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In recent decades, synthetic polymers whose structure
includes various biological moieties, such as amino acids,
saccharides, lipids, and immunogenic peptides [1-4],
have been attracting the attention of chemists, biologists,
and medics. This interest is due to the increasing demand
(mainly for medical purposes) for biocompatible
compounds with prescribed properties [5, 6]. A particular
interest is associated with synthetic polymers whose
macromolecules are fully composed of moieties of natural
origin. Use of trifunctional amino acids opens up wide
opportunities because both linear and branched structures
can be constructed from these acids.

A polypeptide chain already bearing substituents
can be formed by polycondensation of short peptide
sequences [7]. Use of preliminarily synthesized dimers
of y-glutamic acid (GA) with residues of aspartic acid
dimethyl ester, attached at the a-carboxy group, enabled
the authors to synthesize oligomers with a degree of
polymerization equal to 18-20 [8].

Another way is to polymerize substituted N-carboxy-
anhydrides (NCA). To advantages of this method
belong the high degrees of polymerization and yield
of polypeptides, purity of the polymers obtained, and
nearly complete absence of racemization [9, 10]. As
an example of application of this approach to synthesis of
polyamino acids can serve communication [11] in which
polymerization of a-amino acid NCAs bearing glycoside
groups was described.

However, methods for synthesis of NCA compounds
whose molecular structure contains an amide (peptide)
bond (e.g., dipeptides) have not been developed, which
restricts use of NCAs in synthesis of macromolecules with
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complex structure. The reason is that the aliphatic amide
group readily enters into reactions with almost all reagents
commonly used in NCA synthesis: thionyl chloride,
phosphorus halides, and phosgene and its derivatives
[12]. An almost only example of macromolecule synthesis
by polymerization of NCAs containing aliphatic amide
bonds in their structure was reported in [ 13]. It should be
noted that NCAs were obtained using an unconventional
low-active agent, dichloro(methoxy)methane, which was
presumably due to a desire to protect the amide group
from side reactions.

Atpresent, an intensive search for methods that would
preclude side reaction and enable use of less volatile,
easily removable, and less toxic reagents [14].

In this study, methods for synthesis of NCA of L-
glutamic acid (L-Glu) with branched substituents based
on L-aspartic acid (L-Asp), attached by the amide bond at
the y-carboxy group. The main object of study was NCA
of L-glutamic acid, with an L-Asp dimethyl ester as the
substituent. Two approaches were used: with amino acid
derivatives with free and protected amino groups.

USE OF AMINO ACID DERIVATIVES
WITH A FREE AMINO GROUP FOR NCA
SYNTHESIS

As the starting compound served 2-amino-5-{[3-
methoxy-1-(methoxycarbonyl)-3-oxo propyl]amino}-5-
oxopentanic acid (I). NCA was synthesized by the standard
procedure [15] with triphosgene in tetrahydrofuran
(THF) at 60°C (synthesis 1). It was found that, under
these conditions and also at lower temperatures, there
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simultaneously occur the target reaction of NCA forma-
tion (1) [12] (Scheme 1) and addition of phosgene at the
amide bond [16] (Scheme 2).

The formation of the chloroiminium salt was
accompanied by the appearance of an intense yellow
coloration of the solution. Heating of the reaction mixture
yielded imidoyl halide.

According to 'H NMR spectroscopic data, a noticeable
decrease in the intensity of the NH signal of the amide
group (& = 5.60 ppm) was observed, together with the
appearance of signals corresponding to the NCA structure
[6(CH)=4.42 ppm, 3(NH) = 7.40 ppm]. Pure NCA could
not be isolated from the mixture.

USE OF AMINO ACID DERIVATIVES
WITH a tert-BUTYLOXYCARBONYL
PROTECTION OF THE AMINO GROUP

As the starting compound served 2-[(tert-butoxy-
carbonyl)amino]-5-{[3-methoxy-1-(methoxycarbonyl)-
3-oxopropylJamino}-5-oxopentanic acid (II).

Reaction of compound II with PBr; (synthesis 2). It
is known [17] that NCA of glutamine can be synthesized
by the reaction with PBr; in ether at 15-16°C. However, it

Cl

was found, when reacting compound II with PBr; under
similar conditions, that the signal of the proton of the
amide group is absent in the 'H NMR spectrum of the
reaction mixture at all.

Reaction of compound IT with triphosgene
(synthesis 3). The formation of by-products could be
minimized by using the data of the study [18], in which
NCA was obtained from Boc-protected amino acid esters
at room temperature, with the use of triphosgene and
triethylamine (TEA). In this case, TEA catalyzed the
formation of an intermediate. The reaction occurred at
a high rate, because, immediately upon addition of TEA,
nearly the whole amount of TEA hydrochloride (TEA
HCI) precipitated from the ethyl acetate solution and was
separated by filtration (Scheme 3).

In contrast to the published technique, N-Boc amino
acid was mixed with twofold, rather than equimolar,
amounts of triphosgene (in terms of phosgene) and
TEA. In doing so, it was assumed that one equivalent
of phosgene was involved in the formation of NCA.
The second equivalent of phosgene was consumed for a
side reaction at the amide bond. The first equivalent of
TEA was involved in the target reaction, and the second
instantaneously decomposed the product formed upon
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phosgene addition to the amide bond [12] and precluded
irreversible formation of the chloroiminium bond. It
should be noted that the reaction of formation of the
chloroiminium salt from the intermediate in ethyl acetate
is so fast even at room temperature that it was necessary
to add triethylamine to the reaction mixture immediately
upon addition of the triphosgene solution (Scheme 4).

This approach made it possibly to nearly completely
preclude occurrence of the reaction at the second reaction
center. The reaction mixture contained up to 85-95%
target product. Upon purification, methyl-3-(2,5-dioxo-
1,3-oxasolan-4-yl)propanoate (I1I) was obtained in ~40%
yield. According to the TH NMR spectrum, the substance
contained no impurities except small amounts of TEA
hydrochloride (about 5 mol %). In the spectrum of NCA,
the intensity of the signal associated with NH protons of the
amide bond remained unchanged. The signals of CH (6=
4.30 ppm) and NH of the urethane group (6 = 5.63 ppm)
disappeared and signals of CH (& = 4.42 ppm) and NH
(0="7.40 ppm) of the NCA ring appeared. The IR spectrum
of the resulting product contained bands of stretching
vibrations of C=0 at 1860 and 1785 cm!, characteristic
of NCA [18]. In addition, bands of stretching vibrations

= 00
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of C=0 of'ester groups (1735 cm-!) and two bands of the
amide group (Amide I, 1675 cm~1; Amide II, 1600 cm-1)
were observed.

A significant disadvantage of this method is that the
reagent is fixed at two reaction centers. As a result, the rate
of TEA addition determined the ratio between products
of the main and side reactions.

Another reagent frequently serving to synthesize
NCA is thionyl chloride (TC). It is used in one of the
oldest techniques for NCA synthesis, Leuchs method
based on use of amino acids with benzyloxycarbonyl
(Z-) protection of the amino group. The choice of just
the Boc-group among protective groups of the urethane
type was due to the fact that, in contrast to Z-protected
amino acids, cyclization of Boc-protected amino acid
haloanhydrides occurs even at temperatures higher than
—30°C and they cannot be isolated [19, 20].

Reaction of compound II with TC in the presence
of dimethylformamide (synthesis 4). It is known
that catalytic amounts of DMFA accelerate the
reaction of chloroanhydride formation [12]. In this
case, dimethylformamidium chloride is the true
chlorinating agent. With the use of a similar method [21],
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Scheme 5.
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chloroanhydride of a diacetyl derivative of 3,5-bis(4-
aminophenoxy)benzoic acid was successfully obtained
in the medium of N-methylpyrrolidone.

With an equimolar amount of TC in pure DMFA
without heating, no chloroanhydride was obtained, and
upon heating to 50-60°C in polar DMFA, HCl released in
chloroanhydride formation removed the Boc protection.
The 'H NMR spectrum of the reaction mixture retained
an unchanged signal of the NH proton of the amide
bond, which indicated that no side reactions occurred.
However, no signals of NCA protons were present in the
spectrum. With the use of a preliminarily synthesized
dimethylformamidium chloride in a mixture of solvents,
ethyl acetate and DMFA, and with vacuum-degassing
in the course of heating, approximately 10% NCA was
formed in the reaction mixture, but the side reaction in
which the Boc-protection was removed could not be
completely eliminated.

Reaction of compound II with TC in the presence of
pyridine (Py) (synthesis 5). There is published evidence
that unstable chloroanhydrides have been obtained under
mild conditions upon addition of a mole of Py per mole of
TC [22]. The reaction was performed in ethyl acetate at
room temperature with a twofold amount of Py, which not
only catalyzed the process of chloroanhydride formation,
but also bound the evolving HCL. A 'TH NMR spectrum
of the reaction mixture demonstrated the formation of
about 10% NCA. The presence of Py enabled preservation
of the Boc-protection. However, partial occurrence of
the reaction of TC with the amide bond could not be
prevented.

Reaction a dicyclohexylammonium (DCHA) salt
of compound II with TC (synthesis 6). The authors of
the technique described in [23] demonstrated that DCHA
salts of carboxylic acids are rapidly and quantitatively
converted at room temperature to acyl chlorides in the

0
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COOCH;
OOCH, - ) o
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reaction with a stoichiometric amount of TC. In this
case, only a very weak racemization was observed.
Previously, the reaction of the DCHA salt with TC has
been successfully used to obtain acryloylaminobenzoic
acid chloroanhydride [24], which could be synthesized
in other ways.

In the present study, this reaction was employed to
synthesize NCA. It was assumed that HCI released in the
course of the reaction must be almost quantitatively bound
with DCHA and can be easily removed from the reaction
mixture in the form of the hydrochloride (Scheme 5).

A TH NMR spectrum of the reaction mixture
demonstrated that 85-90% NCA is formed and there
are no side reactions. NCA III was isolated by multiple
reprecipitation from a THF-hexane mixture. The yield
of pure NCA III was about 45%. The 'TH NMR spectrum
fully coincided with that of NCA III obtained in the
reaction with triphosgene.

In the yield of the target product, this method is
comparable with that in which NCA is obtained with
triphosgene and TEA, but is more convenient and
reliable.

POLYMERIZATION OF NCA III

The effect of a solvent and initiator on the degree
of polymerization was studied with NCA III formed
from the DCHA salt without additional purification.
In all cases, the anionic polymerization occurs, but its
mechanisms vary with the initiator used [10, 25]. The
polymerization was performed at a monomer : initiator
ratio of 100 : 1, room temperature, and NCA concentration
of 4% in the course of seven days. The viscosity of the
resulting samples was measured in a non-helix-forming
solvent, dichloroacetic acid (DCA). As in the case of
numerous amino acid esters [9], the highest molecular
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weight products are formed with TEA in chloroform and
dioxane (Table 1).

The polymerization of a thoroughly purified NCA 111
was performed in the optimal solvent—initiator system
(Table 1, sample no. 6) to give the polymer with the
highest molecular weight.

It should be noted that hydrolysis of the ester groups
of'the resulting polymer by methods developed previously
for other polymeric analogs [4, 8] can yield a polyamino
acid bearing up to two carboxy groups per monomer
unit.

SYNTHESIS AND POLYMERIZATION OF NCA
CONTAINING TWOALIPHATICAMIDE BONDSAND
A LONG ALIPHATIC MOIETY IN ITS STRUCTURE

A similar polymer with a clearly pronounced diphilic
nature was synthesized with the role of a pendant sub-
stituent played by an aspartic acid derivative bearing
a hexadecyl moiety at the a-carboxylic group. Such a com-
pound was produced from aspartic acid -methyl ester and
hexadecylamine. The presence of an ester group means
that polymers bearing both hydrophilic and hydrophobic
groups in the side chain can be obtained. The structure of
3-(2,5-dioxo-1,3-oxasolan-4-yl)-N1-hexadecyl-propane-
amide (IV) is shown below:

Q
O/ \ 0
N
"¢

) o
NH

CONHC, H,,
OOCH,

v

The structure of the starting compound, 2-[(tert-
butoxycarbonyl)amino]-5-({[(hexadecylamino)carbony
1]-3-methoxy-3-oxopropyl }amino)-5-oxopentanic acid
(V), contains two aliphatic amide bonds. NCA (IV) was
synthesized by the technique developed in this study
(synthesis 6). The !H NMR spectrum of the reaction
mixture demonstrated a nearly quantitative formation
of NCA. NCA (IV) was purified by reprecipitation from
THF-hexane and ethyl acetate-hexane mixtures. The
yield of pure NCA (IV) was about 80%. The 'H NMR
spectrum of NCA (IV) contained unchanged signals of

Table 1. Results of NCA (III) polymerization

Sa:(l)[‘)le Solvent Initiator [n]égf ,dig!
1 Chloroform TEA 0.16
2 Dioxane TEA 0.14
3 DMFA TEA 0.06
4 Dioxane MeONa 0.11
" Butylamine 0.06
6 Chloroform TEA 0.25

NH protons of the amide bonds. The CH (6 = 3.8 ppm)
and NH (6 = 5.72 ppm) signals of the urethane group
disappeared and the CH (6 = 4.40 ppm) and NH (6 =
7.23 ppm) signals of the NCA ring appeared.

It should be noted that the amount of N-carboxy-
anhydrides formed in the reaction mixture (80—100%)
depends on the purity of the starting compounds (compound
IT) could be purified to completely remove trace amounts
of isomeric 4-[(tert-butoxycarbonyl)-amino]-5-{{3-
methoxy-1-(methoxycarbonyl)-3-oxopropyl]amino}-5-
oxopentanic acid) and on the hygroscopicity of the NCA
themselves [compound IV is less hygroscopic than 111
because of the presence of a hydrophobic moiety].

The polymerization of NCA IV was performed in
solutions of dioxane and a 1 : 2 mixture of methylene
chloride and DMFA under the conditions developed.
The choice of the solvent is due to the solubility
of the monomer. The viscosity of the polymer VI
samples obtained was measured in DAC at 25°C.
Since the observed polyelectrolyte effect, which may
be due to protonation of the amide bonds of DAC, the
characteristic viscosity of the samples under study could
not be determined. The viscosities were compared at a con-
centration of 0.74 g dI-!, which was in the linear part of
the dependence n,—c for both samples (Table 2).

EXPERIMENTAL

The starting compounds were synthesized from
L-Asp and L-Glu of pure grade. The solvents were purifi-
ed by the standard methods [26]. The NMR spectra were
measured on a DPX 300 instrument in CDCl; and DMSO-
dg solutions, and the IR spectra, on a Specord 75 IR
instrument in chloroform solutions (¢ = 0.4 g/100 ml).
The viscosities were measured with an Ubbelohde
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Table 2. Reduced viscosity 1, of polymer VI (¢ = 0.74 g dl-1,
DAC, 25°C)

Polymerization medium N

0.15
0.20

Dioxane
Methylene chloridle-DMFA

viscometer. The starting compounds were synthesized
by the methods described in [27, 28].

Synthesis of NCA III with the use of triphosgene
(synthesis 3). To a solution of 0.32 g (0.817 mmol) of
compound II in 7 ml of ethyl acetate was added, in the
atmosphere of argon, 0.143 g (0.545 mmol or 2/3 of
an equivalent) triphosgene in 2.5 ml of ethyl acetate.
To the reaction mixture was immediately added 0.23 ml
(1.634 mmol or 2 equivalents) of TEA in 0.6 ml of ethyl
acetate. A massive precipitation of TEA hydrochloride
was observed. The mixture was agitated for several hours
at room temperature and then allowed to stand overnight.
The gaseous reaction products were removed with
a flow of argon in the course of 0.5 h. The precipitated
TEA hydrochloride was filtered off. A 2/3 part of ethyl
acetate was removed in a water-jet pump vacuum. The
concentrated solution was allowed to stand overnight in
a freezing chamber. The additionally formed TEA salt
precipitate was filtered off. The solvent was completely
removed. The product was several times reprecipitated
from methylene chloride into ether. Residual amounts of
the solvents were removed in an oil pump vacuum. Yield:
0.1 g (40%) mp 63—65°C. 'H NMR spectrum, CDCL;, 9,
ppm: 2.13,2.34 [both m, 1H, CH,—~CH,—C(O)]; 2.53 [m,
2H, CH,~CH,—C(0O)]; 2.9 (m, 2H, -CH,-), 3.72, 3.79
[boths, 3H, C(O)-OCH;]; 4.42 (m, 1H, CHycp); 4.88 (m,
CH-NH-C(O)-CH,); 7.00 [d, 1H, NH-C(0)-0, 3 =
7.26]; 7.40 (s, 1H, NHyca). According to the spectrum,
the product also contains trace amounts of Et;N - HCI:
1.9 (m), 3.12 (m).

Synthesis of NCA III from the DCHA salt (synthesis
6). NCA was synthesized in an anhydrous medium, with
the system bubbled with dried argon. SOCI, was distilled
over linseed oil to remove SO, and HCI formed in its
decomposition was used the same day. To a solution of
0.695 g (1.216 mmol) of the DCHA salt in 7 ml of ethyl
acetate was rapidly added, at 28-30°C and vigorous
agitation, a solution of 0.145 g (1.216 mmol) of TC
in 2.5 ml of the same solvent. The reaction mixture was
allowed to stand under agitation in the atmosphere of
Ar for 5 h and then DCHA hydrochloride was filtered

off. After that the solution was concentrated threefold,
activated carbon was added, and the mixture was agitated
for 30 min to remove colored impurities. The carbon
was filtered off, the solvent was removed in a vacuum,
and the residue was several times thoroughly ground
with absolute diethyl ether and dried in an oil pump
vacuum. Then multiple reprecipitation from a mixture
of tetrahydrofuran and n-hexane was performed. The
oily product was ground in hexane and dried in an oil
pump vacuum. Yield: 0.173 g (45%), mp 63-65°C.
PMR spectrum (CDCly), 8, ppm: 2.13, 2.25 [both m, 1H,
CH,—CH,—C(0)]; 2.50 [m, 2H, CH,—~CH,—C(0O)]; 2.95
(m, 2H, —-CH,-); 3.66, 3.75 [both s, 3H, C(O)-OCH,];
4.45 (m, 1H, CHycyp); 4.88 [m, CH-NH-C(O)-CH,];
7.18 [d, 1H, NH-C(O)-O]; 7.50 (s, 1H, NHyc,)-

Polymerization of NCA (III). THE polymerization
was performed in chloroform, dioxane, and DMFA at
a monomer : initiator ratio of 100 : 1, room temperature,
and NCA concentration of 4% in the course of seven
days in a light-protected place. TEA, sodium methylate,
or butylamine served as an initiator. The formation of
the polymer was judged by TLC from disappearance of
the NCA spot. The polymer was isolated by precipitation
into methanol (or into methyl acetate in the case of
synthesis in DMFA). The purification was carried out
by reprecipitation from chloroform into methanol, the
precipitated polymer was washed with hexane and dried
in an oil-pump vacuum. Yield of the polymer about
100%, mp (sample no. 2) 127-132°C. 1H NMR spectrum
(CDCly), 8, ppm: 1.79-2.7 [4H, CH,—~CH,—C(0O)], 2.72—
3.2(CH,), 3.56-3.87 [6H, C(O)-OCH;], 3.92-4.22 {1H,
—CH-NH-C(0)],~}, 3.72-5.01 (CH), 7.11-7.52 (NH),
8.12-8.54 {1H, -[CH-NH-C(O)],—}.

IR spectrum (4% solution in chloroform): 1650 cm-!
(C=0 vibrations of amide bonds in the backbone and side
chain), Amide IT at 1600 cm-! and broad band of Amide
IT at 1530 cm~!. The band broadening in the IR spectrum
may be also due to presence of free and hydrogen-bound
C=0 and NH groups.

Synthesis of NCA IV. The reaction was performed by
the procedure used in synthesis 6. The reaction mixture
was treated in 1 h. The precipitate formed was filtered
off, suspended in THF, and agitated at room temperature
for 30 min. The insoluble DCHA salt was filtered off.
Then the equal volume of hexane was added to the
filtrate and the mixture was allowed to stand overnight
in a refrigerator. The NCA precipitate was filtered off
and dried in a vacuum over P,Os. The reaction mixture
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was concentrated to dryness and dissolved in a minimum
amount of ethyl acetate, and then hexane was added in
aratio of approximately 4 : 1). The NCA precipitate was
filtered off and dried in a vacuum over P,0s. The total
yield: 80%, mp 137-139°C. Calculated (%) C 61.8;
H 8.84; N 8.00. C,;H4N;05. Found (%): C 62.03, 61.68;
H 9.06,9.03; N 7.81, 7.85. TH NMR spectrum (CDCly),
3, ppm: 0.91 (t, 3H, CH;); 1.21-1.33 [m, 24H, (CH,),];
1.51 [m, 2H, CH,(CH,),,]; 1.66 [m, 2H, CH,(CH,);3];
2.12, 2.34 [both m, 1H, CH,—CH,—C(O)]; 2.52 [m, 2H,
CH,CH,—C(0)]; 2.63-2.95 [m, 2H, CH,—C(0)-0]; 3.24
(m, 2H, CH,NH); 3.75 (s, 3H, OCH;); 4.40 (m, 1H,
CHycp); 4.75 [m, CH-NH-C(O)-CH,]; 6.65 (m, 1H,
CH,NH); 7.17 [d, 1H, NH-C(O)-0, J3 =7.24]; 7.23 (s,
1H, NHycp)-

Polymerization of NCA IV. The polymer was syn-
thesized at an NCA concentration of 4%, monomer :
initiator (TEA) ratio of 100 : 1, and room temperature in
the dark in the course of seven days. Dioxane and a 1 :
2 mixture of methylene chloride and DMFA were used
as solvents. Yield: 63% (dioxane) and 65% (methylene
chloride-DMFA), mp of both samples 243-246°C (with
degradation). 'H NMR spectrum (CDCl;, DMSO-dj), 9,
ppm: 1.45 (s, 3H, CH;), 0.8-1.5 [2nH, (CH,), ], 2.00-2.35
(m, 2H, CHy}eyq)> 2.34-3.20 [m, 2H, CH,CH,—C(0O)],
3.00-3.71 [2H, CH,—C(0)-0]; 3.20-3.35 (2H, CH,},cx4);
4.25 (s, 3H, OCHj;); 5.27-5.50 [1H, NH-CH-C(O)].
Polymer VI shows a pronounced tendency toward
aggregation and a low solubility. It is well dissolved only
in dichloroacetic and trifluoroacetic acids, and also in
cyclohexanol under heating.

CONCLUSIONS

(1) A method for obtaining N-carboxyanhydrides of
compounds containing amide bonds in their molecular
structure under mild conditions was developed. This
method makes it possible to preclude occurrence of side
reactions.

(2) It was shown that N-carboxyanhydrides of com-
pounds containing bulky substituents in their structure
are capable of polymerization to give oligomers.
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