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ABSTRACT 

Two esters of L-lysine and L-glutamic acid containing long alkyl groups 
were synthesized and their polycondensation in monolayers and multi- 
layers was investigated. The pressure-area isotherms of the ester of L- 
lysine depend markedly on the time of residence at the air-water inter- 
face. The change of FT-IR spectra of the deposited film, which can be 
lifted as a Z-type film, indicates that polycondensation can occur in 
the monolayer at 10°C without any treatment. The spectrum of the 
film cast from chloroform hardly changed with time. These results 
lead to the conclusion that a regular arrangement of monomer mole- 
cules in the monolayer, where the amino and ester carbonyl groups are 
concentrated, is more suitable for the polycondensation. The ester of 
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1572 HANABUSA ET AL. 

L-glutamic acid can also form stable monolayers which can be easily 
deposited on a hydrophobic plate as a Y-type film by the Blodgett 
technique. The polycondensation of multilayers under an atmo- 
sphere of triethylamine was investigated by IR spectroscopy. It indi- 
cates that the condensation in multilayers proceeds via intermolecular 
and intramolecular reactions, by which poly(L-glutamate) derivatives 
and 2-pyrrolidone derivatives are formed, respectively. The condensa- 
tion in the bulk crystalline powder gives exclusively the 2-pyrrolidone 
derivative by intramolecular reaction. These results suggest that the 
monomer molecules in the multilayers are favorably aligned for the 
intermolecular reaction, in contrast to the situation in the bulk crystal- 
line powder. 

INTRODUCTION 

We have been studying the use of molecular assemblies for the synthesis 
of poly(amino acid)s. When using molecular assemblies such as micelles, 
vesicles, lamellae, or liquid crystals for chemical reactions, the following are 
expected: 1) an increase in reaction rate and conversion by concentration 
or orientation effects, 2) molecular recognition by assemblies, and 3) control 
of the molecular weight of the resulting polymer. We have already reported 
the synthesis of poly(amino acid)s by using the surface of reversed micelles 
[ 1-41 , lamellae [ 5 , 6 ]  , and Langmuir-Blodgett (L-B) films [ 71 . 

There are several publications concerning the synthesis of poly(amino 
acid)s by polycondensation in L B  film monolayers spread on an air-water 
interface and in multilayers deposited on a solid surface [7-111. However, 
such reactions were restricted to the esters of glycine, a-alanine, and 0-alanine. 
In this paper we wish to report the synthesis of new esters of L-lysine and L- 
glutamic acid and their polycondensation in monolayers and multilayers. 

EXPERIMENTAL 

NE-Lauroyl-L-lysine Methyl Ester (1) 

Dry hydrogen chloride gas was bubbled into 100 mL methanol containing 
10 g (0.03 mo1)NE-lauroyl-L- lysine (Amihope LL supplied by Ajinomoto Co.) 
for 1 h at room temperature. After evaporation the addition of methanol and 
the evaporation were repeated. Hydrogen chloride salt of NE-lauroyl-L-lysine 
methyl ester was crystallized from the oily residue by adding ether. The crude 
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salt was recrystallized from tetrahydrofuran. The salt (10.9 g, 0.029 mol) 
was dissolved in 50 mL water at O"C, and morpholine (25 ml, 0.29 mol) was 
subsequently added to obtain the precipitate. The dried precipitate was re- 
crystallized from hexane. Yield: 84% (8.6 g); mp 63-64°C; IR(KBr) 17 15 
(C=O, ester), 1635 (amide I), 1530 cm-' (amide 11). 

Analysis: Calculated for C19H38NZ03: C, 66.62; H, 11.18; N, 8.18%. 
Found: C, 66.75; H, 11 :06; N, 8.08%. 

Hydrogen Bromide of a-Hexadecyl-y-phenyl-L-glutamate (2) 

A mixture of N-benzyloxycarbonyl-L-glutamic anhydride [ 121 (10.5 g, 
0.04 mol) and hexadecanol(lO.7 g, 0.044 mol) was dissolved in 20 mL 
tetrahydrofuran and refluxed for 24 h. After evaporation, the residue was 
recrystallized from hexane. The N-benzyloxycarbonyl-a-hexadecyl-L- 
glutamic acid (14.5 g, 0.029 mol) thus obtained was dissolved in 100 mL 
ethyl acetate. Then phenol (2.7 g, 0.029 mol) and N,N'-dicyclohexylcarbo- 
diimide (7.0 g, 0.034 mol) were added at 0°C. The mixture was stirred for 
2 h at O"C, and afterwards 24 h at room temperature. NN'-Dicyclohexyl- 
urea was filtered off and the filtrate was evaporated and recrystallized from 
hexane. The obtained N-benzyloxycarbonyl-a-hexadecyl-y-phenyl-L-glu t -  
amate (1 1.4 g, 0.020 mol) was converted to 2 by treatment with hydrogen 
bromide gas in acetic acid, which was recrystallized from acetic acid. Yield: 
8.7 g (41% from N-benzyloxycarbonyl-L-glutamic anhydride); mp 98-99°C; 
IR(KBr) 1762 (C=O, phenyl ester), 1740 cm-' (C=O, hexadecyl ester). 

Analysis. Calculated for C27H46N04Br: C, 61.35; H, 8.77; N, 2.65; 
Br, 15.12%. Found: C, 60.98;H, 8.75;N, 2.81;Br, 14.93%. 

Hexadecyl 5-(2-Pyrrolidone)carboxylate (3) 

To 20 mL of chloroform containing 2 (1.05 g, 2 mmol) was added tri- 
ethylamine (280 pL, 2 mmol). After refluxing for 5 h the mixture was 
evaporated. The residue was dissolved in 50 mL ether, and the insoluble 
hydrobromide salt of triethylamine was filtered off. After evaporation the 
residue was recrystallized from ether-petroleum ether. Yield: 0.64 g (91%); 
mp 74-75'C; IR(KBr) 1740 (C=O, ester), 1712 cm-' (C=O, amide). 

Analysis. Calculated for Cz1H39N03:  C, 71.34;H, l l . l 2 ; N ,  3.96%. 
Found: C, 71.38; H, 10.96; N, 4.05%. 
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1574 HANABUSA ET AL. 

Procedures 

Monolayers of 1 and 2 were spread from chloroform solutions onto aque- 
ous subphases. A film balance of the Langmuir-Adam type (Lauda) was used. 
Multilayers were prepared by the usual L B  technique on a calcium fluoride 
plate which had been precoated with a ferric stearate monolayer. 

Polycondensation of multilayers of 2 was carried out in triethylamine vapor 
at 40°C, while the polycondensation of 1 was performed without any initia- 
tion. These polycondensations were followed by IR spectroscopy with JASCO 
IRA-302 and JASCO FT-IR-5000 instruments. 

RESULTS AND DISCUSSION 

Synthesis of the Esters 

W-Lauroyl-L-lysine methyl ester (1) was prepared by methyl esterification 
of W-lauroyl-L-lysine in methanol saturated with hydrogen chloride, followed 
by dehydrochlorination according to Scheme 1. 

The hydrogen bromide of a-hexadecyl-y-phenyl-L-glutamate (2) was pre- 
pared according to Scheme 2. Addition of hexadecanol to N-benzyloxycar- 
bonyl-1-glutamic anhydride gave exclusively N-benzyloxycarbonyl-cw-hexa- 

SCHEME 1. 
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SCHEME 2. 

decyl-l-glutamic acid as the a-ester [ 13, 141 . N-Benzyloxycarbonyl-a- 
hexadecyl-y-phenyl-l-glutamate, which was prepared by y-phenyl esterifica- 
tion with dicyclohexylcarbodiimide (DCC), was converted to 2 by treatment 
with hydrogen bromide (Scheme 2). 

Monolayer Properties and Polycondensation of the Lysine Ester 

Surface pressure-area isotherms of 1 depend markedly on the time of resi- 
dence at the air-water interface, as shown in Fig. 1, which suggests that the 
monolayer of 1 tends to stabilize with time. The limiting area An-to which 
was calculated from the n-A isotherms after 60 h (Fig. 1) is 28 8'. This value 
is in agreement with the molecular area of 1 calculated from the Corey-Paul- 
ing space-filling atomic model (30 A'). 

The deposited film of 1 was of the nonalternating Z-type in which the 
hydrophobic long alkyl groups are aligned to the direction facing the plate 
when the monolayer was deposited on a calcium fluoride plate by lifting it 
from the trough. Figure 2 shows the FT-IR spectra for the deposited film of 
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FIG. 1. Surface pressure-area (n-A) isotherms for monolayers of 1 after 
leaving for a given time at the air-water interface: (a) 10 min, (b) 3 h, (c) 6 h, 
(d) 12 h,  (e) 24 h, (f) 60 h. 
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FIG. 2 .  FT-IR spectra of 1 under various conditions. (a) Film cast from 
chloroform on a NaCl plate. (b) L-B film deposited on a CaF2 plate after leav- 
ing for 3 h in trough. (c) L-B deposited on a CaF2 plate after leaving for 60 h 
in trough. (d) KBr pellet of poly(NE-lauroyl-L-lysine) prepared by polymeri- 
zation of p-lauroyl-L-lysine N-carboxylic anhydride. 
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1, the cast film of 1, and poly(fl-lauroyl-L-lysine) prepared from fl-lauroyl- 
L-lysineN-carboxylic anhydride. The absorptions at 1715, 1635, and 1530 
cm-' were assigned to the ester carbonyl stretching, the amide I ,  and the 
amide I1 bands, respectively. The spectrum of the film of 1 cast from chloro- 
form hardly changed with time. On the other hand, the spectra of the de- 
posited film of 1 changed and came to resemble that of poly(Nf-lauroyl-L- 
lysine) with time, i.e., the ester band at 1715 cm-' disappeared and simul- 
taneously a new band appeared at 1650 cm-' , which is assigned to the amide 
I group of polypeptide. From these results it is concluded that polyconden- 
sation can occur rather quickly in monolayers of 1 at the air-water interface 
without any catalyst or initiator. 

Monolayer Properties of the Glutamic Acid Ester 

Compound 2 can form stable monolayers on aqueous subphases of various 
pH. Surface pressure-area isotherms for 2 spread on subphases adjusted to 
pH 3, 7, and 9.3 are shown in Fig. 3. The monolayers of 2 are of a condensed 
type, and the limiting areas are 70  (pH 7 and 9.3) and 85 A2 (pH = 3). 
It was easy to deposit monolayers of 2 under 13.5 mN/m at pH 7 and 15°C 
by repetition of the Blodgett technique. Such built-up films on a calcium 
fluoride plate precoated with ferric stearate were of the alternating Y-type in 
which the hydrophilic amino acid segments are aligned head-to-head in adja- 
cent layers. 

Polycondensation in Multilayer of the Glutamic Acid Ester 

saturated with triethylamine at 4OoC were investigated by IR spectroscopy. 
Figure 4 shows the changes of the IR spectra with time. The spectrum for the 
KBr pellet of 2 shows bands at 1762 and 1740 cm-' which are assigned to 
phenyl ester and hexadecyl ester carbonyl stretching bands, respectively. The 
major spectral change of the multilayers, after treatment with triethylamine 
vapor, is the disappearance of the phenyl ester carbonyl stretching band at 
1762 cm-' and the simultaneous appearance of bands at 1712 and 1658 cm-'. 
By comparison with the IR spectrum of hexadecyl5-(2-pyrrolidone)carboxyl- 
ate (3) (Fig. 4b), the new band at 1712 cm-' can be assigned to the five-mem- 
bered ring amide of 3, which is formed by intramolecular reaction 2. The other 
new band at 1658 cm-' is assigned to the amide I of poly(a-hexadecyl-L-gluta- 
mate) (4). Therefore, it is thought that the condensation reaction in multi- 
layers of 2 occurs via two routes, i.e., intramolecular condensation to form 3 
and intermolecular condensation to form 4, as described in Scheme 3. 

The polycondensations of multilayers (134 layers) of 2 under an atmosphere D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
4
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



L-LYSINE AND L-GLUTAMIC ACID DERIVATIVES 1579 

30 50 70 90 
Area (A 2 /molecule) 

FIG. 3. Surface pressure-area (n-A) isotherms for 2 at pH 3 (- -), pH 7 (-), 
and pH 9.3 (----). 

Even for multilayers before treatment with triethylamine vapor, the appear- 
ance of bands at 1712 and 1658 cm-' and the significant decrease of the band 
at 1760 cm-' were observed. This indicates that the condensation reaction has 
already occurred to some extent in the built-up multilayers before treatment 
by triethylamine to remove hydrogen bromide. The band at 1658 cm-' in- 
creased with time with triethylamine vapor treatment, but the band at 1712 
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SCHEME 3. 

FIG. 4. IR spectra of 2 under various conditions. (a) KBr pellet of 2 .  
(b) KBr pellet of 3 (hexadecyl 54.2-pyrro1idone)carboxylate). (c) L-B film 
of 2 ,  0 h (134 layers deposited under 13.5 mN/m at  15OC). (d) L-B film 
treated with NEt3 at 4OoC for 1 h. (e) L-B film treated with NEt3 at  4OoC 
for 3 h. ( f )  Bulk powder of 2 treated with NEt3 at  4OoC for 4 h. 
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FIG. 5.  Effect of time of treatment with NEt3 at 40°C on the condensation 
reaction in L-B film (134 layers) and bulk powder of 2. (0) Conversion of 4 in 
L-B film. (a) Conversion of 3 in L-B film. (A) Conversion of 3 in bulk powder. 

cm-' did not increase significantly. Moreover, the band at 1740 cm-' was 
constant though the band at 1762 cm-' disappeared. From these results it is 
concluded that intermolecular condensation by attack of the amino group on 
the carbonyl carbon of the phenyl ester takes place only in the multilayers. 

with triethylamine vapor at 4OoC, the disappearance of the phenyl ester band 
at 1762 cm-' and the simultaneous appearance of the amide band at 1712 
cm-' were observed (Fig. 40. It is clear that the intramolecular condensation 
to give 3 proceeds only in the crystalline state of 2. 

The extent of the condensation of 2 can be estimated by the equation 
100(Ao -At)/Ao, where A. and At are the integrated intensities of the phenyl 
ester band (1762 cm-') at times zero and t, respectively. Furthermore, the 
ratio of the intermolecular to the intramolecular condensation can be esti- 

On the other hand when 2 as the bulk powder (crystalline state) was treated 
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mated by the ratio of the integrated intensities at 1658 and 1712 cm-'. Figure 
5 shows the estimated conversions of the intermolecular and intramolecular 
condensations in the multilayers and in the crystalline state. In the multi- 
layers, the intramolecular conversion is low, but the intermolecular condensa- 
tion increases to 75% conversion after 3 h and then levels out. On the other 
hand, only intramolecular condensation proceeds rather quickly in the crystal- 
line state, and the conversion is quantitative after 2 h. This indicates that con- 
densation in the crystalline state gives 3 exclusively by an intramolecular re- 
action and that, in the multilayers, the intermolecular condensation occurs 
more easily than the intramolecular one because the molecules in the multi- 
layers are oriented favorably for intermolecular reaction. 

CONCLUSIONS 

In this study it was found that 1 and 2 tend to react easily in L-B films, 
and the regular arrangement of monomer molecules plays an important role 
in polycondensation. These results agree closely with those reported in pre- 
vious papers [7-111 , which were restricted to the esters of glycine, cu-alanine, 
and p-alanine. 
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