCHCH,;CO— ditto copolymer, My = 71500 113
-alanine
S-Aminovaleryl-5- —HN(CH,) (COHN(CHy)(CO— » My = 13100, yield 69.5% 114
-aminovaleric acid
5-Arlninavaleryl-DL- —HN(CH,),COHNCHCH,CO— » copolymer, My = 26 000 114
-alanine
e-Aminohexanoyl- —HN(CH,); COHNCH,CO— in dioxan, 100 h at 140° in an atmos- | copolymer, My = 19300 115
glycine phere of CO,
tlemh}ohexlnayb —HN(CH,){ COBNCHCO— ditto copolymer, ¥y = 22300, [7]] = 0.257 115
eucine (30° in CH,COOH), [al}} = 32.7°
HiCH(CHy)s (CH,COOR)
¢-Aminohexanoyl-a- —HN(CH;)s COHNCH(C,H,)CO— » copolymer, My = 34900, [7] = 0.3 115

-aminobutyric acid

* My is the weight-average molecular weight.

(30° in CH,COOH), undergoes
reversible thermal denaturation in
agqueous solutions
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TABLE 11, Polycondensation of XCgH,OCOHNCH(CHj).
.COOH.
i
X Medium TemPole | Time,h | Yiolds% | vicossiee
H pyridine—benzene 80 (10000 | 83.4 0.134
H pyridine—toluene 100 50 92.8 0.450
H nitrobenzene 100 16 87.4 0.286
H » 120 4.5] 96.8 0.274
H » 125 8 73.6 0.367
0-CH, » 110 30 79.0 0.280
p-CH, » 110 56.5 | 82,0 0.295
0-NO, pyridine~toluene 100 8.0 85.3 0.113
0-NO; nitrobenzene 100 12.0 62.7 0.119
p-NO, pyridine—toluene 100 360] 57.4 0.155
p-NO,; | nitrobenzene 100 12.0 | 38.4 0.203

* The viscosity of 0.2% solution in 80% dichloroacetic
acid was determined.

second half of the solution was treated similarly after the
addition of triethylamine. In order to isolate the free
polymeric acid, the polypeptides were treated in the cold
with alkali and purified via the copper salt with subsequent
dialysis. The molecular weight of the polypeptide obtained
without triethylamine was 12 180 and that obtained with tri-
ethylamine was 20 000.

The polypeptides very tenaciously retain water and after
drying in a vacuum over phosphorus pentoxide at room tem-
perature contain one molecule of water per glutamic acid
residue. Both products were colourless powders, readily
soluble in water and gave positive biuret reactions and a
weak ninhydrin reaction.

The amino-group can also be activated by treating amino-
-acids withisocyanates. The resultingamide of the alkane-
carbamic acid, with the general formula

RNHCONHCRHCOOH,

where R = t-alkyl, breaks down at a temperature above
175° with the formation of a polypeptide in more than 80%
yield. The degree of polycondensation of polypeptides
prepared in this way reaches 100.!3!  An interesting syn-
thesis of polypeptides is by the polycondensation of the iso-
thiocyanates of aliphatic carboxylic acids, prepared by
treating a@-amino-acids with carbon disulphide and then
decomposing the dithiocarbamic derivatives with mercuric
chloride 132, However, in this case it is assumed that
heating of the isothiocyanate leads to the formation of the
anhydride of the N-thiocarboxy-acid and its polymerisation
and not the removal of the substituent from the nitrogen
atom:

nS=C=N—CH—COOH [R—CH—CD\O ] [HN——CIH—-CO] 4nCOS
—_— n .

n

—n |

NH—CS”

IV. SYNTHESIS OF POLYPEPTIDES BY THE POLY-
MERISATION OF THE ANHYDRIDES OF N-CARBOXY -
- a-AMINO-ACIDS

1. Synthesis of the Anhydrides of N-Carboxy- a@-amino-
-Acids

The most usual synthesis of polypeptides is by the poly-
merisation of the anhydrides of N-carboxy- a-amino-acids,
which permit the preparation of polymers with a specified
molecular weight, capable of being varied over a very wide
range, with complete elimination of the racemisation of the
amino-acids.

342

The most widely used procedure for the preparation of
the cyclic anhydrides of N-carboxy- a-amino-acids is that
proposed by Fuchs 133, Farthing '3, and Levy!35. Finely
ground amino-acids, their chlorides, or sodium salts, sus-
pended inan inert solvent (dioxan, ethyl acetate) are treated
with phosgene at 30-50°. The reaction may be carried
out with simultaneous addition of equivalent amounts of
a solution of phosgene in dioxan and a suspension of the
amino-acid in dioxan to an excess of the solvent!¥. The
anhydrides of the N-carboxy-acids and their thio-analogues
are also obtained on heating the chlorides of amino-acids
with COC], or CSCl, in nitrobenzene ¥,

The reaction of a@-amino-acids with phosgene proceeds
as follows:

0
R—(}:H—COOH_I_ ot R——(lZH——-OOOH R—CH—C<O
NH, * =He NH—co—ct 1 NH_G
o {n
_Hcl\[R—CH—OOOH] //
LT=C=0 '

The first stage, the formation of the carbamoyl chloride (I)
begins with the nucleophilic attack by the amino-nitrogen on
the carbonyl carbon in phosgene:

R—ClH—COOH 1 R—CH—-CO%I;{ R—CH—COOH
H—Nweeciei s C=0 s HN+—CZ0- — NH--COCI+HCt,
N Nai

The rate of this process should increase with increase
inthe electron-donor effect of the R group in the amino-acid,
which enhances the basicity of the amino-group. This hypo-
thesis agrees satisfactorily with the observedincrease in the
rate of reaction with phosgene in the series glycine <alanine <
< a-aminobutyric acid =~ phenylalanine < norleucine <
< leucine < isoleucine < pseudoleucine ( C-t-butylglycine),
where the substituent R varies from H to (CH,),C-. 138!

Preliminary saturation of dioxan with sulphur dioxide 140
and also the addition of small amounts of acetic anhydride
increase the rate of reaction with phosgene, while impuri-
ties may retard it to a large extent !3,

The stage of the cyclisation of the carbamoyl chloride (I)
to the anhydride (II) of the N-carboxy- a-amino-acid occurs
spontaneously and only in the case of proline and its deri-
vatives, where the closure of the second ring involves con-
siderable stresses in the molecule, is additional treatment
of the carbamoyl chloride with triethylamine !*! or silver
oxide 142,143 necessary.

In the synthesis of the anhydrides of trifunctional
N-carboxy-a-amino-acids it is necessary to protect the
functional groups capable of reacting with phosgene !#4. In
the absence of protection aspartic acid gives a mixture
of five- and six-membered anhydrides of the N-carboxy-
-acid 145:

)
HOOC—CHy—CH— A >c‘cu,\
; O gy »CH—CO0H.
H—C -
(/

The anhydrides of N-carboxy-a-amino-acid are also ob-
tained by treatment of N-alkoxycarbonyl- and particularly
N-benzyloxycarbonyl-a-amino-acids with thionyl chloride,
phosphorus pentachloride, or phosphorus tribromide:

R——CH——C<.;

———— P
G, CHCT |

0.
NH~-C;
No

R—-CH-—COCl

R—CH—COOH :
NH—COOCH,CH,

i +4-PCl,
NH—COOCH;CqHj

—POCl;,—HC
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This method?® is usually employed for 8-amino-acids, the
N-carboxy-derivatives of which yield six-membered
anhydrides capable of polymerising 48,

An interesting method of preparation of the anhydrides
of the N-carboxy-derivatives of various amino-acids !49,15°
involves the reaction of thionyl chloride or phosgene with
the disodium salt of the N-carboxy-amino-acid which is
readily obtained from sodium carbonate and the amino-acid
or by the simultaneous treatment of the amino-acid with
sodium methoxide and carbon dioxide 134,147,148,

The synthesis of the anhydrides of N-carboxy-a-amino-
-acids from the malonic ester 151,152 is suitable only for the
preparation of racemic products and has not been used in
recent years.

High-molecular-weight polypeptides can be synthesised
only from thoroughly purified anhydrides of N-carboxy-a-
-amino-acids which in their synthesis by the reaction of
phosgene with o-amino-acids are usually contaminated
with the dichloride (III) of the N-carboxy-a-amino-acid and
the isocyanate (IV) formed from it:

R—CH—COCI R—CH—COCl
(1 ; |

| vy,
NH—COCl Ne=

C=0

However, the impurities are readily removed on recrys-
tallisation 133 or sublimation inahighvacuum. The removal
of chlorine-containing impurities by treating a solutionof the
anhydride of the N-carboxy-a-amino-acid in ethyl acetate
with the copolymer of ethyl B-{formyl-N-methylamino)-
acrylate and divinylbenzene has been described!*t. The
anhydrides of N-carboxy-a-amino-acids are kept at a tem-
perature not exceeding -30°. The anhydrides of N-carboxy -
-a-amino-acids whose synthesis has been described in
recent years are listed in Table 12.

The anhydrides of N-carboxy-a-amino-acids are deter-
mined quantitatively by titration in a non-aqueous medium
with sodium methoxide 155,156 or by the determination of the
carbon dioxide evolved on their acid hydrolysis 157,158; the
carbon dioxide is absorbed by an ethanol-dioxan solution of
benzylamine to form the benzylammonium salt of toluene-
-w-carbamicacid, and thentitrated with a solution of sodium
methoxide using Thymol Blue as the indicator.

2. Chemical Properties of the Anhydrides of N-Carboxy-
-a-amino-Acids

The anhydrides of N-carboxy-a«-amino-acids are
extremely reactive. They have the structure of 2,5-dioxo-
oxazolidine substituted in position 4.

H
1 589058
4 5 \0 \

als, 2

—N——t

U Se .

R

The electronegativity of the oxygen atom gives rise to
partial positive charges on carbon atom 5 and the nitrogen
atom which results in a weakening of the N-H bond and
great enhancement of the reactivity of the carbonyl carbon
atom 5 towards nucleophilic reagents compared with car-
bon atom 2. Indeed, nucleophilic addition to the carbonyl
carbon atom 5 and reactions involving the participation of
the N-H group are the most characteristic reactions of the
anhydrides of N-carboxy-a-amino-acids.

TABLE 12.

Synthesis of the anhydrides of N-carboxy-a-amino-

-acids not included in the monograph of Bamford et
al.! and the review of Katchalski and Sela®.

Initial @eamino-acid Method of preparation Method of purification | M.pss °C s:::’;
1 2 3 4 5
Glycine phosgene treatment 138,140
» Na salt of N-carboxy- sublimation 150
glycine + SOCL,
Sarcosine Na salt of N-carboxy- > 150
sarcosine + SOCI,
DL-C -Phenylglycine Na salt of N-carboxy~ » 150
phenylglycine +
+S0Cl,
DL-C~(p-Nitrophenyl)- | phosgene treatment ethyl acetate 135 150
glycine
DL-C-Propargylglycine | ditto tetrahydrofuran— {125-127 | 299
petroleum ether
DL-Alanine » 42-44 1138,140
Dehydroalanine N-benzyloxycarbonyl- ethyl acetate— 111-113 | 303
dehydroalanine + PCl;| petroleum ether,
sublimation
DL-Phenylalanine phosgene treatment 126 138,279
» Na salt of N-carboxy~ | sublimation 150
phenylalanine +
+ SOCl,
» N-benzyloxycarbonyl- ether 123-125{ 173
phenylalanine + PCly (decomp.)
DL-a-Aminobutyric acid| phosgene treatment 112-113 | 138
DL-Valine ditto 140
» N-benzyloxycarbonyl- ether 80--81 173
valine + PCly (decomp.)
DL-Norvaline N-benzyloxycarbonyl- ether 67-69 173
norvaline + PCly (decomp.)
L-Leucine phosgene treatment 138
DL-Leucine N-benxyloxycarbonyl- ether 48-50 173
leucine + PCly
DL-Norleucine N-benzyloxycarbonyl- ether 78-80 173
norleucine + PCly
» phosgene treatment 79 138
DL-Isoleucine ditto 70-71 138
DL-Pseudoleucine > 120 138
L-Proline phosgene treatment, ethyl acetate or 45 141
with (C,H)N sublimation
DL-Serine phosgene treatment ethyl acetate— 82-83 286
exane
» ditto benzene 115 286
(decomp.)
O-Acetyl-DL-serine » ethyl acetate— 62.5— 286
. hexane 63.5
(decomp.)
O-Acetyl-L-serine » ditto 50-51 286
O-Benzyl-L-serine » ether—petroleum 72 301
ether (decomp.)
O-Benzyl-L-tyrosine » 142 308
(decomp.)
O-Benzyloxycarbonyl- » 140
-L-tyrosine
O0-Phenyl-DL- » ethyl acetate— 105—-106 | 310
-homoserine petroleum ether
» N-benzylox{carbonyh ditto 105 310
~O-phenylhomoserine +
+ PCly
e-N-Benzyloxycarbonyl- | phosgene treatment ethyl acetate— 101— 281
-L-lysine hexane 101.5
» ditto 98.5— 140
99.5
e-N-Benzyloxycarbonyl~ » 100 305
-DL-lysine
J—N-Benzx]oxycarbonyb » 86 307
-L-omithine
[3-Benzy! L-aspartate » dichloroethane 126 297
Ditto » ethyl acetate— 127-128 | 144
hexane
» [3-benzyl N-benzyl- ditto 127-128 | 144
oxycarbonylaspartate +
+ PClg
B-Benzyl DL-aspartate | phosgene treatment of » 126— 144
dibenzyl ester 127.5
B-p-Nitrobenzyl phosgene treatment 302
L-aspartate
B-Peptido-DL-aspartic | ditto 300
acid
y-Ethyl L-glutamate y-ethyl N-benzyloxy- ethyl acetate 182

carbonylglutamate +

+ S0Cl,

343



Vol.34 No.5

RUSSIAN CHEMICAL REVIEWS

May 1965

TABLE 12 (contd.)

Initial asaminoocid Method of preparation  !Method of purification| M.p., °C S:::';
1 2 3 4 5
O-Methyl DL i ph chloroform— 94-95 | 309
adipate petroleum ether
DL-~Methionine ditte 138
S-Methyl-L-cysteine » ethyl acetate— 4 311
petroleum ether
S-Ethyl-L-cysteine » 69 311
S-Propyl-L-cysteine » 31
S-Isopropyl-L-cysteine » 311
SeButyl-L-cysteine » ethyl acetate— 5556 311
petroleum ether
S-Pentyl-L-cysteine » 311
S-Hexyl-L-cysteine » ether—petrolenm 42-43 311
ether
S-(a~MethyInaphthyl)- » ethyl acetate— | 105 311
-L-cysteine petroleum ether
S-Dodecyl-L-cysteine » ditto 66—67 311
S-Benzyl-L-cysteine » 298
$-Phenyl-L-cysteine » 298
Sp-Tolyl-L-cysteine 4 298
S-Phenylthio-L-cysteine| » ethyl acetate— 117-119 | 304
petroleum ether
y-Benzyl ester of » 306
S-carboxy-L-cysteine
J-Benzyl ester of » 109 306
S-methoxycarbonyl-
-L-cysteine
e-Benzyl ester of » 306
S-ethoxycarbonyl-
-L-cysteine
Mono+¥=Benzyloxy~ » ether—petroleam 30-32 312
carbonyl-L-cysteive ether
Monoethyl ester of » 312
Ne-acetyllanthionine
Beazy) ester of » 312
Nebenzyloxycarbouyl-
laathionine
S-Benzyloxycarbonyl- » ether—petroleum 75-76 313
<DL-homocysteine ether
S-Benzyl-DL-homo- » ditto 95-96 313
cysteine
S-Benzylhomo-DL- » » 57 313
=cysteine
S-Ethyl-DL-home- » 313
cysteine
S-Propyl-DL-homo- » 313
cysteine
S-Butyl-DL-homo- ' » 313
cysteine
S-Allyl-DL-homo- » 313
cysteine

The reaction with nucleophilic reagents HX usually pro-
ceeds as follows:

(a)

A *~
R—CH—-C 1 R—CH— t 3 R—CH—COX ¢ R—CH—COX
| J0 + HX S5 | o | —> —_ + COy
NH—C\) NH_% NH-—-COOH NH,
W) wn vin Wi
(b) b{ICHRCOX
20 O,
r—cH—Z  R—cH—COX , | R—CH— S|,
0 + | —— I . —
NH—-<0 NH; NE] NH—
R—CHCONHCHRCOX RCHCONHCHRCOX
. B
NH—COOH NHy + CO,

X = OH,OR ,NH, , NHR ,NR,, SH, SR, etc.

Compound (VIII) has a free amino-group and may react
with another molecule of the anhydride like any nucleophilic
reagent. Therefore in the presence of a large excess of
the anhydride of the N-carboxy-a-amino-acid this reaction
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results in the formation of a polypeptide. In the presence
of an excess of HX only compounds of the type of (VII) are
formed.

In the reaction with water, in which many anhydrides of
N-carboxy-a-amino-acids are quite soluble, the following
equilibrium is established at low temperatures 3,'5°-162;

R0 o ——
NH—co” T

R—CH-- COOH R—CH—COOH
NH—COOH “— Hy+COp

It has been shown that the decomposition of the anhydrides
of N-carboxy-a-amino-acid is catalysed by bases and
acids 183,

Hydrogen sulphide, alcohols, phenols, and mercaptans
react in the presence of triethylamine 164,185 similarly to
water with the formation of ¢-amino-thioacids, esters, and
thioesters.

Anhydrous hydrogen chloride in an inert medium reacts
with the anhydrides of N-carboxy-a-amino-acids to yield
the hydrochlorides of the amino-acid chlorides !86,!%7 while
in alcoholic medium it accelerates alcoholysis, a fact which
has been used for the preparation of the esters of various
a-amino-acids 1%8~172,  Alcoholysis is also accelerated by
alkoxides, a finding on which the titration of the anhydrides
of N-carboxy-a-amino-acids with sodium methoxide is
based !55:

R—CH—COOCH,

R—CH—CO
N0-4-NaOCHg ——— |
NH~—COONa

fn—co”

Since primary and secondary amines are nucleophilic
agents, they react with the anhydrides of N-carboxy-a-
-amino-acids according to mechanism (a) given above with
the formation of peptides and amino-acid amides 133,173-177,
The thio-analogues of the anhydrides of N-carboxy-a-
-amino-acids are capable of the formation of a number of
other products 178,

The rate of reaction withnucleophilic reagents decreases
with decreasing basicity in the followingorder: CH,0~, OH",
RNH,, ArNH,, ROH, H,0. In the reaction with the last
three members of the series the free amino-group formed
after their addition is more nucleophilic and readily reacts
with the free molecules of the anhydrides of N-carboxy-a-
-amino-acids according to mechanism (b) with the forma-
tion of oligomers and polymers even in the presence of an
excess of the above reagents 3.

The rate of reaction depends also on the nature of the
N-carboxy-a-amino-acid anhydride and is greater the
greater the partial positive charge on the carbonyl carbon
atom 5 and the lower the steric hindrance for the attacking
nucleophilic agent. For this reason, the reactivity and the
rate of polymerisation of the anhydride diminish with in-
crease in the electron-donor effect and particularly with
increase in the size of the substituent R, in the following
series: glycine, alanine, a-aminobutyric acid, phenyl-
alanine, norleucine, leucine, isoleucine, pseudoleucine,
and o-methylalanine 38,139,179,

The considerable influence of steric factors on the rate
of reaction of the anhydrides of N-carboxy-a-amino-acids
with primary and secondary amines has been demonstrated
by Ballard and Bamford!'™. The usual five-membered
ring of the N-carboxy-a-amino-acid anhydride, which
incorporates nitrogen, oxygen, and two trigonal carbon
atoms, is planar and unstrained, the substituent R lying to
one side or another of the molecule depending on the asym-
metry of carbon atom 4. In the case of N substituted
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anhydrides the substituent R’ at the nitrogen is located in
the trans-position relative to R.

R

N:

' h

The attacking reagent approaches the carbon atom 5
from the side opposite to that of the carbonyl oxygen along
the line passing at a small angle to the plane of the ring in
the immediate vicinity of the nitrogen atom. The presence
of the substituents R and R’ gives rise to considerable steric
hindrance to attack from both sides of the ring, particularly
in the case of bulky nucleophilic agents such as secondary
amines, and sharply reduces the rate of reaction. In the
anhydrides of N-carboxyproline and its derivatives both
substituents lie on one side of the plane of the ring, which
is responsible for the enhanced rate of their reaction with
secondary amines.

Similarly, the second carbonyl group can also react
with nucleophilic agents: with the formation of urethanes,
thiourethanes, and urea derivatives in the case of alcohols,
mercaptans, and amines respectively.

R--CH -G R—CH—CQ R—CH-—COOH
| O +HX=— | P ——  NH-COX °*
NH—CO NH—C

However, by virtue of the smaller positive charge of carbon
atom 2 the activation energy for this reaction is much higher
and it becomes important only at high temperatures and
concentration, and when the reactivity of the nucleophilic
reagent is high; steric factors can also have an appre-
ciable effect.

The addition to the carbonyl carbon atom 2 is usually
referred to as “erroneous”, leading to the disappearance of
the amino-group at the end of the growing chain and termi-
nation of the polymerisation. The possibility of this reac-
tion was confirmed by Berger et al. !35, who observed the
formation of urethane in the reaction of the anhydride of
N-carboxyphenylalanine with a solution of sodium methoxide.
Wieland and Euler %% allowed the anhydrides of N-carboxy-
-a-amino-acids to react with dry hydrogen sulphide in the
presence of triethylamine and obtained «-aminothio-acids,
which were always contaminated with o-amino-acids, whose
formation can be explained by the decomposition of the cor-
responding thiocarbamic acids (IX):

R—CH-CO_ R—CH—CO R—CH—COOH R—CH—COOH
An_co O THE | o |0 '
/ Hy+ COS
NH—E NH—E
N AN
LyoH sH o

In the presence of a large excess of amines the addition
to carbon atom 2 can occur to a considerable extent 18,181
but the amount of the product of the normal addition rapidly
increases when the concentration and basicity of the amine
are reduced 8,

However, the anhydride of N-carboxysarcosine combines
even with nucleophilic agents as powerful as methoxide ions
only at carbonyl carbon atom 5.1% Possibly, the formation
of compounds of the type RCH(COOH)NHCOX requires a
hydrogen atom linked to the nitrogen atom. In this case

nucleophilic attack can occur not only at the carbonyl car-
bon atom 2 but also at the hydrogen atom, with formation
of carbamic acid derivatives via the isocyanate stage !%,!8!:

R--CH—CO —CH—CO Rr(IIH—COOH
| >0+Hx p— | >° H¥——  NH—COX -
NH—CO N—Co

e
L
R—CH—COO~
|
N=C=0

The increase of the affinity of the base HX for a proton
should favour this reaction, which agrees with experimen-
tal findings 181,182,

The active role of the NH group is particularly evident
in the reaction of the anhydrides of N-carboxy-a-amino-
-acids with Grignard reagents®. In the N-substituted
N-carboxy-a-amino-acid anhydrides the carbonyl group
in position 2 does not react with RMgX and the anhydride
of N-carboxy-N-phenylglycine gives only the following com-
pounds:

C¢HsNHCH,—COOR, C4HNHCH,—C(CH)R, (R=CH,, C;H;, CHy).

At the same time the anhydride of N-carboxyphenylalanine
forms under the same conditions N-acylated amino-ketones
and amino-alcohols:

CoH;CH;CH (COR) NHCOR C,H;CH,CH(NHCOR)C (OH) R, .
(R=CyHg, CoHy)

Among other reactions of the anhydrides of N-carboxy-
-a -amino-acids unrelated to their polymerisation, their
reduction with lithium aluminium hydride !®¢ and their appli-
cation in the Friedel-Crafts synthesis have been des-
cribed 185,186,

3. Polymerisation of the Anhydrides of N-Carboxy-o-
-amino-Acidsf¥

The anhydrides of N-carboxy-a-amino-acids readily
polymerise both in the solid and in solution. The mole-
cular weight and the polydispersity of the polypeptides
formed are determined by the nature of the initiator and the
polymerisation conditions. Solid polymerisation is usually
carried out at elevated temperatures and low-molecular-
-weight products are obtained. Inert solvents are used for
polymerisation in solution, which is carried out at low tem-
peratures, the initiators being amines, alkoxides, alkalis,
or water. The initiators and inhibitors of radical type
polymerisation do not have any influence on the polymerisa-
tion of the anhydrides of N-carboxy-a-amino-acids 187,188,
Primary and secondary amines yield polymers with the degree
of polymerisation up to 200, depending on the amount of
amine.

Using excess amounts of amino-acid esters in the reac-
tion with the anhydrides of N-carboxy-a-amino-acids, it
is possible to obtain dipeptides 175,189,190,  However, in
this case it is difficult to avoid the formation of higher

T It should be noted that the polymerisation of the anhydrides of
N-carboxy-a-amino-acids differs considerably from the classical
example of polymerisation and polycondensation. A better name
for it would be polyaddition with subsequent removal of some of the
molecules.
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oligopeptides 2! and urea derivatives 1*2, At low tem-
peratures (-40°) in the presence of triethylamine, which
stabilises by salt formation the carbamic acid (VII) formed
in the first addition reaction, it proved possible to synthe-
sise di- and tri-peptides in good yields 193198,  The use of
the thio-analogues of the anhydrides of N-carboxy-a-amino-
-acids is also promising for stepwise polypeptide synthesis
of this kind 78,

Polypeptides of the highest molecular weight are obtained
in the polymerisation of the anhydrides of N-carboxy-a-
-amino-acids in the presence of tertiary amines, alkox-
ides, and alkali metal hydroxides. However, the repro-
ducibility of the results and the molecular weight of the
polypeptides depend also on the purity of the initial com-

a polymer with a molecular weight not less than 360000,
using sodium methoxide as the initiator with [1,)/[M)] =
= 1:200 (see below).

The polymerisation of the anhydrides of N-carboxy-o-
-amino-acids is inhibited by a large number of compounds:
boric and dichloroacetic acids?°!, hydrogen chloride 202,
aldehydes 293,204 phenyl isocyanate, acetic anhydride, etc.
Acids inhibit the reaction?%5, even if it is initiated by
inorganic salts 206,207, Acetyl chloride, thionyl chloride,
aluminium chloride, etc. fully inhibit the polymerisation
of the anhydride of N-carboxyglycine when present in con-
centrations up to 0.2 mole %. 208

The polypeptides obtained under different conditions by

the polymerisation of the anhydrides of N-carboxy-a-
-amino-acids, and some of their properties, are listed
in Table 13.

pounds and solvents. Impurities, for example chloride
ions at concentrations of about 0.01%, can completely
vitiate the results of the experiment 1.

A. Polymerisation in the solid form. The
anhydrides of N-carboxy-a-amino-acids are stable only at
temperatures below -30°. At room temperature under the
influence of atmospheric moisture the anhydrides of the
N-carboxy-derivatives of glycine 3,174,210 1,-alanine 21,
L-leucine 299,211 C-phenylglycine, and phenylalanine 2 are
converted into polymers. The rate of polymerisation is

Because it is impossible to determine the impurities at
such concentrations by the usual methods, it is recom-
mended that the purity of the anhydrides of N-carboxy-a-
-amino-acids be checked by their polymerisation under
standard conditions. Thus Idelson and Blout 2® regarded
the anhydride of y-benzyl N-carboxy-L-glutamate to be
pure if at room temperature in 4% dioxan solution it gave

TABLE 13. Preparation of polypeptides by the polymerisation of the anhydrides of the N-car-
boxy-derivatives of @-amino-acids (examples not included in the monograph of

Bamford et al.? and the review of Katchalski and Sela %).

T Il e B
1 2 3 4 5 6
Glycine dioxan p-bromoaniline 227
» » water 138
DL-C-Propargylglycine nitrab i n =32 299
DL-Alanine dodecylamine 229
» dioxan water 138
» tetrahydrofuran methanol, menthol, 295
borneole, Al, Za, Cd,
Li compounds
L- and D-Alanine benzene tri-n-butylamine 288
Dehydroalanine toluene, pyridine triethylamine 315
DL-Phenylalanine dioxan water 138
> » NaOCH, <140000 279
» chloroform NaOCH, <£120000 279
» chloroform, benzene | water £70000 279
DL-a-Aminobutyric acid dioxan » 138
DL~ and D- butyric | nitrob benzylamine 288
acid
DL- and L-Leucine benzene tri-n-butylamine 288
DL-Norleucine, DL-iso~ dioxan water 138
leucine, and
DL-pseudolencine
L-Proline pyridine 141
» acetonitrile NaOCH, 50000— 316
90000
O-Acetoxy-L-proline » NH, or NaOCH, 143
L-Serine nitrobenzene NaOCH, 286
O-Acetyl-L-serine » triethylamine NaOCH, 286
O-Acetyl-D1-serine » NaOCH, NaOCH, 286
O-Benzyl-L-serine chlorobenzene NaOCH, HBr + dioxan 301
O-Benzyl-DL-serine dioxan triethylamine n =28-30 ditto 314
O-Phenyl-DL-serine 100—135°, vacuum 310
O-Benzyl-L-tyrosine dioxan triethylamine HBr + CH,COOH 308
O-Benzyloxycarbonyl- benzene water HBr + CH,COOH 318
~L-tyrosine
e-N-Benzyloxycarbonyl- » » HBr + CH,CO0H 318
-L-lysine
» dioxan NaOCH, 2000000 dioxan + CHCI, + 281
+HCl1+ HBr
¢-N-Benzyloxycarbonyl- » triethylamine n =31-41 305
~DL-lysine
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TABLE 13 (contd.)
Anhydride of N-carboxys Mol, weight of [Removal of protecting
«derivative of Solvent Initiator polypeptide groups References
1 2 3 4 5 6
S-N-Benzyloxycarbonyl- dioxan n=125 HCI + CH,COOH 307
-L-ornithine
[B-Benzyl L-aspartate chloroform, NaOCH,, benzylamine 50000 144, 296, 297
and D-aspartate methylene
chloride, di-
chloroethane
[-p-Nitrobenzyl-L- dimethylformamide diethylamine 302
~aspartate
B3 -Peptido-DL-aspartate heating in a vacuum LiOH + C,H,0OH 300
y-Methyl Leglutamate ethyl acetate NH,OH 13000 NaOH + Cu(OH), 317
and D-glutamate
y-Methyl L-glutamate chloroform CH,COOH n = 500—600 292
y-Benzyl L-glutamate dioxan, benzene, NaOCH,, NaOH, 15000— 288, 289
and D-glutamate dimethylformamide uimel}:ylamine 100000
S-Methyl D-g-amino- ethyl acetate triethylamine 309
adipate and L-a-
-aminoadipate
S-Methyl-L-cysteine pyridine 311
S-Ethyl-L-cysteine pyridine, ethanol n=11-25 311
» 130-140° vacuum n=53 311
S-Propyl-, S-isopropyl-, pyridine, dioxan, heating with or without 311
S-butyl-, S-pentyl-, nitrob
$-hexyl-, S-dodecyl-, ethanol, acetic
and S-methylnaphthyl- aci
-L-cysteine
S-Phenylthio-L-cysteine ethyl thioglycolate | heating simultaneous 304
removal of
thiophenol
y-, 8-, and e-Benzyl heating in a vacuum 306
esters of S-carboxy-,
S-methoxycarbonyl-,
and S-ethoxycarbonyl-
~L-cysteine
Mono-N-Benzyloxycar~ ditto HBr + CH,COOH 312
bonyl-L-cysteine
S«Ethyl-, S-propyl-, dioxan, pyridine triethylamine, heating 313
S-butyl-, S-pentyl-, in a vacuum
S-benzyl-, S-benzoyl-,
and S-benzyloxycar- i
bonyl-DL-homocysteine i
Monoethyl ester of heating in a vacuum ; 312
N-acetyllanthionine 1
Monobenzyl ester of pyridine ditto 312
N-benzyloxy-
carbonyllanthionine

determined by the structure and the temperature.  The
mechanism of the polymerisation of crystalline anhydrides
of N-carboxy-a-amino-acids initiated by atmospheric
moisture is as yet unknown. The shape of the crystals
remains unchanged during polymerisation and only X-ray
diffraction analysis can detect the alterations in the crystal
lattice?2. Wessely and Siegmund?!?® isolated from the
polymerisation products of the anhydride of N-carboxysar-
cosine 4% of 1,4-dimethyl-2,5-dioxopiperazine in addition
to 7% of polysarcosine.

In the molten state all the anhydrides of N-carboxy-a-
-amino-acids rapidly split off carbon dioxide and are con-
verted into polymers with a relatively low degree of poly-
merisation 171,214-217,

The mechanism of thermal polymerisation is obscure.
Possibly the a-isocyanatocarboxylic acid, capable of poly-
merising with subsequent removal of carbon dioxide, is an
intermediate 218,

R—CH—CO R—(I:H—COOH
YT N—c—o .,
Na—Co

OCN—CHRCOOH+OCN—CHRCOOH ——— OCN—CHR—CO—0—CO—
—NHCHRCOOH —— OCN—CHRCO—NHCHRCOOH+CO, .

The termination of the growing chain can occur as a
result of the deactivation of the isocyanato-end-group.

Heyns and Brockmann?'® showed that in the thermal poly-
merisation of [*3C]-N-carboxyglycine anhydride the carbon
dioxide split off contains exclusively the second carbon
atom of the ring. However, this is insufficient to settle the
problem whether the polymer forms as a result of normal
chain growth at the amine end or via the intermediate
isocyanatocarboxylic acid, which is probably present in
equilibrium with the anhydride of the N-carboxy-a-amino-
-acid 16%:181,  The detection of considerable amounts of
2,5-dioxopiperazines in the polymerisation of the anhydrides
of N-carboxyglycine and N-carboxyalanine at 100-165° 22°
also prevents final conclusions concerning the mechanism
of the reaction.

B. Polymerisation in solution. Initiation
with primary and secondary amines. Allthe
known anhydrides of N-carboxy-a-amino-acids, except for
the anhydride of N-carboxy-o-methylalanine 179,247 readily
polymerise in the presence of amines in inert solvents
(dioxan, benzene, nitrobenzene, chloroform, acetophenone,
dimethylformamide, etc.) at relatively low temperatures.
The polymerisation can be divided into three main stages.

Initiation:

R—CH—CO.
>o + HNRIR? - RCHCONRIR? + CO;,
NH—CO [

NH,
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Chain growth: TABLE 14. Rate constants K (litre mole~! s~!) for the initiation
of the polymerisation of the anhydrides of N-carboxy-
R—(l‘.H—CO>o + HANCHRCO (NHCHRCO),_, NRIR* -a-amino-acids with amines of the type RNHCH,CON.
NH—CO .(CHg), in nitrobenzene at 15°.

- H;NCHRCO (NHCHRCO), — NRIR? + CO;.

Chain termination:

R—CH—CO
i >o + HyNCHRCO (NHCHRCO),—NRIR? —
NH—CO

— HOOCCHRNHCO—NHCHRCO (NHCHRCO),, —NRIR3,

The initiation and chain growth correspond to “normal”
addition of nucleophilic agents to the carbonyl group in
position 5, and chain termination to “erroneous” addition.
The average degree of polymerisation Py, of the polypep-
tides formed (10-200) is usually equal to the ratio of the
initial concentrations of the monomer [M,] and initiator [1,],
variation of which permits the preparation of polypeptides
of the required molecular weight.

Initiation proceeds according to the usual mechanism
involving the addition of nucleophilic agents to the anhydrides
of N-carboxy-a-amino-acids:

N@v )

R—CH—CO :
i S0+ HNRIR? > rcie” h 2 R—CHCONRIR? >
NH—CO 7 N i
NHCOOH

4
NH—CO

X)
= R—CH—CONR'R?,
H, + CO,

The rate of initiation depends on the rate of the indivi-
dual reactions 1, 2, and 3. If among the three stages
reaction 3 is the slowest, equilibrium is established be-
tween the anhydride of the N-carboxy-a-amino-acid and
compound (X). On the other hand, if the rate of reaction I
is slow, i.e. because of its low basicity or because of
steric hindrance, the initiator HNR!R? adds with difficulty
to the carbonyl group in position 5 and is readily split off
again, stage 1 determining the rate of the overall initiation
process. On the basis of measurements of the isotopic
effect (see below) Heyns and Schultze *° concluded that the
anhydrides of the N-carboxy-derivatives of phenylalanine
and sarcosine react in this way with aniline. The ratios of
the rate constants of reactions I, 2, and 3 are 0.08:75:15
in the case of phenylalanine and 0.07 : 86 : 10 in the case of
sarcosine.

The rate of initiation may be measured in the reaction
with a large excess of the amine, when the polymerisation
does not have a significant effect on the rate of consump-
tion of the anhydride. It was found that in this case the
reaction is of second order.

Ballard and Bamford 22! measured the rate constants K,
for the reactions of various anhydrides of N-carboxy-a-
-amino-acids with amines of the type RHNCH,CON(CH,),.
The results, which are presented in Table 14, indicate a
considerable effect of steric hindrance, due to substituents
at the nitrogen and carbon atom 4, on the rate of reaction
with secondary amines.

Direct determination of the rate of initiation in poly-
merisation is very difficult. It can be only approximately
estimated from the overall rate of initiation and polymeri-
sation during early stages of the process. It was thus

348

Anhydride of Necare Neisos
J N-methyl-| Phenyle . | a-Methyl- .

R "“;l.":, Alonine |Sarcosine | jianine | alanine gl;cpz:- alanine | L-Proline
R= H 1.13 0.82 0.45 1.0 0.83 0.29 2.68
R= CHg 0.48 0.57 0.16 0.40 0.48 8.4-107¢| 2.00
R=CH(CHgy)s 0.10 7.4 2.407% 0.30 <1077 1-10-¢ 0.12

shown that initiation with n-hexylamine is approximately
ten times faster than the polymerisation of the anhydride of
v-benzyl N-carboxy-L-glutamate in dioxan3®. The rate
constant for initiation is in this case K, = 0.2 + 0.1 litre X

X mole-! s~1, 1% The rate of initiation with p-chloroaniline
of the polymerisation of the anhydride N-carboxy-DL-phenyl-
alanine is smaller by a factor of 6000 than the rate of poly-
merisation itself, while inthe case of initiation with N-ethyl-
glycine diethylamide in benzene and nitrobenzene the two
rates are approximately equal??2. Relatively rapid initia-
tion has been observed in the systems comprising the
anhydride of a-N-carboxy-€-N-benzyloxycarbonyl-L-lysine
and ammonia and dioxan 223 and the anhydride of N-carboxy-
-DL-phenylalanine or N-carboxy-DL-leucine and the sodium
salt of DL-phenylalanine 224,

Ballard and Bamford 225 studied the effect of the peptide
chain length on the rate of initiation of the polymerisation
of the anhydrides of N-carboxy-DL-leucine and N-carboxy-
-DL-phenylalanine in nitrobenzene. They found that the
dimethylamide of leucine is 3—4 times more active than the
dipeptide, tripeptide, and higher peptides, the chain growth
having begun proceeds at a constant rate since the reacti-
vity of the amine of the amino-group at the chain end re-
mains virtually constant, starting with the dimer.

It is evident from the mechanism of the initiation reac-
tion that the initiator remains at the end of the polypeptide
chain. This enabled Ritschard??¢ to follow directly by
means of paper chromatography the rate of consumption of
the initiator in the polymerisation of y-benzyl L-glutamate.
He employed a coloured initiator — 2,4-dinitrophenyl-
ethylenediamine. = From photometric measurements on
such coloured polymers, their molecular weights were cal-
culated?28; this can also be done by determining, for
example, the halogen content of polypeptides obtained in the
presence of halogen-containing initiators 2?7,

Using as initiators polypeptides with free amino-groups
or amines of large molecular weight 22 it is possible to
obtain various block copolymers. The rate of initiation
and chain growth are usually equal and independent of the
degree of polymerisation (Py) of the initiator 2?5. How-
ever, in the case of the polymerisation of the anhydride of
N-carboxy-DL-phenylalanine initiated with polysarcosine
Ballard and Bamford2%,23! observed a direct relation be-
tween the rate of polymerisation and initiator chain length
up to P, = 20, polysarcosine being a hundred times more
effective than the monomeric sarcosine dimethylamide.
Further increase of Py did not raise the rate of polymeri-
sation. According to the authors, polysarcosine, which
does not have intramolecular hydrogen bonds, forms
hydrogen bonds with the NH groups of the anhydrides of
N -carboxy-a-amino-acids, and this increases their con-
centration on the surface of polysarcosine and as a result
increases the rate of polymerisation. This hypothesis has
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not as yet been adequately confirmed, since the behaviour
of polyproline and polyhydroxyproline, which also do not
have NH groups, has not been investigated.

Chain growth. The mechanism of chain growth is
similar to that of initiation:

NH....
R—lcxi—g? ’ R—CH-—-C\—O , R—CH—CO—NH -
O+HaN ... ztmr | o, 21— 4
/ . —
NH—Co ? N O H—CooH
RC'HCONHun
NH,+CO,

Using radioactive carbon, it was shown that, as was to be
expected, the carbon dioxide evolved during polymerisation
contains carbonoriginating exclusively from the carbonylin
position 2 of the N-carboxy-a-amino-acid anhydride ring 14,
From a study of the time variation of the isotopic composi-
tion of the carbon dioxide evolved, Heyns and Schultze !5°
established that the removal of carbon dioxide (stage 4) in
the polymerisation of the anhydrides of the N-carboxy-
-derivatives of glycine, sarcosine, phenylalanine, and
p-nitrophenylglycine is relatively rapid. The slowest stage
in the polymerisation of the anhydrides of the N-carboxy-
-derivatives of phenylalanine, phenylglycine, and p-nitro-
phenylglycine is reaction I, while in the case of glycine
the stage involving ring opening (reaction 3) is slower, and
in the case of sarcosine the rates of both reactions are
approximately the same. Thus the rate of polymerisation
is determined by stage I or 3, depending on the nature of
the anhydride of the N-carboxy-a-amino-acid.

This conclusion agrees with earlier observations. The
polymerisation of N-carboxy-a-amino-acid anhydrides
usually is accelerated by increase of temperature 2?5, 1In
the polymerisation of sarcosine in nitrobenzene and in
acetophenone initiated by sarcosine dimethylamide or poly-
(sarcosine dimethylamide) a negative temperature effect
was observed?®2,233,  According to Heyns' findings 59, the
rate of polymerisation in this case is determined not by
only one individual reaction but by all the reactions at once.

The removal of carbon dioxide from the growing chain
(stage 4) is reversible. An increase in carbon dioxide
pressure slows down the breakdown of the terminal car-
bamic acid group; this group can be further stabilised by
the formation of carbamates with free terminal amino-
-groups, which reduces their concentration and the rate of
polymerisation. For this reason, measurements of the
rate of reaction from the carbon dioxide evolved using con-
stant pressure??® and constant volume 232 apparatus usually
differ from one another.

In a homogeneous medium at constant carbon dioxide
pressure the rate of polymerisation should also be constant,
since the reactivity of the terminal amino-group does not
vary with chain growth. Indeed, after the termination of the
initiation stage, the polymerisation is a first-order reaction
withrespect to the anhydride. This was confirmed by Ballard
and Bamford for the polymerisationof the anhydrides of the
N-carboxy -derivatives of DL -leucine, DL-phenylalanine 225,
and sarcosine 23, by Breitenbach and Allinger?22 for the
polymerisation of the anhydride of N-carboxyl-DL-phenyl-
alanine in nitrobenzene, and by Lundberg and Doty !#® for
the polymerisation of the anhydride of y-benzyl N-carboxy-
-L-glutamate in dimethylformamide.

Short chains 23-2%7 of poly(y-benzyl L-glutamate) have
the random B-conformation in inert solvents, while in the

case of long chains the a-spiral conformation is more
stable. It might have been expected that during poly-
merisation the polypeptide chains undergo changes in con-
formation on attainment of a certain length and that these
changes will be reflected in the polymerisation process.
Indeed 199,238 the rate of polymerisation of the anhydride of
v-benzyl N-carboxy L-glutamate in dioxan, nitrobenzene,
dichloroethane, chloroform, and benzene in the presence of
n-hexylamine increases approximately fivefold when the
growing chains reach a length equivalent to eight structural
units (Fig.11). In the presence of a larger amount of
hexylamine ([M,]/[I,] = 4) the appearance of the second,
more rapid stage is not observed, since in this case only
short chains are formed, while in the initiation with a
palypeptide having P, = 10 there is only the rapid stage of
chain growth.

It has been demonstrated by infrared spectroscopy that
the formation of the poly(y-benzyl L-glutamate) a-spiral
begins on attaining a chain length equivalent to 7—13 units 209,
and certainly not less than 5 units2®.  For this reason,
Lundberg and Doty attribute the sharp increase in the rate
of polymerisation to changes in the conformation of the
growing polypeptide chain.

The formation of a new polypeptide fraction in the
second stage of the reaction has been convincingly demon-
strated by paper chromatography ?2® and the measurements
of the electric double refraction (Kerr effect)?®*. Addi-
tional confirmation that the polymerisation proceeds in two
stages was obtained in a study of the polydispersity of poly-
(y-benzyl L-glutamate)199,208,241, In dimethylformamide,
where only one stage is observed, the polymer exhibits a
very narrow molecular weight distribution. In dioxan and
chloroform, where the reaction takes place in two stages,
the various polymeric chains growat different rates, depend-
ing on their conformation, and give rise toa polypeptide with
a very wide molecular weight distribution.  The average
degree of polymerisation is much higher than the theoreti-
cal value, calculated from the relation F, = [M,]/[1,], and
is in no way related to it.

Froma study of the dispersion of optical rotation 242,244,
it has been shown that poly(y-benzyl L-glutamate) has the
configuration of a right-hand spiral, while its antipode
should have the configuration of a left-hand spiral. If the
configuration is important, the rate of polymerisation
should depend also on the relative concentrations of the
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Fig.11. The rate of polymerisation of the anhydride
of Y-benzyl N-~carboxy-L-glutamate in dioxan at 25°
initial concentration of the monomer [M,] = 4%; the

units of K, are litre mole~! s~1.
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optical antipodes in the initial mixture. Indeed, the pure
optical isomers polymerise twice as fast as the racemic
mixture of the D- and L-antipodes. The second stage
begins in the latter case much later, which is due to the
much later formation of the stable racemic a-spiral 199,245,

When poly(y-benzyl L-glutamate) is used as the initia-
tor, the polymerisation of the anhydride of the N-carboxy-
-L~derivative proceeds at a high rate and the optical rota-
tion of the system steadily increases with the growth of the
a-spirals. In the case of the racemic anhydride the poly-
merisation proceeds at a rate smaller by a factor of two,
but the form of the spirals does not change when D-units
are incorporated in it. In the L-polymer (initiator)-
D-anhydride system a different relation obtains (Fig. 12).
Initially D-units enter into the composition of the right-
-hand spiral of the L-polymer without changing its form,
but as the D-units accumulate inversion of the optical rota-
tion of the system takes place with simultaneous increase
of the rate of polymerisation, which is probably due to the
transformation of the right-hand a-spiral of the L-polymer
into the left-hand a-spiral characteristic of the D-polymer.
Comparison of the relative rates of addition of the D- and
L-antipodes to the right-hand a-spiral of the L-polymer
shows that the L-anhydride is almost five times more re-
active than the D-anhydride.

Two stages were also observed in the polymerisation,
initiated by n-hexylamine, of the anhydrides of the N-carboxy-
-derivatives of L-leucine in nitrobenzene '*®, O-benzyloxy-
carbonyl-L-tyrosine 24, glycine, €-N-benzyloxycarbonyl-L-
-lysine, y-benzyl L-glutamate, DL-alanine, DL-a-amino-
butyric acid, DL-leucine, and DL-valine in dioxan?2%7,
However, in these cases the polymer is usually precipitated
in the form of a gel, the reaction being accelerated simul-
taneously with the appearance of the new phase.

Ballard and Bamford24® questioned the existence of two
stages in homogeneous polymerisation of the anhydride of
¥-benzyl N-carboxy-L-glutamate. According to their obser-
vations, the reaction is of first order with respect to the
anhydride, and has a constant rate whether it is initiated by
n-hexylamine or oligopeptides with P, = 4.5 and 15. Doty
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Fig.12. Variation of the optical rotation
of the system during the polymerisation of
the anhydrides of y-benzyl N-carboxy-
glutamate [I) L-isomer; II) D-isomer;
IIT) DL-isomer] initiated by the L-polymer;
solvent — dioxan; temperature 25° initial
concentration 2%; optical pathlength of the
cell I = 20 cm.

and Lundberg 2% indicate that the second, rapid stage is
observed only in experiments with thoroughly purified
anhydrides. Impurities at low concentrations, for example
0.67 mole % of hexylammonium chloride, completely elimi-
nate the second stage. Furthermore, an additive of this
kind results in the formation of a polymer with a much
lower molecular weight and a much narrower molecular
weight distribution.

In the latest papers 234250 Ballard and Bamford state
that in most systems homogeneous conditions do not obtain,
since polypeptides are poorly soluble and form a gel even
at the trimer and tetramer stage, the rate of polymerisation
increasing by a factor of 5-8 at the same time. Further
coagulation of the gel into denser formations lowers the
rate. Probably this is due to the adsorption of the poly-
merising anhydride on the polymeric gel. The polymeri-
sation of the anhydride of y-benzyl N-carboxy-L-glutamate,
whose polymer does not form true solutions in dioxan accord-
ing to the above authors, has been assigned to reactions of
the same class.

Adsorption canoccur also in true solutions as a result of
the formation of hydrogen bonds between monomer molecules
and the polymeric chain, which probably in fact explains
the “chain effect” in polysarcosine 23!, poly-N-ethylglycine,
and poly-N-benzylglycine 2%, their reactivity increasing
with increase in Py in the initiation of the polymerisation
of the anhydrides of N-carboxy-derivatives with free NH
groups. The polymerisation of the anhydride of N-car-
boxysarcosine itself is not autocatalytic in a homogeneous
medium, since polysarcosine does not form hydrogen bonds
with the monomer 250,

However, the single-stage polymerisation of y-benzyl
N-carboxy-L-glutamate in dimethylformamide, in which
the polymer is readily soluble and forms o -spirals, con-
tradicts both the hypothesis of Lundberg and Doty that the
conformation of the growing chain influences the rate of
polymerisation and the hypothesis of Ballard and Bamford
that adsorption on polymeric chains takes place.

The two hypotheses have been in a way combined in the
mechanism proposed by Weingarten 2%, according to which
activating adsorption of anhydride molecules is possible
only at the ends of the growing chains when these have the
spiral conformation:

Thus the molecule of the anhydride of the N-carboxy-
-derivative being added assumes a definite orientation even
before its reaction with the terminal amino-group. Below
yet another attempt will be made to explain the occurrence
of the two stages in the polymerisation of the anhydride of
v-benzyl N-carboxy-L-glutamate.

Chain termination. The disappearance of the free
amino-group at the end of the polypeptide chain, for any
reason, results in the cessation of its growth. The cessa-
tion of chain growth occurs as a result of the “erroneous”
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addition of the terminal amino-group to the carbonyl group
in position 2 of the anhydride ring 9% 251,252 with formation
of the urea derivative (XI), which is capable of cyclising
into the hydantoin derivative (XII). In the acid hydrolysis
of polypeptides this derivative may be isolated in the form
of the substituted hydantoin-3-acetic acid (XIII).

0
2
R—CH—-C
! 0+ HNCHRCO—(NHCHRCO),—X—~HOOC—CHRNHCO—(NHCHRCO) . ,—X ~»
NH—C X1
\B (XD
NH—CO NH—CO,_
—_ >N~CHP.CO— (NHCHRCO),—X—— | ON—CHR—COOH +
RCH—CO RCH—CO

xm + 7H,NCHRCOOH, X

Possibly the cyclisation takes place only during hydro-
lysis, which is indicated by the presence of free carboxy-
-groups in polypeptides 241,251,253,

Chain termination can also occur in the intramolecular
interaction of the terminal amino-group with any reactive
group in the polymeric chain. Thus in the preparation of
poly(y-benzyl L-glutamate) great importance attaches to
the intramolecular cyclisation due to the reaction of the
terminal amino-group with the ester group of the same
structural unit, benzyl alcohol being eliminated 199,241,254,
Recently it has been shown that the cyclisation is catalysed
by weak acids, including carbamic acid, and has the fol-
lowing mechanism !64;

RO—C N—H RO—G N-H RO—C—N—H O0=C—N—H
1] /} \;\
o — ¢ 4 H# — ROH OH
HO O : . | | _
\Y4 H o] H I} 0=C¢C
§ A4 ~_/ NH
| 0'? o=¢ |
NH | i
[ TH NH
{

Intramolecular chain termination as a result of the migra-
tion of the acetyl group from the oxygen to the nitrogen was
noted in the polymerisation of the anhydride of the N-car-
boxy-derivatives of O-acetoxyproline 255 and O-acetyl-
serine 257,258,

Polymervisation kinetics.  The polymerisation of the
anhydrides of N-carboxy-derivatives is very convenient for
the investigation of the kinetics of the process, the rate of
which may be determined both by the titration of the mono-
mer which failed to react!%®24” and from the amount of
carbon dioxide evolved during polymerisation. In the
latter case more reliable results are obtained at constant
carbon dioxide pressure 206,225, Closed systems of constant
volume 187,232,233,289 are less suitable for kinetic studies.

A convenient method is one in which the carbon dioxide
evolved is swept by dry nitrogen into an absorption vessel
where the change in the concentration of sodium hydrox-
ide 222, barium hydroxide '*°, or benzylamine !*® is deter-
mined conductimetrically 199,222 or by titration !*¢. Idelson
and Blout 2% studied the kinetics of the polymerisation of
the anhydride of y-benzyl N-carboxy-L-glutamate by infra-
red spectroscopy, which makes it possible to follow the
disappearance of the monomer, the formation of the poly-
mer, and the changes in the conformation of the polymeric
chain.

In most cases of homogeneous polymerisation with fairly
high basicity of the initiator and low rate of chain termina-
tion there is direct proportionality between the rate of re-
action and the initial concentration of the monomer [M,] and

initiator [I,]. The kinetics of this process were examined
theoretically by a group of English workers 225,232 and in a
general form by Katchalski and coworkers26%,261, Three
stages of the process are distinguished: initiation (K,),
chain growth (K,), and chain termination (K,); the process
can take place in one of the following possible ways.

If the rate of initiation is equal to the rate of chain
growth (K, = K,) and chain termination may be neglected
(K, = 0), the rate of polymerisation is given by

_ M _ 4104 _ e 11 iy

These conditions are satisfied by the homogeneous poly-
merisation of the anhydrides initiated by the amides or
esters of amino-acids, peptides, or polypeptides, in sol-
vents where the process takes place in one stage only and
at low temperatures when chain termination does not play
a significant role. = The number-average degree of poly-
merisation of the polymer formed is defined by the relation
P = ([M,] - [M))/[1,], or Py = [M,]/[I,] on completion of
polymerisation when [M ] =0. The molecular weight dis-
tribution should be of the Poisson type, i.e. the poly-
dispersity is low with Py /P, ~ 1.

The actual molecular weight distribution has been deter-
mined in only a few cases. It proved to be fairly narrow
for polysarcosine 262, poly(y-benzyl L-glutamate)!9,263,
and poly-€-N-benzyloxycarbonyl-L-lysine 246, obtained in
dimethylformamide.

If the rates of initiation and chain growth differ from one
another (K, # K,), then when the rate of chain termination
is low (K, = 0) the rate of polymerisation is given by the
expression

_ 4imM _ d[CO,}

LA - S — Konim + K, S| N

i=1

where [I] represents the concentration of the initiator at
any instant, and N* the concentration of growing polymer
chains contammg at a given instant the following number of

EN* (5]

inl

i-units: At the early stages of the pro-

cess when [I,] ~ [I] > )" N}, the overall rate of reaction is
=1
determined mainly by the first term of the equation, and on
completion of polymerisation, when [I] « ZNI =~ [I,], by
i=1
the second term. Thus in this case polymerisation is of
first order with respect to the anhydride and the rate of
evolution of carbon dioxide is determined by the constants
K, at the beginning and K, at the end of polymerisation. If
K, > K,, which occurs when the initiators are strong
bases, the initiation process terminates rapidly and the
rate of chain growth remains constant throughout the pro-
cess. The molecular weight distribution of the polymer
is very narrow and Py = [M,]/[I,]. When weak initiators
are used, with K, < K,, the initiation process is protracted
and the overall rate of the reaction increases with increase
in the number of new chains, and the polymer formed is
polydisperse. P, = [M ]/[I ] obtains only in the case
where the entire initiator is able to react before the end
of polymerisation.

If in the case of rapid initiation (K, > K,, K, =~ 0) two
stages are observed in the chain propagation process (K,,
and K,p), the transition from K,, to K,; being completed
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after the attainment of a chain length equivalent to s-units,
the rate of the process is given by the expression

_ 4dMl _ 4IC0o,l

- ot = Kalll M+ Ksa 3 N (M) + Ko 3} Ni (M

=3 i=s

This case was examined by Katchalski?4® on the basis
of the kinetic data obtained by Lundberg and Doty !#® for
two-stage polymerisation of the anhydride of y-benzyl
N-carboxy-L-glutamate in dioxan.  Similarly to the pre-
ceding case, the polymerisation is again of first order with
respect to the anhydride its rate being determined mainly
by the constant K,, at the beginning and K,; at the end:
-d[M]/dt = K,[I, ]7r The polymer fractions with a
. degree of polymerlsatlon less than s exhibit the Poisson
distribution. The fractions with P, > s are more poly-
disperse the greater the difference between K,, and K.
On the basis of mathematical analysis, the authors believe
that the number of B-chains diminishes during the poly-
merisation at a slower rate the greater the value of s, and
the weight fraction of the B-polymer falls after reaching a
maximum proportional to s. It is reasonable that the time
of transition from K,, to K,j; depends only on [M,] and not
on [I,], since the rate of formation of the polymer with P, = s
depends on the concentration of the monomer [M,] and not
on the number of chains [I,].

However, the relation observed by Doty and Blout 199,200
between [M,] and the time of transition from K,, to K, is
the opposite of that which would be expected on the basis of
Katchalski's conclusions (Fig.11). Furthermore, in one
of his latest papers Katchalski?*® notes that the polydis-
persity found by Doty (Pw/ P, = 8.5) is much greater than
the theoretical value. Thus the conclusions derived from
an analysis of the polymerisation kinetics on the basis of
the hypothesis of Doty and Lundberg, that chain conforma-
tion influences the rate of chain growth, is in poor agree-
ment with experiment. On the other hand, no conclusion
can be reached about the hypothesis of Ballard and Bamford
that the adsorption of the monomer on polymer chains affects
the rate of polymerisation, since the example examined by
Katchalski assumes that K,, and K,; are constant, a pos-
sibility which is excluded in Ballard's hypothesis.

If in the case of a high rate of initiation and a single-
-stage process (K, > K,) some of the polymerising chains
are terminated (K, # 0) as a result of a bimolecular reac-
tion with the anhydride, the amount of carbon dioxide
evolved is less than that of the anhydride which has reacted
([M,] - [M]). The difference [M,] - [M] - [CO,] corres-
ponds to the amount of terminal carboxy-groups. Katchal-
ski 260,281 ghowed that in this case the molecular weight dis-
tribution of the growing chains remains of the Poisson type,
but the polymer fraction with terminal carboxy-groups is
polydisperse with P,/ P, =~ The maximum attainable
degree of polymerisation of the polymer as a whole is then
P n = K2/K3'

This case is close to real polymerisation conditions.
The chain termination reaction, which is rare at low tem-
peratures (one reaction for 300 addition reactions) 199,24
plays a considerable role at elevated temperatures, since
the activation energy for chain termination is somewhat
higher than that for chain propagation, which in the case
of y-benzyl L-glutamate is only 6.6 kcal mole-!, 199,200

The kinetics of the polymerisation of the anhydrides of
the N-carboxy-derivatives of trifunctional acids, for which
intramolecular chain termination is possible, have not
been examined theoretically.
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TABLE 15.

Rate constants Ky(q)p (litre mole

-1 g™ for the poly-

merisation of the anhydrides of various N-carboxy-

-a-amino-acids.

. us::a':(yyﬁ?d.vz'tz; of Solvent initiator 5, °C lO‘Kz(a)b References
Glycine dioxan prbromoaniline 37 18 227
Sarcosine benzene n-hexylamine 25 (12)60 234
L-Alanine » » 25 (6.3)54 234

» nitrobenzene » 25 (4.8)26.4 234
L-Leucine » » 25 (1.3)9 199
Pllenylulnnine » » 25 (1.6) 234

benzene » 25 5 234
y-Bun 1 dioxan » 34 2.5-5.2 200
L-glutamate
Dnto dichloroethane » 25 (1.5)14 199
dimethylform- » 25 5.7 199
amide

» » » 0 1.9 199

» » » 40 8.7 199

» dioxan NaOCH, 34 430-630 277
y-Benzyl » n-hexylamine 25 (0.40.5 199

DL-glutamate
Ditto dimethylform- » 25 2.2 199
amide
y-Methyl chloroform CH,COOH 30 (0.35)2.9 292
L-glutamate

Table 15 lists the latest data on the rates of polymeri-
sation of the anhydrides of N-carboxy-derivatives, from
which it follows that the rate of polymerisation is a maxi-
mum in the case of glycine and proline. Racemates poly-
merise more slowly than enantiomers. Non-polar sol-
vents, which cannot form hydrogen bonds, accelerate the
reaction ',

The determinations of the rates of polymerisation are
not very accurate because of the difficulty of purifying the
anhydrides of N-carboxy-derivatives and the solvents, and
because of failure to achieve the conditions of a homogene-
ous reaction?¢’; the fact that the reaction is homogeneous
is established with difficulty by a visual procedure (cf.
Refs. 199 and 250). Furthermore, because the reaction of
the anhydrides of N-carboxy-derivatives with strong amines
proceeds in different ways, the true concentration of grow-
ing chains is only approximately equal to the initial concen-
tration of the initiator. = When the process takes place in
two stages, the constant K,; is much too low, since not all
the growing chains attain a length necessary for the accele-
ration of the reaction.  Finally, polymerisation initiated
by primary and secondary amines must proceed in several
ways simultaneously. Otherwise it would have to be of
first order with respect to the initiator and the rate of
chain propagation would be independent of the nature of the
initiator.

In fact K, does depend on the initiator.  Thus diethyl-
amine leads as a rule to polymerisation twice as fast
as that given by hexylamine?4’.  Furthermore, the order
of the reaction with respect to the initiator is sometimes
other than unity. In the polymerisation of the anhydrides
of the N-carboxy-derivatives of DL-valine, DL-leucine,
€~N-benzyloxycarbonyl-DL-lysine, and DL~a-aminobutyric
acid in dioxan a fractional reaction order was found2#’. In
the polymerisation of the anhydride of N-carboxysarco-
sine Heyns and Schultze!5® found the reaction to be of
second order with respect to the initiator, and later it
was shown that the rate is proportional to the expression

all b1l
where a and b are constants 232,247,

In an investigation of the two-stage polymerisation of
the anhydride of y-benzyl N-carboxyl-L-glutamate the
slow stage was found to be of first order with respect to the
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anhydride and its rate proved to be independent of the initia-
tor. On the other hand, the second, rapid stage was of
fractional order (3/2) with respect to the anhydride and its
rate did depend on the initiator 228,

The authors propose the following mechanism for chain
propagation which explains the peculiarities of this process:

(c)

(d)
(e)
()

Chain propagation can proceed according to the generally
accepted mechanisms (c)-(d) with a rate constant K,, or by
reaction (f) with a higher rate constant K,;. Usually the
contribution of reaction (f) is small because of the insta-
bility of carbamic acid and the resulting low concentration
of the carbamate anion. = However, on formation of the
o -spiral the stability of the anion may be significantly in-
creased because of the distribution of the charge through-
out the spiral:

P —NH, + M=%~ p _ NHCOCHRNHCOOH,
P,—NHCOCHRNHCOOH —4— p,— NHCOCHRNH,4-CO;,
+
P,—NH, + P,,—NHCOOH —%X— p NH,+P,_NHCOO-,

P, NHCOO—+M =2 p_ NHCOCHRNHCOO- + COj.

As a result, the initiator can influence the stability of
the carbamate anion and hence the rate of polymerisation.
The rate of reaction (f) is defined by the equation

aiM _ e (Ka\? 3 :
= Kw(K. ) Kt i
i.e. the reactionis of order 3/2 with respect to the anhydride,
which agrees with experiment.

The mechanism proposed constitutes a very interesting
attempt to account for the effect of spiral conformation and
the initiator on the rate of polymerisation. However, we
feel bound to point out that according to this mechanism
secondary amines should not affect the reactivity of the
terminal amino-group of the growing chain, since they are
incapable of participating in the suggested system of hydro-
gen bonds.

Bamford and Block?%* proposed another mechanism for
the effect of the initiator on the rate of polymerisation,
which will be examined below.

C. Initiation with water. Polymerisation in the
presence of water proceeds similarly as the polymerisation
initiated by amines?5. However, the initiation stage is
slower because of the lower basicity of water, and the
ionisation of free carboxy- and amino-groups in the system
greatly slows down chain growth, particularly in the first
polymerisation stage 224,266-270,  The use of water as the
initiator is of interest for the preparation of polypeptides
with terminal carboxy- and amino-groups capable of further
condensation, for example by the carbodiimide method 27!,

In the case of initiation by water side-reactions are pos-
sible. The polyglycine obtained in this way contains up to

2% of 2,5-dioxopiperazine 253, Polymerisation in polar sol-
vents, for example dimethylformamide, probably takes
place by a different mechanism and leads to considerable
amounts of hydantoin derivatives 2°7,272,

In many cases water can be used not only as the initiator
but also as the polymerisation medium 74, Inrecentyearsthe
dependence of the rate of polymerisation of various anhydrides
of N-carboxy-derivatives on the pH of the medium has been
studied in detail 193,269,273-275,

D. Initiation with strong bases. Sodium
hydroxide *®, sodium methoxide, sodium borohydride 203,
and triphenylmethylsodium 2”7, which have been proposed by
Blout and coworkers as the initiators of the polymerisation
of the anhydrides of N-carboxy-derivatives, yield exclu-
sively high-molecular-weight polypeptides [poly(y-benzyl
L-glutamate, M = 600000; poly-e-N-benzyloxycarbonyl-
-L-lysine, M =2000000], which are of low dispersity and
are free of 2,5-dioxopiperazine and other cyclic com-
pounds 278,279, A detailed study of this process 203,277,280,281
has shown that polypeptides with the maximum molecular
weights are formed in solvents such as dioxan, chloroform,
and benzene at temperatures below 30° and monomer con-
centrations below 4%. In nitrobenzene the rate of poly-
merisation is smaller by a factor of almost 30 and the poly-
mer has a much lower molecular weight.  There is no
proportionality between the degree of polymerisation and
the ratio [M,]/[1,], the molecular weight of the polymer
being always higher than the calculated value 203,281,

The rate of polymerisation and the molecular weight of
polymers increase in the series lithium, sodium, potas-
sium, and caesium methoxides 2%, The polymerisation of
the anhydride of y-benzyl N-carboxy-L-glutamate in dioxan
at 34° proceeds after a brief autocatalytic period as a first-
-order reaction with respect to the monomer at a rate one
hundred times greater (K, = 4.3-6.3 litre mole-! s-!) than
in the case of initiation by primary or secondary amines 2%°.
Addition to the reaction system of fresh portions of the
anhydride of the N-carboxy-derivative does not increase the

201.5

20 134.5
0 1 ) I
066 2 4 5

[Mel, 9100 ml

Fig.13. Dependence of the molecular
weight M}, of poly~-DL-phenylalanine on
the initial monomer concentration [M]
for various values of [M,)/[1,].
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Fig.14. Dependence of the molecular weight My
of poly-DL-phenylalanine on the ratio [My]/{l,] for
various initial monomer concentrations [M,].

molecular weight of the polymer. The replacement of the
L-anhydride by the racemate lowers the rate of polymeri-

sation by a factor of seventeen and the molecular weight of
the polymer by a factor of about five.

The above features of the process have also been found
for the neutral amino-acid DL-phenylalanine #®. Figs. 13
and 14 show the experimental dependence of the molecular
weight Mw of the polypeptide on the concentration of the
anhydride [M,] and the ratio [M,}/[1,]. The polymerisation
was carried out at 40° in chloroform in the presence of
sodium methoxide. The dashed lines, corresponding to
[M,] = 0 and [M,]/[I,] = » (0 ml of initiator) were obtained
by extrapolation. The molecular weights were found from
the light scattering.

These results led Blout and Idelson?® to the hypothesis
that the polymerisation inthis case has anionic mechanism:

R—CH—CO
‘\l >o -+ NaOCH;4
H—Co

A N

R—CH—COOCH, R——(I:H——-COO‘Na*
H—COO Na+ NH—COOCH,4
anhydride of N-carboxy= anhydride of N-carboxy-
«derivative ~derivative
R—?H—COOCH,, R—?H—COO‘N&*
NH-—-CO NH—CO
So
v A
R—CH—CO R—-(IIH——OO
NH—COO-Na+* NH-—COOCH,
l —CO, l —COs

Nat—00CNHCHRCO—NHCHRCOOCH, CH;0CO—NHCHRCO—NHCHRCOONa*

! !
H (NHCHRCO), OCHj, CH;0CO— (NHCHRCO),, OH,

The growth of the polymeric chain proceeds by succes-
sive addition of the polymeric anions to the anhydride of
the N-carboxy-derivative either at the carbonyl in posi-
tion 5 (pathway A) or at the carbonyl in position 2 (path-
way B) with formation of mixed anhydrides which readily
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eliminate carbon dioxide. Chain termination occurs when

the addition at the carbonyl in position 5 is followed by the

addition at the second carbonyl group and conversely:
anhydride of N~

~carboxy-derivative

Na+-00C (NHCHRCO),, OCH,
—»Na+-OOCCHR—NHCOOCONHCHRCO) ,0CH;—~Na*~OOCCHRNHCO(NHCHRCO),0CH;z—»
— CH,0CO (NHCHRCO), O-Na* - CH;0CO (NHCHRCO), OCOCHRNHCOO-Na* —

— CHOCO (NHCHRCO),, OCOCHRNH;,.

In the first case the polymer should contain urea and in the
second anhydride and urethane groups.

A more probable mechanism 282 for chain propagation 28,
also proposed by the same workers, is one in which the
participation of an amine anion is assumed, and the elimina- -
tion of carbon dioxide is attributed to simple electron pair
transfers:

0
R—H—cZ =~ ~OCH, R—cH~—cZ0cH,

/O — NH + CO,»
NH—C. -
~ o
R—CH—CQO:
0 + “NHCHRCOOCH; —* ~NHCHRCO—NHCHRCO—OCH; + €0, ,
NH—CO

E. Initiation with tertiary amines. Tertiary
amines (pyridine 174,182,224,283-285 o _pjcoline, 2,6-lutidine 1%
triethylamine 03,259,286,287  trj-n-butylamine 259,285,288 = and
trimethylamine 28°) are effective initiators for the polymeri-
sation of the anhydrides of N-carboxy-derivatives with a
free NH group. However, the resulting polypeptides con-
tain some substituted hydantoin-3-acetic acid 207,283,

As regards the anhydrides of N-substituted N-carboxy-
-derivatives, there is no single view concerning their
ability to polymerise under the action of tertiary amines.
In contrast to the anhydride of N-carboxy-N-cyclohexyl-
glycine 284, the anhydride of N-carboxy-N-phenylglycine
does not polymerise in pyridine even at an elevated tem-
perature 174,175,  The anhydride of N-carboxysarcosine
polymerises at room temperature in pyridine 175,283 even
when it is most thoroughly purified by means of phenyl-
magnesium bromide 2®¢. The anhydrides of the N-carboxy-
-derivatives of L-proline 41,20 L-hydroxyproline, and
O -(p-toluenesulphonyl)-L-hydroxyproline®° also poly-
merise readily in pyridine. Nevertheless, Ballard and
Bamford 182,206,259,285 heljeve that the polymerisation of
sarcosine and proline and their derivatives is due to im-
purities and that after thorough purification it is possible
to reduce to a minimum the initial rate of polymerisation 2,

Tertiary amines give rise to rapid polymerisation of the
anhydrides of N-carboxy-derivatives in organic solvents
even in the case of high [M,]/[],] ratios, yielding high-
-molecular-weight polypeptides, the degree of polymerisa-
tion of which is independent of the [M,]/[I,] ratio 2®. These
features resemble in many ways the polymerisation initiated
by strong bases.

The polypeptides obtained in an anhydrous medium with
tertiary amines as the initiators cannot have terminal
amino- and carboxy-groups, i.e. they must have a cyclic
structure. Thorough analysis of polysarcosine (M = 22 000)
and poly-N-cyclohexylglycine, prepared in dry pyridine,
showed that these polymers have virtually no end-groups 284
Cyclic dipeptides, substituted 2,5-dioxopiperazines, have
been isolated, the yield reaching 35% in the case of poly-
-N-cyclohexylglycine.  According to Wieland?!, in this
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case the anhydride ring is opened by the tertiary amine
with formation of a zwitter-ion:

o
R—CH—CO. R—CH—CZ
TN R Nim,
NH—CO” NH—CO0™
R—CH—COO™
H—CO—NR, .

The formation of polypeptides, 2,5-dioxopiperazines and
substituted hydantoin-3-acetic acid can be explained by dif-
ferent possibilities of combining the zwitter-ions.

Formation of polypeptide:
. N —Co,
20C—CHRNH—COO- - OCCHRNH—COO—COCHRNH—COO~ —

-CO

1
- O&—CHRNH—COCHRNH—COO" ~ OCCHR--NH— (COCHRNH—), COO~,

Formation of 2,5-dioxopiperazine:

R—CH—CO00- OC——NH

+_ -
&H__cFo O0C—CH—R

R—CH—CO [0CO}—NH —sco, R—CH—CO—NH

r!m— co—dur An_co_du—x.

Formation of substituted hydantoin-3-acetic acid:

+ — /O
R—CH—CO  OOC—CHR R—CH-—COOCO—CHR —co, R—CH — C
+ — — >O
NH—C0O- OC—NH NH—co [0co|—NH =0 =
[ CHR
co.— KH
R—CHCOOH
|
— N—=CO
AN
CHR.
—NH

The rapid polymerisation of the anhydrides of N-car-
boxy -derivatives in organic solvents in the presence of
catalytic amounts of tertiary amines ?°® shows, however,
that the growth of the polypeptide chain proceeds mainly
not as a result of the interaction of two zwitter-ions but as
a result of their reaction with the anhydrides of N-carboxy-
-derivatives.

The mechanism proposed by Ballard and Bamford 182,259,285
for the reaction between the anhydrides of N-carboxy-
-derivatives and tertiary amines excludes the possibility
of the polymerisation of the anhydrides of N-substituted
N-carboxy-derivatives, since the primary products of the
reaction are believed to be the anhydride anion (XIV) and
3-(a-aminoacyl)-2,5-dioxooxazolidine (XV):

R—CH—CO R—CH—CONR,
| N\ —
| D0+NR 2 N\ coo
NH—CO
R—CH—CO R—C{i—COﬁR, R-CH—CO\O c
N R—CH—CO*NR, _
| >0+ Hvcoo = _ 4 * s _—NR,
NH—CG N—oCO H—COOH
(X1v)
—NR; RCH——CO RCH—-CO
\O ——co,” N O
HOOC—NHCHRCO—N—CO H,N—-CHRCO-—N—CQ

(XV)

Subsequently the anion (XIV) can also react with a molecule
of the anhydride by the mechanism

R—CH—CO
R—CH—CO , R—CH—CO . rj co>0
L >0+HNR,+ | o I"‘/OH .
HN—CO -N—Cb R—CH—c{
AN—cC
—,,
R—CH—CO\
L
- ——cd  +CO,.
HN—CHR—CO

V)

Compound (XV) initiates chain growth both at the amine end
and at the N-carboxy-derivative anhydride end.

However, measurements of the rate of polymerisation
of the anhydrides of the N-carboxy-derivatives of y-ethyl
L-glutamate in dimethylformamide and of DL-phenylalanine
in nitrobenzene in the presence of pyridine, a-picoline, and
2,6-lutidine as the initiators '8 ghowed that the anion (XIV)
does not form as a result of the nucleophilic attack by the
tertiary amine on the carbonyl group in position 5 but as a
result of direct attack by the amide hydrogen (cf. Ref. 181):

R—CH—CO R—CH—CO L
»L SONR, T | Do+HRR,.
H--CO =N-—CO

Otherwise the rate of reaction of the tertiary amines
with the anhydrides of the N-carboxy-derivatives should
decrease inthe series pyridine, a-picoline, 2,6-lutidine due
to increasing steric hindrance, while experiment showed
that the rate actually increases in this series because of
the increasing basicity of the amines.

Chain termination occurs also as a result of intramole-
cular cyclisation of the bifunctional polymeric chain or as
a result of deactivation of the terminal amino-group. The
formation of substituted hydantoin-3-acetic acid is explained
by a rearrangement of compound (XV). In the authors'
view?%® the mechanism proposed is proved by the fact that
the rapid polymerisation of the anhydride of N-carboxy-
sarcosine proceeds only in the presence of 3-methylhydan-
toin (XVI), an analogue of the anhydride of the N-carboxy-
-derivative not substituted at the nitrogen atom, and also
by the fact that it proved possible to isolate 3-methyl-1-
-(N-phenylglycyl)hydantoin (XVII) from the products of the
reaction of the anhydride of N-carboxy-N-phenylglycine,
triethylamine, and 3-methylhydantoin:

CH;—CO CH,—CO CH;—CO

| >0+ | ONCH:+N (CHis— ONCHy+N (CaHis + COs.
l\llw—CO NH—CO CeHsNHCH,CO—N—CO

CeH; (XVI) (XVID

As already pointed out, the suggested mechanism ex-
cludes the possibility of the polymerisation of N-substi-
tuted anhydrides, which cannot be regarded as completely
proved. Furthermore, it entirely fails to account for the
extremely rapid rate of polymerisation, whichis comparable
with the rate of ionic polymerisation. The chain growth of
the anhydride end cannot increase significantly the rate of
polymerisation, since it involves interaction either with
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activated molecules of the anhydride of the N-carboxy-
-derivative, the concentration of which is extremely low, or
with terminal amino-groups, which would reduce the con-
centration of the active centres for chain propagation.

It has been shown?2* that the polymerisation in the pre-
sence of secondary and primary amines also frequently
proceeds by the mechanism characteristic of the initiation
by tertiary amines. Blout?®® observed a considerable
similarity between the polymerisations of the anhydride of
y-benzyl N-carboxy-L-glutamate initiated by diethylamine
and triethylamine. 1In both cases the polymerisation was
rapid and the molecular weight of the polymer was indepen-
dent of the [M,])/[I,] ratio.

Bamford found (Fig. 15) that the polymerisation of the
anhydrides of the N-carboxy-derivatives of sarcosine and
v-ethyl L-glutamate in the presence of n-hexylamine and
diisopropylamine takes a normal course only when initiated
by n-hexylamine (curves B and C). Because of the con-
siderable steric hindrance caused by the isopropyl groups,
the initiation of the polymerisation of sarcosine by diiso-
propylamine is slow and the reaction becomes accelerated
only as active terminal amino-groups appear in the growing
chain (curve D). It would appear that this should also hold
for other anhydrides. However, inthe case of the anhydride
of the N-carboxy-derivative not substituted at the nitrogen
atom (curve A) the sterically hindered diisopropylamine
gives rise to much more rapid polymerisation than does
hexylamine, which can be explained only by the preferential
occurrence of the process involving the mechanism charac-
teristic of tertiary amines. This conclusion is also con-
firmed by the analysis of the molecular weights of the poly-
mers. Whereas poly(y-ethyl L-glutamate) obtained in the
presence of hexylamine has P = 60, in the initiation with
diisopropylamine P, reaches 150 under the same polymeri-
sation conditions with [M,]/[1,] = 15. It is interesting that
in the latter case the amount of carbon dioxide evolved
is much smaller than the theoretical value.

F. Initiation with salts. Inorganic salts were
proposed by Ballard as the initiators of the polymerisation
of the anhydrides of N-carboxy-derivatives as early as
1954 206,207 put did not find wide application, since the

=
s 8

10% (moles CQ,);/Wo]
:

0w i @

min
Fig. 15. Rate of evolution of carbon dioxide
in different systems in diethylformamide
solution at 25°:
A) anhydride of y-ethyl N-carboxy-L-glutam-
ate—diisopropylamine; B) anhydride of N-car-
boxysarcosine—n-hexylamine; C) anhydride of
Y-ethyl N-carboxy-L-glutamate—n-hexylamine;
D) anhydride of N-carboxysarcosine—diiso-
propylamine; [Mg] = 0.224 M; [I,] = 0.015 M.
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resulting polypeptides contained up to 30—40% of hydantoin
derivatives. However, this type of initiation is very
interesting from the chemical point of view, because it is
believed that there is considerable similarity in the mech-
anisms of the reaction of the anhydrides of N-carboxy-
-derivatives with salts and tertiary amines 207,25,

The following mechanism has been proposed for the
initiation of polymerisation:

CH,—CO CH,—CO
} oL 2 ’ 20 +H*,
NH—cd N_—-__\
oLi
CH,—CO CH,—CO CH,—CO
| Do+ | o= | >o
Ne— NH—CO N—=C
AN | \
OLi TH,—c—o— OLi
NH—CO
CH—CO ., CH,—CO CH,—CH
v / 4
]~co l—co ~ N—CcD +CO0,.
or CH;—C—OLi CH,—C—OH CH,—CO
4 4 NH,
NH—CO H—C0 (X1

An intermediate compound, 3-aminoacetyl-2,5-dioxooxazoli-
dine (XVIII), is formed and initiates chain growth or is con-
verted into hydantoin-3-acetic acid:

CH,—CO CO—N—CH,COOH
>o - CH,
AN
HN—CH;—CO—N— €0 NH—CO

The polypeptide chains have reactive end-groups and can
react with one another or form macro-rings.

The anhydrides of N-substituted N-carboxy-derivatives
do not react with salts, but they readily polymerise in the
presence of 3-methylhydantoin:

CH,—CO
CHy—CH CHy—CO R_N__C%O
>NCH, +Lit 2 >NCH, e 2RO,
NH—C3 —¢
ot
CH,—CO
CHy—CO n| 200 CH,—CO
- NCH, + C0; -+ Lit —= “INCH,+nCO;.

RHNCH,CO—N—CO H(NRCH;CO)n41—N—CO

(XIX)

The first chain unit, 3-methyl-1-(N-phenylglycyl)hydan-
toin (XIX) was isolated from the products of the reaction of
the anhydride of N-carboxy-N-phenylglycine, 3-methyl-
hydantoin, and lithium chloride 2*®. Later it was found that
lithium perchlorate does not initiate the polymerisation of
the anhydrides?5°, which means that the active component
of lithium chloride is not the cation Li* but the anion C1~. 2%

R—CH—CO
R—CH—C{) R—(I:H—COC1 ]LH c)(?
Jo+cr 2 NH—COO-
NH—CO
R—CH—COCl1 RCH—CO RCH--CO
Ni—coont | 0 - 04 €Oy + CIm,
N=::-€0 H,N—CHRCO--N— €0
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G. Initiation with acids. Acids usually inhibit
the polymerisation of the anhydrides of N-carboxy-deriva-
tives. However, the anhydride of y-methyl N-carboxy-L-
-glutamate rapidly polymerises in chloroform in the pre-
sence of acetic acid?2,  With [M,]/[I,] = 2 the reaction is
initially slow (K,, = 0.0035), but after 30 min the rate
increases sharply (K,; = 0.029) and the polymerisation
terminates in 2 h with formation of a polypeptide having
P, = 500-600. The increase in rate corresponds to Py =
= 50-60, which the authors of this investigation attribute to
the gel effect.

It is interesting that in dioxan polymerisation does not
take place, the addition of 10% of dioxan to chloroform
causing the appearance of an induction period (70 min). In
the pure acid tripeptides are formed slowly. Acylated
products and 2,5-dioxopiperazines have not been detected
in the reaction products. The polymerisation of the
anhydrides of N-carboxy-derivatives in chloroform is also
induced by a number of other acids 201,

H. Polymerisation in anhydrous hydrogen
fluoride. Anhydrous hydrogen fluoride readily dissolves
the anhydrides of N-carboxy-a-amino-acids and polypep-
tides2®3. An attempt was made to use it as a polymerisa-
tion medium 24; the polymerisation then proceeds without
additional initiators but involves the racemisation of the
amino-acids and the formation of considerable amounts of
2,5-dioxopiperazines. The degree of polymerisation
reaches 25-30. The following mechanism has been sug-
gested for this reaction:

R—CH—CQO R—CH—COF R—CH—COF
N + HF + CO,
0 s LN e
P ® o
NH—C0 NHCOOH NH,F
COF
| Ry \-1 +
R—CH /H) { NH,—CHR—COF NH~CHR—COF
+/ Y .
\Y)'“v —_— R—TH—C\ + 2HF —— R—CH=—-CO + H.
Ca
R—CH—CY NH;P NH;F
|4 _
NH,F

I. Initiation with organometallic com-
pounds. The polymerisation of the anhydride of N-car-
boxy-DL-alanine in tetrahydrofuran in the presence of a
number of organometallic compounds was investigated
recently 295, Diethylcadmium and triethylaluminium proved
to be the most effective compounds. Diethylzinc, phenyl-
magnesium bromide, and butyllithium were less effective,
and tributylboron did not initiate the polymerisation at all.
In contrast to other polymers, the polyalanine obtained in
the presence of triethylaluminium was insoluble in water.
Since poly-D-alanine and poly-L-alanine are also insoluble
in water, the authors of this investigation suggested that
triethylaluminium causes stereospecific polymerisation of
the anhydride of the N-carboxy-derivative.

A similar property is shown by aluminium isopropoxide
and by catalytic systems consisting of triethylaluminium
and methanol or borneol, although in this case the insoluble
fraction forms only part of the product. On the other hand,
mixtures of diethylzinc with methanol and water and of
diethylcadmium with methanol give only the water-soluble
poly-DL-alanine.

When the optically active (+)-borneol and (-)-menthol
were used as initiators, polyalanine exhibiting optical acti-
vity in solution was obtained, but the polymerisation of the
monomer was incomplete.

4. Copolymerisation of the Anhydrides of N-Carboxy-a-
-amino-Acids

The available methods for the synthesis of the copoly-
mers of @-amino-acids starting with the anhydrides of the
N-carboxy-derivatives do not permit the preparation of
copolypeptides with a specified sequence of the amino-acid
residues. Usually the synthesis of copolypeptides reduces
to the polymerisation in the solid state or in solution of a
mixture of the anhydrides of the N-carboxy-derivatives
using as the initiators the same compounds as in homopoly-
merisation, i.e. primary, secondary, and tertiary amines,
sodium methoxide, amino-acid amides, polypeptides with
free amino-groups, water, etc.

It is quite reasonable that copolymerisation should be a
more complex process than the polymerisation of a pure
N-carboxy-a-amino-acid anhydride and that it should have
a number of specific features. Most of the published
studies on copolymerisation were undertaken in order to
elucidate the effect of the polypeptide composition on the
conformation of macromolecules in solution; less atten-
tion was given to problems of the kinetics and mechanism
of the reaction. For this reason, a considerable part of
these investigations will be examined very briefly in this
Section.

Katchalski and Sela’ considered the copolymerisation of
two anhydrides of N-carboxy-a-amino-acids as a system
of the following reactions:

CCALA K, A,

.A4B Ko, g,

.+.B4+A K, .o.A,

..B4+B ——»

where A and B are monomers, ....A and ....B the grow-
ing peptide chains containing the terminal amino-group of
the amino-acids A or B and K,, K,, K,, and K, are the
rate constants. The anhydrides of M-carboxy-derivatives
of various amino-acids greatly differ in their reactivity
and therefore the above reactions can proceed at different
rates. However, Shalitin and Katchalski?$!® found that the
rates of copolymerisation are determined by the nature of
the monomer and not of the terminal amino-acid residue
of the growing chain, and therefore K, = K, and K, = K.
It has been found that the rates of copolymerisation with
diethylamine as the initiator, of the anhydrides of the N-car-
boxy-derivatives of y-benzyl L-glutamate and €-N-benzyl-
oxycarbonyl-L-lysine in dimethylformamide, which is a
good solvent both for homopolymers and copolymers at
25°, are equal to the sum of the rates of polymerisation of
the individual monomers (Figs. 16 and 17).

On the basis of the data obtained, the rate of copoly-
merisation -d{G + L]/dt can be represented thus:

— UL Ko 1,)16]+K. U IL], 1
or
diG+ L
. _L%__l = Koopllol G+ LI,
where
Kg 1614+ K, IL
RO AL (@)

[Gl + [£}

Since K¢ is greater than K, the anhydrides of y-benzyl
N-carboxy-L-glutamate (G) will be consumed more rapidly
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CG,, 10 moles

20 50 . 90
min

Fig.16. Polymerisation of the anhydrides
of the N-carboxy-derivatives of €-N-benzyl-
oxycarbonyl-L-lysine (L) and y-benzyl
L-glutamate (G) and their mixture (G + L) in
dimethylformamide at 25° with diethylamine
as the initiator; the dashed curve represents
the sum of curves L and G.

J+log[v)

S
o~

24 - 1
20 [ 100

min

Fig.17. Consumption of the monomers
L and G as a function of time; [M] is
the molar concentration of the monomer
which has not reacted.

during copolymerisation than the anhydride of €-N-benzyl-
oxycarbonyl-a-N-carboxy-L-lysine (L). For this reason,
the reaction mixture at the end of the process will contain
only traces of the first anhydride and relatively large amounts
of the second, and Ko will be virtually equal to Kz. The
time variation of the composition of the copolymer formed
is clearly shown in the electrophoretic pattern obtained in
phosphate buffer at pH 7.8 for glutamic acid, lysine, and
the copolymers of glutamic acid and lysine in the initial and
final stages of copolymerisation (Fig. 18).

It is seen that the copolymers isolated at the beginning of
the reaction were negatively charged and migrated towards
the anode, like glutamic acid, while those isolated at the
end of the reaction were positively charged and migrated
towards the cathode, like lysine. The copolymers isolated
after 25, 50, and 93% of conversion of the monomers con-
tained glutamic acid and lysine residues in molar ratios of
3.0, 1.3, and 0.22 respectively.

The hypothesis concerning the mechanism of copoly-
merisation made it possible to derive an equation for the
composition of the resulting copolymer as a function of
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Fig.18. Electrophoretic pattern of the copolymer of
lysine and glutamic acid:

1) copolymer after 20% conversion; 2) copolymer after
completion of reaction; 3) glutamic acid; 4) lysine.

time ¢t and the initial composition of the reaction mixture
[Gol/[L,):
[G), (G 1 —exp (Kg oDt
L, (Lol t—exp®K U
where [Gl/[L]x is the ratio of the glutamic acid and lysine
residues in the copolymer.

(3)

Investigation of the copolymerisation of other anhydrides
of N-carboxy-a-amino-acids (L-phenylalanine and €-N-ben-
zyloxycarbonyl-L-lysine, L-phenylalanine and y-benzyl
L-glutamate, glycine and €-N-benzyloxycarbonyl-L-lysine,
€-N-benzyloxycarbonyl-L-lysine and DL-alanine, and
y-benzyl L-glutamate and DL-alanine) in dimethylformam-
ide with diethylamine as the initiator established that the
copolymerisation of these monomeric pairs proceeds simi-
larly to the copolymerisation of the anhydrides of the ¥N-car-
boxy-derivatives of y-benzyl L-glutamate and €-N-benzyl-
oxycarbonyl-L-lysine, i.e. the rates of copolymerisation
are equal to the sum of the rates of polymerisation of the
corresponding individual monomers. The resulting copoly-
peptides had a molecular weight distribution close to the
molecular weight distribution of the corresponding homo-
polymers.

A number of copolypeptides with different contents of
L-glutamic acid, L-lysine, L-tyrosine, and L-phenylalan-
ine have been synthesised 32° from the anhydrides of the
corresponding N-carboxy-derivatives in absolute benzene
at 25° using sodium methoxide as the initiator ([M,]/[1,] =
= 400). The molecular weights of the resulting copolymers
were in the range 50000-100000. On the basic of kinetic
data, the authors concluded that up to 90% conversion the
copolymerisation is of first order, the reaction order
departing from unity subsequently. Table 16 presents
data on the composition of the initial reaction mixture and
the copolypeptides.

A number of copolymers with M = 30000-550 000 con-
taining different amounts of L-glutamic acid, L-lysine,
L-tyrosine, L-phenylalanine, and L-alanine were prepared
later 321,322,  Blout and Idelson 323 obtained four high-mole-
cular-weight copolypeptides of Li-lysine and L-glutamicacid
with a disordered structure and different molar ratios of the
components (7:3, 6:4, 5:5, and 4:6) from the anhydrides
of the N-carboxy-derivatives of y-benzyl L-glutamate and
€-N-benzyloxycarbonyl-L-lysine in 1% solution of absolute
benzene at room temperature using sodium methoxide as
the initiator ([M,)/[1,] = 200); the benzyl and benzyloxy -
carbonyl groups were subsequently removed with dry
hydrogen bromide. The resulting copolypeptides had an
average molecular weight ranging from 36 000 to 110000,
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TABLE 16. Dependence of the composition of copolypeptides on

the composition of the initial mixture.

Molar composition of initial mixture, % Molar composition of copolypeptides, %
Leglutamic . Lephenyle Lsglutamic . L-phenyl- |,
-'acl " Lelysine alanine Letyrosine| el Lelysine alonine Letyrosine
(
50.0 33.3 — | 18.7 49.8 34.3 — 15.9
47.6 38.4 — 4.0 56.4 37.8 — 5.8
58.0 42.0 — — 59.0 41.0 — —
58.0 4.0 — 1.0 56.1 42.6 — 1.3
58.0 38.0 4.0 — 61.6 33.4 5.0 —
56.0 36.0 8.0 — 5741 33.9 9.0 —_
— 100.0 — — — 100 — —
100 — — — 100 — — -

and were readily soluble in water both at low and high pH,
the solubility being a minimum in the region of neutral pH
and depending on the composition and charge of the poly-
peptide, i.e. as regards their solubility they resembled
polyamphoteric compounds and certain proteins.

In order to elucidate the dependence of the conformation
of macromolecules on the composition of copolymers, the
copolypeptides of S-methyl-L-cysteine and L~-methionine
with molar ratiosof 1:9,2:8, 3:7, and 5:5 and the copoly-
mers of L-valine and L-methionine with the same molar
ratios were synthesised 3?4 from the anhydrides of the cor-
responding N-carboxy-derivatives in nitrobenzene solution
(4%) using sodium methoxide as the initiator ([M,}/[1,] =
= 200). For the same purpose, Karlson et al.'4* synthe-
sised poly-B-benzyl esters of L~ and D-aspartic acid, the
poly - y-benzyl ester of glutamic acid, and also a series of
their copolymers by the polymerisation of a mixture of the
anhydrides of the N-carboxy-derivatives in methylene
chloride solution using sodium methoxide as the initiator
(M, ]/[Io] 200) with different monomer ratios (1:9, 2:8,
3:7, 5:5, 7:3, 9:1), It was established that poly(B ben-
zyl L-aspartate) and poly(y-benzyl L-glutamate) have an
a-spiral conformation but with the opposite direction of
turns.

To study the effect of the ester group on the conforma-
tion and properties of poly-B-aryl esters of L-aspartic
acid, a number of copolymers with different molar ratios
of ester residues were prepared3°? by the copolymerisa-
tion of the anhydrides of B-p-nitrobenzyl and B-benzyl
esters of N-carboxy-L-aspartic acid in dimethylformamide
using diethylamine as the initiator. It was found that the
copolymers have a spiral conformation, the introduction of
more than 35-40% p-nitrobenzyl residues into poly(3-ben-
zyl L-aspartate) reversing the direction of the turns of the
spiral.

By the copolymerisation of the anhydride of y-benzyl
N-carboxy-L-glutamate with the anhydrides of the N-carboxy -
-derivatives of L-alanine, L-leucine, and L-methionine at
different ratios, Kulkarni and Blout obtained copolypeptides
of interesting structure ¥5. The y-ester groups in the copoly-
mers were replaced by 2-morpholinoethylamine residues.
Such copolypeptides were readily soluble in water and showed
a high content of the spiral conformation in solution. Addi-
tion to the solution of denaturing agents (urea) and salts
caused their transition to a randomly coiled conformation.

To elucidate the influence of the steric configuration of
the monomers and their ratio on the molecular weight and
properties of the resulting copolypeptides 26, a number of
polypeptides were synthesised by the copolymerisation of a
3% solution of a mixture of the anhydrides of the N-carboxy -
-derivatives in benzene saturated with water (70°, 24 h).

The anhydrides of the N-carboxy-derivatives of the strongly
basic D- or L-lysine and the acidic L-tyrosine were taken
in 1:1and 3:1 ratios. For the 3:1 monomer ratio, the
resulting copolymers had a mean molecular weight of about
18 000 regardless of the configuration of the lysine. When
the monomer ratio was 1:1, copolymers with the molecular
weight Mw = 18000 and My = 40 000 were obtained in the
case of DL-lysine and D-lysine respectively as well as two
polymers with different molecular weights in the case of
L-lysine. The product with the higher molecular weight
{ Mw = 600 000) had a much higher content of L-tyrosine
than the copolymer with the lower molecular weight (Mw =
= 13000).

To synthesise polypeptides having a structure similar to
that of proteins, polypeptides were prepared?3’ by the
copolymerisation (using 0.5 mole % of sodium methoxide)
of an equimolar mixture of the anhydrides of the N-carboxy-
-derivatives (4% solution in dimethylformamide) of L-lysine
and L-glutamic acid, whose homopolymers have the a-spiral
conformation at pH above 10.5 and below 4.5 respectively.
It was expected that such copolymers would have the a-spiral
conformation at a neutral pH. The resulting copolymers
had a molecular weight of about 40 000 and were soluble in
water. Up to 15% of the spiral conformation was detected
in a neutral 0.15 M sodium chloride solution, the amount
increasing to 50% at pH 4 and falling to zero at pH 12 or on
removal of sodium chloride.

In an attempt to synthesise soluble amphoteric polypep-
tides, a study was made of the copolymerisation of the
anhydrides of the N-carboxy-derivatives of L-glutamic
acid, L-lysine, and L-phenylalanine in the ratios 1:1:3
and of L-glutamic acid, L-lysine, and L-leucine in the
ratios 1:1:1.9.328-330  The resulting polypeptides had
typical amphoteric properties.  They dissolved in dilute
mineral acids and alkalis but not in water at pH between
4.0 and 10.8, which the authors of these studies explained
by the aggregation of the copolypeptides on approach to the
isoelectric point, which for the second polymer is 7.3.

Later Yuki3®*® found that, in order to increase the
solubility in the region of neutral pH, it is necessary to
introduce serine residues, which together with threonine
residues are responsible for the solubility of albumin.
Copolypeptides containing L-glutamic acid and DL-serine
in molar ratios of 4:1, 3:2, 2:3, and 1:4 were obtained.
The last two copolymers were soluble even in water. The
free copolymer containing L-glutamic acid, L-lysine, and
DL-serine in the proportions 1:1 :2 dissolved at any pH.
The specific viscosity of this copolymer was found to be
related to the pH (Fig.19). The viscosity is 2 minimum at
the isoelectric point (pH 7), which is characteristic of
amphoteric polyelectrolytes.

Linear water-soluble copolypeptides of L-glutamic acid,
L-lysine, and L-tyrosine inthe proportions2.8:2.6:1.0 have
alsobeenobtained 3!, by the polymerisation of the anhydrides
of the corresponding N-carboxy-derivatives inbenzene solu-
tionusing sodium methoxide as the initiator ([M,]/[I,] = 400),
with subsequent removal of the benzyloxycarbonylgroup. The
copolymer had Mw = 49 000 and was soluble in water, but it
dissolvedin0.15 M sodium chloride solution only at pH > 10.

The following tyrosine-containing copolymers have been
prepared 332 from the anhydrides of the corresponding
N-carboxy-derivatives: glycine-L-tyrosine with molar
ratios 1:1 (Mw="1390) and 2:1 (Mw = 6520); L-phenyl-
alanine—L-tyrosine with molar ratios 1:1 (Mw = 6370) and
2:1 (Mw=81780); and glycine~-DL-alanine-L-tyrosine with
molar ratios 8:4:1 (Mw = 2360).
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Tsp water-soluble poly( e-N-polysarcosyl)-L-lysine with n = 20
o and m =7, and branched poly(e-N-poly-L-lysyl)-L-lysine
aosl- with #» = 30 and m = 15 have been obtained.
w7l H—[ —HN—CH—co—]—CH
& +m 0C —CH—R —0s
(CHa)q /
a6~ ° o 0\ |
2
005 1 I o1 n OC—HN
13 5 7 3§ 10 183
pH H~— HN—EH—CO— —OH
Fig.19. Dependence of the intrinsic viscosity of (CHa)
the 1:1:2 glutamic acid—L-lysine—DL-serine NH (CO—CH—NH},—H
copolymer on the pH of the medium. |R

Since many physical and chemical properties of collagen
and gelatine are determined by their large content of pro-
line and hydroxyproline, model polypeptides containing the
above amino-acid residues were synthesised 3, Copoly-
mers with the following monomer ratios were obtained by
the copolymerisation at room temperature of a mixture of
the anhydrides of the corresponding N-carboxy-derivatives
in dioxan solution with diethylamine and triethylamine as the
initiators or in pyridine without initiator: L-proline :gly-
cine =1:1,1:2,and 1:3; L-proline :glycine : L-hydroxy-
proline =1:2:1,

Copolypeptides containing L-arginine and L-leucine
(2.3:1), which have a weak inhibiting effect on blood
coagulation 33, and L-glutamic acid, 2,5-dihydroxyphenyl-
alanine, and 3,4-dihydroxyphenylalanine, with weak cata-
lytic properties 335, have been described.

Patents dealing with the method of preparation of
copolypeptides and their application in various branches of
industries have appeared in recent years. Thus a patent
describes the preparation of copolypeptides by the treat-
ment of solutions of the sodium salts of amino-acids
(obtained from proteins, for example serum albumin) with
the esters of chloro-acids, for example methyl chloro-
formate, and then with thionyl chloride, which yields a
mixture of the anhydrides of the N-carboxy-derivatives;
the latter is polymerised by the usual methods and con-
verted into fibres and films 3%, Another patent 3%” des-
cribes the method of preparation of copolypeptides from a
mixture of the anhydrides of the N-carboxy-derivatives of
L-leucine and phenylalanine. The molecular weight of the
resulting copolypeptides exceeds 7000. These copolymers
can be used for the preparation of fibres, sheets of various
types, and moulds.

5. Preparation of Graft and Block Copolymers

Proteins react under mild conditions with the anhydrides
of N-carboxy-derivatives of a-amino-acids with the for-
mation of polypeptidyl proteins. Like synthetic polypeptides
with free amino-groups, proteins with free amino-groups
function as polyinitiators in these reactions. Branched
polyamino-acids have been prepared 33 by the polymerisation
of the anhydrides of the N-carboxy-derivatives of DL-alanine,
sarcosine, and L-lysine in the presence of poly-L-lysine,
which functioned as the polymerisation initiator. Poly-
(e-N-poly~DL-alanyl)-L-lysine with » = 20 and m = 20,
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Similarly an aqueous solution of the hydrobromide of
poly-L-lysine was used as a polyvalent initiator 3% for the
polymerisation of the anhydride of y-benzyl N-carboxy-
glutamate; the product was a branched polypeptide with
n = 280 and m = 40, whose molecular weight was 1500 000.

Poroshin 34° studied the reaction of the products of the
primary degradation of casein (peptone hydrolysis mix-
ture) with the anhydrides of the N-carboxy-derivatives of
glycine, DL-alanine, and DL-proline in cooled dioxan solu-
tions or in phosphate buffer. The reaction products were
dialysed and then examined for their amino-acid content.

It was established that in the case of polyglycylpeptone the
degree of polymerisation (m) of glycine was 8—-10 while for
poly-DL-alanylpeptone m was 18-20. The poly-DL-alanyl-
peptone was used for the polymerisation of the anhydride of
N-carboxy-DL-~proline, the products being poly-DL-alanyl-
-poly-DL-prolylpeptone which was readily soluble in water.

Konigsberg and Becker 34! grafted the anhydrides of the
N-carboxy-derivatives of glycine and phenylalanine, with
a ['3C]earboxyl carbon atom, on to a number of proteins
(albumin, egg albumin, chymotrypsin, chymotrypsinogen,
and lysosyme) in 0.067 M phosphate buffer at pH 6.2-7.8, in
0.1 M borate buffer at pH 8.2-9.1, and in sodium bicarbonate
solution saturated with carbon dioxide, at pH 6.9-7.6. A
gradual increase in the amount of grafted glycine was ob-
served when the pH was altered from 6.2 to 9. Among the
above solutions, the bicarbonate solution proved to be the
most effective. For example, in phosphate buffer 41 moles
of glycine residues were grafted on to one mole of protein,
while under otherwise the same conditions in sodium bicar-
bonate solution 72 moles of glycine residues were grafted
on to one mole of protein.

Kley et al.342,33 treated bovine and rabbit blood albumin
in bicarbonate solution or in phosphate buffer with the
anhydrides of the N-carboxy-derivatives of glycine, leucine,
phenylalanine, glutamic acid, and lysine. = Microtitration
showed an appreciable change in the amounts of carboxy-,
imidazole, and o- and e-amino-groups and established
that grafting takes place partly (to the extent of 30%) at
€-amino-groups.

A water soluble gliadine fraction was obtained by peptidyla-
tion34, For this purpose, DL-alanine and N*-(3-hydroxy-
propyl)-L-asparagine were grafted on to gliadine. 1In the
first case the reaction was carried out with the anhydride
of N-carboxy-DL-alanine and gliadine in a mixture of
dioxan and 0.05 M phosphate buffer (pH 6.8, 2°, 48 h), and
water soluble poly-DL-alanylgliadine was isolated. = The
alanine content increased from 1.4% in gliadine to 23.6% in
poly-DL-alanylgliadine, which corresponds to the grafting,
on average, of 4.1 millimoles of alanine residues per
gramme of gliadine. In the second case the reaction was
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carried out withthe anhydride of benzyl N-carboxyaspartate
and gliadine in dimethylformamide (20°, 48 h). After its
isolation, the polybenzyloxy-L-aspartylgliadine was kept for
30 minat40° inpropanolamine; the water-soluble N-(3-hy-
droxypropyl)-L-aspartylgliadine, enriched in aspartic acid
residues up to 6.3 millimoles per gramme of gliadine, was
then isolated by precipitation with 4 M acetic acid.

As pointed out by Katchalski and Sela’, peptidylation
does not interfere in most cases with the biological pro-
perties of proteins, but modifies a number of their other
properties. Bearing in mind the stability of valine peptides
towards acid hydrolysis, a study was made of the effect of
grafting valine on to proteins on the biological and chemical
properties of the latter %45,  Poly-DL-valylchymotrypsin,
poly-DL-valyllysosyme, and poly-DL-valylinsulin were ob-
tained by the reaction of the anhydride of N-carboxy-DL-
-valine with proteins at 4° in phosphate (pH 7.6)and borate
(pH 8.5) buffers. The modified proteins are unusually
stable towards acid hydrolysis. Hydrolysis is complete
only after boiling with hydrochloric acid for 96 h.  The
enzymic activity of poly-DL-valylchymotrypsin is re-
duced only by 60% compared with the activity of the natural
protein, while in the case of polyglycylchymotrypsin the
activity is the same as that of the natural enzyme.

The effect of grafting L.-tyrosine, L-tryptophan, L-phenyl-
alanine, L-cysteine, L-proline, L-glutamic acid, L-lysine,
L-alanine, L-serine, L-cyclohexylalanine, a mixture of
L-glutamic acid and L-tyrosine, and of L-glutamic acid
and L-cyclohexylalanine on the physiological activity of
gelatine has been investigated 3. It was found that when
amino-acids with aromatic and cyclohexane rings in the
side-chains are grafted on to gelatine, the physiological
activity of the latter increases.

The problem of converting certain enzymes into water-
-insoluble products, with specific catalytic activity, is
interesting because the “water-insoluble enzymes” can be
readily removed from the reaction sphere. They can also
be used for the preparation of columns with enzymic acti-
vity. For this purpose, Atara Bar-Eli and Katchalski 3%
prepared polytyrosyltrypsin which was completely soluble
and retained the enzymic activity of trypsin. When it was
combined by diazotisation with the copolymer of p-amino-~
phenylalanine and leucine, trypsin which was completely
insoluble in water but nevertheless retained its enzymic
activity was obtained.  The latter could be used for the
preparation of an active trypsin column for systematic
amino-acid analysis.

Polytyrosyltrypsin containing 20-28 tyrosine residues
grafted per mole of trypsin was prepared 34 by the polymeri-
sation of the anhydride of N-carboxy-L-tyrosine in aqueous
solution using trypsin as a polyvalent initiator. It was
established that approximately half of the e-amino-groups
of trypsin were acylated by the anhydride of N-carboxy-L-
-tyrosine, the average chain length of the grafted tyrosine-
being about 2.5. In contrast to trypsin, polytyrosyltrypsin
is moderately soluble at pH 5-9. Inits response to denaturing
agents (urea, soya bean oil) and in its enzymic activity poly-
tyrosyltrypsin is indistinguishable from trypsin.

A water-soluble block polypeptide consisting of a central
poly-L-alanine block and two side poly-DL-glutamic acid
blocks was synthesised3®. The synthesis was carried
out in benzene solution, the initial concentration of the
anhydride of y-benzyl N-carboxy-DL-glutamate being 2%.
The initiator was n-hexylamine to which the anhydrides of
N-carboxy-L-alanine and then of y-benzyl N-carboxy-DIL.-

-glutamate were added in succession. The course of poly-
merisation was followed from the carbon dioxide evolved.
According to the amino-acid analysis, the molar ratio of
glutamic acid to alanine was 1.54. It was established that
the molecule of the block polymer had a block consisting of
175 residues of L-alanine and two DL-glutamic acid blocks
consisting of 325 residues altogether.

Any polymeric material containing free primary or
secondary amino-groups can be used as a polyvalent
initiator of the polymerisation of the anhydrides of N-car-
boxy-derivatives and not only natural proteins or synthetic
poly-a-amino-acids. Thus polymerisation of styrene in
liquid ammonia with sodium as the initiator at -40°, with
subsequent addition of ammonium chloride and removal of
ammonium by distillation, yielded polystyrene containing
11% of nitrogen. The polymerisation of the anhydride
of N-carboxyl-DL-valine in benzene solution of this poly-
styrene gave a product containing 24-29% of polystyrene
and soluble only in m-cresol. The copolymers styrene—
glycidyl methacrylate~DL-phenylalanine and styrene-gly-
cidylacrylate-DL-phenylalanine were prepared similarly 3%°,
These unusual polyamides are thermoplastic and exhibit
exceptional stability towards solvents.
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1. INTRODUCTION

Comparison of the relative activities of monomers in co-
polymerisation has been successfully used to study the
mechanism of chain growth in radical polymerisation. The
copolymerisation constants yield quantitative estimates of
the relative reactivities of monomers and of the corres-
ponding active centres.

During recent years a great deal of attention has been
paid to catalysts which bring about polymerisation by an
ionic mechanism, in connection with the use of catalysts
of ionic type for the synthesis of several polymers having
valuable properties, especially stereoregular polymers.
Data on copolymerisation provide a deeper insight into the
mechanism of chain formation in cationic, anionic, and
coordination-ionic polymerisation.

2. THEORETICAL CONCEPTS

A theoretical treatment of the problems involved inradi-
cal copolymerisation has been given, and we must there-
fore examine the possibility of applying to ionic polymeri-
sation the relations obtained. Scheme (1), suggested by
Alfrey and Goldfinger!, considers four possible modes of
chain growth in the copolymerisation of two monomers:
i.e. the reactivity of the growing polymeric ion is assumed
to depend on the nature of the terminal active unit in the
chain, and the rate constant for chain growth to be deter-
mined by the reactivity both of the monomer and of the
active centre. Here M* denotes a cation in the case of
cationic polymerisation, and an anion in anionic polymeri-
sation, while in the case of coordination-complex poly-
merisation it represents a catalytic complex bound to the
active end of the growing chain.

R L
~M My My
~ MM R M,
~ML MR e (1)
When the concentration of growing chains is constant,
we can apply the relationship that has been termed the fun-

damental equation of copolymerisation!,2

QMal  [Ms] N1 sl M)
where 7, = k,,/k,, and 7, = ky, /k,, are copolymerisationcon-
stants for the first and second monomers, representingthe
relative activities of the monomers towards addition to the
active centres ~M* (7,) and M% (,). Eqn. (2) is applic-
able to ionic copolymerisation only if the concentration of
active centres remains constant during such processes.
The necessity for this condition had already been noted by
Landler 3, who was the first to generalise data on ionic
polymerisation.
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