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Mechanism of NCA Polymerization. VIII.* 
The Base-Initiated Polymerization 
of 0-Amino Acid NCAs 

HANS R. KRICHELDORF and ROLF MULHAUPT 

Institut f i i r  Makromolekulare Chemie 

Stefan-Meier-Strasse 31 
D- 78 0 0 Fr eibur g/Br . , Germ any 

der Universitat Freiburg 

A B S T R A C T  

The polymerization of P-alanine NCA, D, L-cis-2-aminocyclo- 
but an e - 1 - car  b ox yl ic ac id NC A, D, L - c i s  - 2 - am ino - 4 - c yc 1 oh exane - 
1-carboxylic acid NCA, and D, L-cis-2-aminocyclohexane- 1- 
carboxylic acid NCA was carr ied out in various solvents by use 
of triethylamine or pyridine as  catalysts. The addition of these 
bases to a NCA solution leads to deprotonation of the NCAs and 
to the formation of large amounts of p-isocyanatocarboxylate ions 
which a r e  detectable in the IR spectra. These isocyanates cause 
side reaction which prevent the formation of high molecular 
weight p-polyamides under all conditions studied. The role of 
electrophilic cocatalysts such as N-acylamino acid NCAs and 
chlorophenyl isocyanate was  investigated. In contrast to the 
base-initiated polymerization of a-amino acid NCAs, the polym- 
erization of f-amino acid NCAs is inhibited by the addition of 
electrophilic cocatalysts. Thus, the activated monomer mech- 
anism is  not operating in the case of p-amino acid NCAs. 
Various N-acyl p-amino acid NCAs were synthesized by addition 
of P-amino acid NCAs onto reactive isocyanates. 

*For Par t  VII see H. R. Kricheldorf and R. Mulhaupt, Makromol. 
-.f Chem -7 180 1419 (1979). 

349 

Copyright 0 1980 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



350 KRICHELDORF AND MULHAUPT 

I N T R O D U C T I O N  

The polymerization of a-amino acid NCAs initiated by ter t iary 
amines and other aprotic bases  has  been the object of many. investiga- 
tions, speculations, and discussions during the past twenty years.  
Two reasons a r e  primarily responsible for this evolution. F i r s t ,  
the base-initiated polymerization of @-amino acid NCAs s e e m s  to 
provide in most c a s e s  the highest degrees of polymerization 11-31. 
However, high molecular weight polypeptides are of interest  a s  f ibers  
[ 41 and as model compounds for proteins [ 51. Secondly, experi-  
mental difficulties and controversal  interpretations of experimental 
resul ts  have prevented a rapid elucidation of the polymerization 
mechanism. Three basically different mechanisms of the t e r t i a ry  
amine-initiated polymerization of a-amino acid NCAs have been pro- 
posed, namely the zwitterion-mechanism [ 61, the carbamate-mech- 
anism [ ?] and on activated monomer mechanism I 3, 81. Since the 
cu-amino acid NCAs can r eac t  in various ways, a better understanding 
of their polymerization mechanisms includes good knowledge of 
structure-reactivity relationships. In this connection it can be use- 
ful to investigate a lso the reactions of other monomers with a s t ruc-  
ture  s imilar  to that of a-amino acid NCAs. For this reason and 
because high molecular weight poly-/’-amino acids  are interesting 
mater ia ls  for fiber production it seemed to us  worthwhile to investi- 
gate the base-initiated polymerization of P-amino acid NCAs in m o r e  
detail. A study on the polymerization of &amino acid NCAs initiated 
by pr imary or  secondary amines was presented in the preceding 
paper 191 * 

E X P E R I M E N T A L  

M a t e r i a l s  
I 

Chlorosulfonylisocyanate was gift of Hoechst AG. and was used 
after distillation. The aryloxysulfonylisocyanates were prepared 
from chlorosulfonylisocyanate and phenols in  boiling toluene 1 101. 
Tosyl isocyanate w a s  purchased from Aldrich and used without 
distillation. Dioxane, tetrahydrofuran, diethyl ether, and triethyl- 
amine were twice refluxed and distilled over sodium wi re .  Aromatic 
solvents, methylene chloride, and diniethylformamide were refluxed 
and distilled over P ~ O ~ O .  The /]-amino acid NCAs were prepared from 
diacid anhydrides and trinielhylsilylazide [ 111. The trimethylsilyl- 
azide was synthesized as described previously 1 12J.  

s_y_llth eses. 
N - C a r b a m o y l - f i - A m i n o  A c i d  N C A s  ( G e n e r a l  P r o -  - 

c e d u r  e ) .  A 50 mmole sortion of the &amino acid NCA was 
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MECHANISM OF NCA POLYMERIZATION. VIII 351 

dissolved in 60-100 ml dry methylene chloride and 50 mmole of a 
sulfonylisocyanate was  added. In most cases, the reaction was  com- 
plete after 8 hr at  20°C, as indicated by the absence of the isocyanate 
band (ca 2300 cm-')  in the IR spectra of the reaction mixture. On 
the next day, the reaction mixture was concentrated in vacuo to ca. 
30 ml, and the product was crystallized by portionwise addition of 
ligroin under cooling with ice (yields given in Table 1). Recrystalli- 
zation (if  necessary) was carr ied out with tetrahydrofuran/ligroin. 

N -  ( 4  - C h l o r o c a r b a n i l y 1 ) - c  i s  - 2 - a m  i n o c y c  l o h e x a n e -  
NC A ( IIIf ). In method A, 8.5 g (50 mmole) cis-2-aminocyclo- 
hexane NCA and 7.2 g (50 mmole) 4-chlorophenylisocyanate were 
refluxed in 50 m l  dry dioxane for 4 hr. After this time the IR spec- 
trum did not exhibit an isocyanate signal. The reaction mixture w a s  
then concentrated in vacuo, and the product was crystallized by 
portionwise addition of ligroin and cooling; yield 10.1 g (63%). 

with 0.2 ml triethylamine in 50 ml  dry methylene chloride for 6 hr. 
Afterwards the reaction mixture was  concentrated in vacuo, and the 
product was  crystallized by addition of ligroin under cooling with 
ice; yield 10.4 g (65%). 

ethylamine. The yield was  10.8 g (67%); properties a r e  given in 
Tables 1-3. 

In method B, the reactants (50 mmole each) were refluxed together 

In method c, 0.1 g 1,4-diazabicyclooctane was used instead of tr i-  

A l c o h o l y s i s  of N-(4-Chlorocarbaniloyl)-Cis-2- 
a m i n o c y c l o h e x a n e  NCA. A 3.2 g portion (10 mmole) of the 
N-carbamoyl NCA was refluxed in 50 ml dry ethanol until a clear 
solution w a s  obtained. Then, the reaction mixture was concentrated 
in vacuo, and the product crystallized by portionwise addition of 
diethyl ether under cooling with ice; yield: 1.9 g (59%); mp 168-170°C. 

N, 8.63%. Found: C, 59.20%; H, 6.73%; N, 8.45. 

broad); 7.40 (9, 4H, J = 12.0 Hz); 6.34 (d, 1H, J = 9.0 Hz); 4.13 (9, 3H, 
J = 7.0 Hz); 2.73 (m, 1H); 1.74 (m, 8H); 1.20 (t, 3H; J = 7.0 Hz). 

sium carbonate solution. However, upon acidification of this extract 
with concentrated hydrochloric acid no 6-ureidocarboxylic acid 
separated. 

D e p r o t o n a t i o n  o f  1 , 3 - 0 x a z i n e - 2 . 6 - d i o n e .  A 5.7 g 
(50 mmole) portion of 1,3-oxazine-2,6-dione were dissolved in 150 ml  
dry tetrahydrofuran and 3.7 g (50 mmole) tert-butylamine w a s  added 
dropwise, whereby a crystalline precipitate was formed. Ligroin (100 
ml) was  added to the reaction mixture and after cooling to -10°C the 
tert-butylammonium salt was isolated by filtration; yield, 8.3 g (89%); 
mp, 118-120°C (dec.). 

ANAL. Calcdfor C8H14Nz03 (186.2): C, 51.59%; H, 7.5%; N, 
15.04%. Found: C, 51.63%; H, 7.65%; N, 14.89%. 

The IR spectrum (KBr) exhibits signals attributable to cyrbonyl 
groups and the C-C double bond at  1776, 1720 and 1630 cm- . The 

ANAL.: Calcd for C E H Z ~ C ~ N Z O ~  (324.81): C, 59.17%; H, 6.52%; 

'H-NMR in DMSO-ds (internal TMS) showed 6 (ppm): 8.69 (s 1H, 

The filtrate was extracted with 50 ml of a 10% (by weight) potas- 
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MECHANISM OF NCA POLYMERIZATION. VIII 353 

TABLE 2. I3C-NMR Chemical Shifts 6 (downfield from external TMS) 
of some N-Carbamoyl-P-Amino Acid NCAs in Trifluoroacetic Acida 

6 ( P P d  

Formula N-ACyl P-Amino acid 
no. C arbonyl s residue residue 

Ib 164.38 
150.98 
149.14 

IIb 165.71 
150.82 
148.01 

IIC 165.91 
150.75 
148.86 

I I I C  166.34 
150.87 
149.03 

IIIe 166.52 
150.82 
149.20 

IIIf 167.42 
152.37 

147.67; 139.85 
130.82; 121.07 

19.42 

147.72; 139.79 
130.78; 121.66 

147.82; 139.97 
130.78; 120.86 

148.07; 133.34 
130.16; 128.60 

19.26 

19.32 

133.46; 133.16 
129.60; 124.52 

38.15; 28.11 

123.69; 122.07 
49.41; 38.24 
26.49; 23.73 

123.72; 122.04 
49.15; 38.15 
26.55; 23.63 

52.93; 39.78; 28.70 
24.33; 23.57; 20.18 

52.65; 39.92; 28.60 
24.27; 23.52; 20.23 

52.60; 40.14; 28.97 
24.39; 23.63; 20.29 

Other N-carbamoyl &amino acid NCAs are not soluble in t r i -  a 
fluoroacetic acid, 

'H-NMR spectrum in DMSO (TMS int.) shows 6 (ppm) = 7.10 (s, 3 H); 
7.06 (d, 1 H, J = 7.5 Hz); 5.10 ppm (d, 1 H, J = 7.5 Hz); 1.22 ( s ,  9 H) 
ppm . _ _  

P o l y m e r i z a t i o n  of 0 - N C A s  i n  t h e  P r e s e n c e  of N- 
C a r b a m o y l  P - N C A s  G e n e r a l  P r o c e d u r e ) .  A 50 mmole 
portion of a 8-NCA (Ia or IIIa) was dissolved in 80 ml dry solvent and 

N-carbamoyl P-NCA (Ic or  IIIc) was  added in most expkriments 
(Table 4). Then either triethylamine was added in form of a 1 M 
solution in dry dioxane, or potassium ethanolate in form of a 1" 
solution in ethanol. After 6 or 24 hr, the reaction mixture was poured 
into 600 ml diethyl ether. The precipitated polymer was filtered off, 
washed with diethyl ether, and dried at  6OoC/12 Torr. In the case of 
experiments 5 and 9 (Table 4), the polymers were reprecipitated 
from formic acid/acetone, The 'H- and 13C-NMR spectra of the 
reprecipitated polymers were measured in TFA. Signals attributable 
to ethyl ester endgroups were not detectable. 
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354 KRICHELDORF AND MULHAUPT 

TABLE 3. Wavenumbers of the Carbonyl Bonds in the IR Spectra 
(KEir) of Compounds of Structure III 

Wavenumber (cm- I)  

Formula 
no. Residue R Carbonyl CC Carbonyl C Z  

IIIa H- 18 12 1760 

IIIe C Hr-CsH4-SO 2- 1812 1760 

IIId Cs H50-SO 2.- 1828 1767 

I I I C  CH346H40 -soz- 1829 1768 

IIIb c I-so 2- 1832 1768 

T r  i e t h y l a m  i n e -  I n i t i a t e d  P o l y m e r i z a t i o n  of f i  - A l a -  
N C A  ( g e n e r a l  p r o c e d u r e ) .  A 5.8 g (50 mmole) portion of 
;I-Ala-NCA was dissolved in 100 m l  dry dioxane at 20°C and 1 m l  1 - M 
triethylamine solution in dry dioxane was added a t  once. The f lask 
was closed with a freshly prepared calcium chloride drying tube, 
and after 1, 4, or  1 2  h r  the polymer was precipitated from 500 ml 
diethyl ether. 

mmole of 4 - c hlor ophenyl isocyanate o r  N-m ethoxycarbonylglycine 
NCA was added to the NCA solution before the addition of triethyl- 
amine. In the fourth series (Table 5), 10 o r  2.5 mmole of tert- 
butylamine was mixed with 1 m l  1 M triethylamine solution (in di- 
oxane) and added to the solution of 7-Ala-NCA. 

In two analogous series of experiments (Table 5) either 10 o r  2.5 

P o l v m e r i z a t i o n  of  4 - N C A s  i n  t h e  P r e s e n c e  of N -  
M e t h o\ y c  a r  b o n  y l g 1 y c i n e  NC A ( G e n  e r a 1 P r o c  e d u r  e ) . 
A 50 mmole oortion of a I?-NCA and the cocatalvst (0.5-10 mmole) 
were dissolved in 100 ml dry dioxane o r  tetrahydrofuran, and tri- 
ethylamine was added in form of a 1 g solution in dry dioxane. The 
polymers were precipitated from 600 ml d ry  diethyl ether and fi l tered 
under protection against moisture. ZR- and 'H-NMR spectra  were 
measured immediately after drying (20°C, Torr,  24 hr). The 
poly-k-alanine (Nos. 2-4, Table 6 )  was powdered, suspended in 60 m l  
dry dimethylformamide, and s t i r r ed  with 7.3 g (0.1 mole) tert-butyl- 
amine for 24 hr at 20°C. Afterwards the poly-0-alanine was filtered, 
washed with diethyl ether, dissolved in 60 m l  formic acid, a n d  precipi- 
tated again from 600 ml dry diethyl ether. 

M e a s u r e m e n t s  

The IR spectra,  (Figs. 1-3) were measured with a Phillips Unicam 
SP 1000; the kinetic resul ts  (Fig. 4)  were obtained with a Perkin-Elmer 
Model 325 instrument equipped for protection against moisture.  
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TABLE 5. Influence of Nucleophilic and Electrophilic Cocatalysts on 
the Triethylamine-Initiated Polymerization of 8- Ala-NCA (NCA/ 
Base = 50:l) in Dioxane at  20°C 

NCA/Coc 
mole Time Yield 'sp" DP (by 

Cocatalyst (Coc) ratio (hr)  (%) (cm3/g) 'H-NMR) 

- None 

Tert-  butylam ine 5: 1 

20: 1 

N-Methoxycarbonyl 5: 1 
glycine NCA 

2O:l 

4 - Chlor ophenyl 
isocyanate 

5: 1 

20: 1 

1 
4 

12 
1 

4 
12 
1 

4 

12 
1 

4 

12 
1 

4 

12 
1 

4 

12 
1 
4 

12 

56.0 
82.0 

100 
98.0 

100 

100 
78.0 

95 

100 
48.0 

59.5 

85.0 

49.5 

66.0 

92.5 
13.5 

52.0 

80.0 

30.0 

73.5 
89.5 

12.3 

14.7 

17.1 
14.4 

14.5 

14.5 

9.5 
15.5 

17.4 

9.4 

10.3 

11.3 

13.0 

13.1 

13.6 

9.6 

9.7 
9.2 

11.0 

12.0 
13.0 

- 

6-7 

4- 5 

5-6 
14-16 
- 

14-17 

The 'H-NMR spectra  were measured on a JEOL JNM-PMX-60 
instrument a t  60 MHz in 5 mm sample tubes; internal TMS served 
for shift referencing. 

spectrometer at  21 kGauss (2.1 Tesla) in 10 mm sample tubes. A 
The 13C NMR spectra were measured on a Bruker WH-90 FT-NMR 
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coaxial 4 mm capillary containing a 1:1 mixture (by volume) of dioxane- 
& and TMS served for lock and shift referencing. 

cometer at  20" C in dichloroacetic acid. 
The viscosities were measured in a thermostated Ostwaldt vis- 

R E S U L T S  AND DISCUSSION 

D e D r o t o n a t i o n  of P - A m i n o  A c i d  N C A s  

Two reaction mechanisms a r e  primarily discussed in the case of 
the base-initiated polymerization of cu-amino acid NCAs: the activated 
monomer mechanism [ Eqs. (1)-(3)] and the carbamate mechanism 
[ Eqs. (4)-(5)]. Most characteristic for the activated monomer mech- 
anism are the NCA anions which are responsible for the initiation 
reaction (2) as well as for the propagation (3). However, if a strong 
base of low nucleophilicity, such as triethylamine or potassium tert-  
butylate i s  used as initiator and if nucleophilic impurities a r e  absent, 
the carbamate mechanism also requires NCA anions for the initiation 
reaction. In other words Eqs. (2 )  and (4) become identical. Thus, it 
was the f i rs t  step of this work to  investigate whether p-NCA anions 
a r e  formed upon addition of trialkylamines to a NCA solution in polar 
solvents. Since alcoholates are stronger bases than trialkylamines, 
there is no doubt that they can also deprotonate 6-NCAs if the tr i-  
alkylamines a r e  basic enough. Experimental evidence for the forma- 
tion of 8-NCA anions was first  obtained when P-NCAs were silylated 
with trimethylchlorosilane and triethylamine [ 11, 131. While P-NCAs 
do not react with chlorosilanes in the absence of a ter t iary amine, a 
fast and quantitative reaction takes place upon addition of triethyl- 
amine at 0°C. A similar result  was obtained, when 2-nitrophenyl- 
sulfonyl chloride (NPS-C1) was used instead of trimethylchlorosilane. 
NPS-P-NCAs were rapidly formed upon addition of triethylamine 
[ 14, 151. In contrast to the crystalline NPS-P-NCAs, the reaction 
products of the silylation a r e  not the N-trimethylsilyl-P-NCA, but 
the  isomeric P-isocyanatocarboxylic acid trimethyl silyl ester.  The 
nature of the endproducts is obviously the result  of a thermodynamical 
control, because the Si-0 bond is usually more stable than the Si-N 
bond, while a sulfenyl-N-bond i s  more stable than a su1fenyl-O bond. 
Furthermore, it should be mentioned here that triethylamine has a 
catalytic influence on the addition of P-NCAs onto aryl isocyanates 
(see below), an observation which also requires the intermediate 
formation of NCA anions for i ts  explanation. Further evidence for the 
deprotonation of P-NCAs by triethylamine was  obtained by measuring 
IR spectra of P-NCA/triethylamine mixtures (mole ratio 1:l) in 
tetrahydrofuran at  -16 to -15°C. The IR spectra show in addition to 
the characteristic CO signals of the NCA ring the signal attributable 
to an isocyanato group at 2280 cm- '  (Fig. 1). This signal is more 
intense in the case of p-Ala-NCA than in the case of substituted 
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8 - 
HN-(cHR),-CO-N -(cHR), 

I I I  
HN-(CHR), IN-(CHR) 

oc co 
8 ’ 1  I 1 I /  co - q-f: 

‘ O H  e ‘:o ‘0’ (2) 

HN- (CHR), 

I I  
oc, /co 

0 ’c -’ 

n = 1, a-amino acids 

n = 2 ,  /?-amino acids 

HN __ (CHR), HN- (CHR), 

I I  e ‘ I  
( 4 )  oc, ,co IY __f 9-7 co--v 9’:o c-’ 

HN- (CHR), HN- (CHR) 

S-7 CO-NH-(CHR)~-CO-Y 

(5) 

1 1  
o-c co--Y 
8 ‘:o 
-, I -9 8‘,0 

Y = any nucleophile which can 

attack the NCA r ing 

B-NCAs. Since /3-NCAs do not exhibit isocyanate signals in the absence 
of bases, the IR results of Fig. 1 can only be explained by the two 
equilibria (1) and (9). Since the equilibrium (8) l ies completely on the 
side of the isocyanate, we suppose that the equilibrium (9) behaves 
analogously. Two reasons account for the lower intensity of the iso- 
cyanate signal in the case of substituted P-NCAs compared with 
P-Ala-NCA. First, alkyl substituents enhance the electron density 
of the nitrogen, so that the anion i s  less  stable; secondly, they favor 
the ring form (i. e., NCA anion) in the equilibrium (9) for reasons of 
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CHR-CHR 
/ + NPS-CI, + B 

CHR- CHR /----- \ GO- 0 =,by NPS-N 
- B*t iCI  

co 
/ 

HN 

CHR-CHR 

‘co / + (CH3)3SiCI, + B 

\ / 
- B.HCI (CH3)+i-N 

co - 0 
(7) 

’ \  ‘co - 0 

~ FHR-CYR CHR- CHR 

entropy. This interpretation also allows us  to explain another 
observation. In the experiments of Fig. 1 it was observed that the 
isocyanates derived from substituted I?-NCAs disappear s o  rapidly 
that the IR spectra must be measured immediately after the addition 
of triethylamine (Fig. 1B). In the case of p-Ala-NCA the isocyanate 
signal was observable for more than 2 hr. Obviously the NCA anions 
react with their isomers to form N-carbamoyl NCAs [ l o ] .  The rate  
of this reaction increases, of course, with increasing nucleophilicity 
of the NCA anions and with their concentration. The formation of 
carboxyl groups reduces the basicity of the medium, so that the 
deprotonation of P-NCAs is finally stopped. In this connection it i s  
worth noting that &amino acrylic acid NCA (1,3-oxazine-2,6-dione) 
is so N-H acidic and so little electrophilic that addition of primary 
and secondary amines leads the quantitative formation of ammonium 
salts [ 111. By means of dimethyl sulfate, the 1,3-oxazine-2,6-diones 
can be alkylated in the presence of cold sodium carbonate [ 16, 171. 
These results together with those presented in the preceding paper 
[ 91 clearly demonstrate that P-NCAs a r e  easily deprotonated by 
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Wavelength (,urn) 

4 5 6 4 5 6 

0 2500 2000 1800 1600 

Wavenumber (cm” 1 

FIG. 1. IR spectra of tetrahydrofuran solutions of (A) 0-alanine- 
NCA/triethylamine (mole ratio, 1:l) at  -16°C after 40 min; (B) cis-  
2 -am inoc yc lohexane- 1 -car boxylic ac id NCA/triethylamine (mole 
ratio, 1:1) at  -16°C after 1 min. 

primary, secondary, or tert iary aliphatic amines; however, the 
extent of the deprotonation and the reactions of the NCA anions de- 
pend strongly on the structure of the F-NCAs. 

\ co -0‘ \ 
4 0 

2 (10) O=C=N-CHR - CHR-CO 

@ = CH ‘co + R’-NH2,- R’-NH3 + ’N 

co- 0 
/ ‘ \  

co- 0 
\ 

HN 

(11) 
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MECHANISM OF NCA POLYMERIZATION. VIJI 36 3 

S y n t h e s i s  a n d  P r o p e r t i e s  of N - A c y l  P - N C A s  

Base-initiated polymerization of P-NCAs proceeding predominantly 
via the activated monomer mechanism (1)-(3) requires in addition to 
the formation of P-NCA anions that N-acyl P-NCAs are formed either 
by the reaction of a p-NCA anion with a 0-NCA or  by the addition of a 
P-NCA anion onto a -isocyanate carboxylate, that the N-qcyl 6-NCAs 
react with nucleophiles, e. g., P-NCA anions exclusively a t  the carbonyl 
group C-6, and that the N-acyl-p-NCAs a r e  more electrophilic than 
the P-NCAs themselves. 

step in our investigation to study synthesis and properties of N-acyl 

In a previous paper we described various methods for the synthe- 

Since N-acyl-P-NCAs were not previously known, it was the second 

P-NCAS. 

sis of N-acyl-a-NCAs; however, none of these methods allowed a 
general application onto a variety of a-NCAs [ 181. Thus, it was 
initially not clear which of the methods used for a-NCAs would be 
successful in the case of P-NCAs. At first, we tried to achieve a 
direct acylation of the P-NCAs Ia, IIa, and IIIa by means of triethyl- 
amine and 3,5-dinitrobenzoyl chloride, which was successfully used 
in the case of a-NCAs. Although triethylamine hydrochloride was 
formed nearly quantitatively and although the IR spectra of the concen- 
trated reaction mixture showed the characteristic carboxyl signals 
of the 0-NCA ring, only impure, syrupy products were obtained. The 
phosgenation of N- ac etyl- N- t r  im e thylsilyl (3- alanine trim ethylsilyl- 
ester was  also unsuccessful, because the cyclization of the N-chloro- 
formyl intermediate failed. 

Thus, the only method which allowed us  to isolate a variety of 
N-acyl P-NCAs was the addition of P-NCAs onto reactive isocyanates 
(Table 1). For this purpose mainly the sulfonyl isocyanates IVa-e 
were used, because the reaction of the p-NCAs with these highly 
reactive isocyanates proceeded at room temperature even in the 
absence of a catalyst. With respect to the p-NCAs the following 
order of reactivity was found by IR spectroscopic control of the r e -  
actions: IVa > IVb > IVC > IVd > IVe. This order i s  surprising, 
IVd was expected to be more electrophilic than IVb, since Br exerts 
a -I effect while the CH3 group exerts a +I effect (negative cr param- 
eter in the scale of Hammett). The substituted P-NCAs IIa and IIIa 
proved to be more nucleophilic than P-Ala-NCA, which was more 
nucleophilic than most a-amino acid NCAs. Obviously the electron 
density of the nitrogen is the most important factor for the reactivity 
of the P-NCAs. The higher nucleophilicity of the P-NCA IIIa to Ia 
was best seen when 4-chlorophenyl isocyanate was used as the reac- 
tion partner. In boiling dioxane, IIIa added quantitatively onto this 
isocyanate within 4 hr, while Ia remained unchanged. The addition of 
IIIa onto 4-chlorophenyl isocyanate was catalyzed by both triethyl- 
amine and diazabicyclooctane. Obviously the anion of IIIa was formed 
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I I 1  I 1 1  

Ia: R = H- IIa: R = H- 
Ib: R = ClSOzNHCO- IIb: R = ClSOZNHCO- 
IC: R = CH3CsH4OSOzNHCO- IIc: R = CH~C~H~OSOZNHCO- 

IId: R = CsH50so~NHcO- 

IIIa: R = H- 
IIIb: R = ClSOzNHCO- 
IIIC: R = CH~C~H~OSOZNHCO- 
IIId: R = C~H~OSOZNHCO- 
IIIe: R = CH~CGH~SO~NHCO- 
IIIf: R = ClCsH4NHCO- 

X-SO z-N=C =O 
IV 

as reactive intermediate. These observations support strongly the 
above mentioned conclusions concerning formation and reaction of 0- 
NCA anions and 0-isocyanatocarboxylates [ Eqs. (11, (9), and ( t o )  and 
Fig. 11. 

and their N-acyl derivatives is the lack of polymerizability of the 
The main difference in the propert ies  of N-unsubstituted P-NCAs 
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latter class of compounds. Thus, the storage of Ib, IIb-d, and IIIb-f 
presents no problems, because neither temperatures up to 50°C nor 
t races  of moisture cause decomposition. However, upon heating 
above their melting points the N-carbamoyl /3-NCAs decompose 
rapidly under evolution of carbon dioxide in analogy with the N-(2- 
nitrophenyl-)sulfenyl p-NCAs [ 151. When heated in boiling dioxane 
in the presence of triethylamine, the N-carbamoyl P-NCAs were stable 
for several hours. With protic nucleophiles a stoichiometric reac- 
tion takes place which involves exclusively the carbonyl group at  c6 . 
Thus, IIIf and tert-butylamine yielded the amide V, a s  described 
previously [ 91, and from IIIf and ethanol the ester VI was obtained. 
Unfortunately a direct kinetic comparison of the electrophilicity of 
the p-NCAs Ia, IIa, IIIa, and their N-carbamoyl derivatives is not 
possible, because the monomers Ia, IIa and IIIa undergo polymeriza- 
tion when reacted with protic nucleophiles [ 91. Hence, only the IR 
spectra allow a comparison of the reactivity. It is in general accepted 
that, if compounds of similar structure a r e  compared, the frequency 
of the C=O stretching vibration may be used a s  a measure for the 
reactivity of carbonyl groups. The data of Table 2 and Fig. 2 indicate 
the N-acyl residue has only a weak influence on the carbonyl groups 
of the p-NCA ring, so that the difference in reactivity between /3- 
NCAs and N-carbamoyl 0-NCAs i s  much smaller than between a- 
amino acid NCAs and their N-acyl derivatives [ 181. This result is 
obvious with respect to the c6 carbonyl group, since the N-acyl 
residue is several a-bonds removed from this carbonyl group. How- 
ever, the weak effect on the CZ carbonyl group is  surprising. A 
tentative explanation for the fact that the carbonyl group c6 is appar- 
ently more influenced by the carbamoyl residue than the C Z  carbonyl 
is given by the mesomeric formula VII. With regard to the mechanism 

CHR - CHR CHR-CHR 

/ >CO t--------, HN / \co 
-/ 
0 - @‘\c - \ 

HN 

co- 0 
I 

121 
0 

lo’ CHR-CHR CHR-CHR 

‘CO 
I /  

l lo‘@ 

‘CO +---+R-C=N 
I! / 

R- C-N 
\ .-/ -/ 

@ 
C- o_ 
II 

I01 

VII 
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Wavelength @m) 
3 4 5  6 7 8  10 l !  

100 I 
1 I ,  1 

3500 2000 1500 1000 700 

Wavenumber (cm-' 1 

FIG. 2. IR spectra (in KBr) of (A) cis-2-aminocyclohexane-l- 
carboxylic acid NCA (IIIa); (B) N-( 4-c hlorocarbaniloyl- )-cis- 2- 
aminoc yclohexane- 1 - carboc yc lic acid NC A (IIIf ). 

of the base-initiated polymerization of P-NCAs we reach the following 
conclusion. The N-acyl P-NCAs fulfill the conditions of the activated 
monomer mechanism that a nucleophilic attack must exclusively in- 
volve the CS carbonyl group. On the other hand, N-acyl P-NCAs a r e  
only slightly more electrophilic than the monomers themselves, so 
that a predominant polymerization of P-NCAs via the activated mono- 
mer mechanism is not favored. 

T h e  R o l e  of C o c a t a l y s t s  

The predominance of the activated monomer mechanism requires 
in addition to the formation of P-NCA anions [ Eq. (111 that the N-acyl 
chain-ends a re  substantially more reactive than the monomers, so 
that the propagation via these chain ends [ Eq. (3)] is faster  than the 
reaction of p-NCA anions with monomers [ initiation reaction (2)j 
and faster than the reaction between carbamate groups and monomers 
[ Eq. (5)]. This situation allows one to ca r ry  out a simple and de- 
cisive experimental test. N-acyl- 13-NCAs added to a base-initiated 
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polymerization of [q-NCAs should lead to an acceleration because the 
relatively slow initiation reaction (2) is replaced by a faster one, 
namely, by the reaction of P-NCA anions with the electrophilic cocata- 
lyst [ Eq. (12)]; in other words, N-acyl e-NCAs must behave a s  elec- 
trophilic cocatalysts of the base-initiated polymerization of [j-NCAs. 
Table 4 summarizes the reaction conditions and results of experiments 
shaped to demonstrate the influence of the N-carbamoyl &-NCAs Ic and 
IIIc on the base-initiated polymerization of Ia and IIIa. The standard 
experiments 1, 5, and 9 (Table 4) were carried out without cocatalyst; 
while in the parallel experiments various amounts of N-carbamoyl 
P-NCAs were added. All experiments demonstrate that the N-acyl 
P-NCAs behave a s  inhibitors and not a s  cocatalysts. To test whether 
these results a r e  limited to the N-carbamoyl fi-NCA used for the 
experiment of Table 4, a second series of experiments was carried 
out with P-Ala-NCA a s  monomer (Table 5). In this case N-methoxy- 
carbonyl glycine-NCA [ 181 and 4-chlorophenylisocyanate were used 
a s  electrophilic additives. Again an inhibitor effect was observed 
when the yields of (P-Ala), were compared with those obtained 

without electrophilic additives. Moreover, the addition of a nucleo- 
philic cocatalyst (tert-butylamine) led to a remarkable acceleration. 
Both effects, the acceleration caused by tert-butylamine and the 
inhibition caused by the two electrophiles, increase with increasing 
concentration of these additives. Thus we must conclude that the 
base-initiated polymerization of 0-NCAs proceeds mainly via nucleo- 
philic chain ends, such as carbamate groups or amino groups which 
can result from the decarboxylation of protonated carbamate. The 
fact that highly electrophilic compounds behave a s  inhibitors, does 
not mean that a chain growth via N-acyl-P-NCA end groups [ Eq. (3)] 
is impossible, It indicates only that the propagation via nucleophilic 
chain ends is usually much faster. Thus, we tried to find out whether 
a chain growth via N-acyl-P-NCA chain end is possible or not. For 
this purpose the three monomers Ia, IIa, and IIIa were polymerized 
in the presence of various amounts of N-methoxycarbonyl glycine NCA 
VIII, and the polymers were precipitated from dry diethyl ether after 

CH2 
CH3-O-CO-N - 

I 1  
OC, ,co 

0 

VIII 

a high conversion was reached. The endgroups of the isolated poly- 
mers  were identified by IR and 'H-NMR spectroscopy. The IR spec- 
t ra  show the bands characteristic of carbonyl of P-NCA groups at  ca. 
1820 and 1760 cm- '  (Fig. 3)) in addition to the broad signal of the 
amide groups at  ca. 1650 cm- '. 'H-NMR spectroscopy allows an 
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. _._. - - - - -  loo- -  

80- 

60 - 

40- 

20.e 

c 

1500 1000 700 3d00 2obo' ' ' 
1 Wavenumber (cm. ) 

FIG. 3. IR spectra (in KBr) of (A) (P-Ala), obtained after 3 days 

from a triethylamine-initiated polymerization in dioxane at  20" C with 
N-m ethoxycarbonyl glyc ine NC A a s  cocatalyst (mole ratio NC A/c ocat . 
5:1), (No. 1, Table 6);  (B) poly(cis-2-aminocyclohexene- 1-carboxylic 
acid) obtained under the same reaction conditions (No. 5, Table 6). 

identification of the methoxycarbonyl endgroup (6 = 3 ppm downfield 
of internal TMS in trifluoroacetic acid) and also a quantitative deter- 
mination, It turned out that the c~~icent ra t ion  of this end-group agrees 
well with the NCA/cocatalyst mLA3 ('l'able 6). This finding let us 
conclude that the signals in question really result from endgroups 
and not precipitated, unreacted N-methoxycarbonyl glycine NCA. 
Additional evidence for this conclusion was obtained by treatment 
of the isolated poly-j3-alanine with tert-butylamine in dimethyl- 
formamide. After reprecipitation from formic acid/diethyl ether 
the characteristic 'H-NMR signal of tert-butylamide endgroups was 
found, while the IR bands of the N-acyl NCA endgroup were now 
absent (Nos. 2-4, Table 6). The lower concentration of tert-butyl- 
amide endgroups compared with N-methoxycarbonyl groups before 
the reprecipitation may be explained by fractionation resulting from 
reprecipitation. These observations clearly demonstrate that the 
relatively slow polymerization of /3-NCAs in the presence of electro- 
philic additives proceeds via the activated monomer mechanism, so 
that oligomers and polymers with N-acyl P-NCA endgroups a r e  formed. 

K i n e t i c  I n v e s t i g a t i o n  

zation can proceed via nucleophilic chain ends (5)  and via electrophilic 
The finding that the propagation of a base-initiated NCA polymeri- 
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A 

369 

Extinction 

0.9 

B 

FIG. 4. Time (determined by IR spectroscopy) curves for the 
t r  iethylam ine - initiated polymerization of cis-  2 -am inocyc lohexene- 1 - 
carboxylic acid NCA (IIa) in dioxane at  25°C (mole ratio NCA/tri- 
ethylamine, 13: I): (A) without cocatalyst; (B) with N-methoxy- 
carbonyl glycine NCA; (C) with 4-chlorophenyl isocyanate (NCA/ 
cocatalyst 10: 1). 

ones (3) together with the fact that P-isocyanato carboxylate ions a r e  
present in the reaction mixture (Fig. 1) allowed us to conclude that 
the kinetic behavior of such a reaction mixture i s  rather complex. 
To obtain time-conversion curves the polymerization of cis-2-amino- 
cyclohexene- 1-carboxylic acid NCA (IIa) was investigated in dioxane 
at  25°C. This system was chosen because poly(cis-2-aminocyclo- 
hexene- 1-carboxylic acid) is soluble in dioxane, so that the decrease 
of the monomer concentration can be followed by IR spectroscopy. 
For this purpose the intensities of the characteristic carbonyl bands 
of the monomer a t  1810 and 1760 cm-I were measured. The three 
curves, shown in Fig. 4, exhibit the expected inhibitor effect of N- 
methoxycarbonyl glycine NCA (curve B) and 4-chlorophenylisocyanate 
(curve C). However, the shapes of all three time/conversion curves 
a re  similar; four sections a re  distinguishable. The first  one reflects 
an acceleration (first hour); the second section shows a slow-down 
of the polymerization, the third section represents again an accelera- 
tion, while the last section reflects the decrease of the polymerization 
rate  caused by the consumption of monomer. Obviously such a time- 
conversion curve cannot be explained by a simple kinetic scheme 
based on one initiation reaction, one propagation reaction, and one 
termination step. Hence, we wil l  present only a qualitative interpreta- 
tion of the curves. The first  short period of acceleration is caused 
by an increasing concentration of 6-NCA anions and their reaction 
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370 KRICHELDORF AND MULHAUPT 

products. The 8-NCA anions a r e  accompanied by the isomeric p- 
isocyanato carboxylic anions which in turn can react with the P-NCA 
anions according to Eq. (10). Hence, the concentration of carboxylic 
acid groups increases, so that the basicity of the medium decreases, 
Thus, the P-isocyanatocarboxylate ions behave, on the one hand, a s  
inhibitors similar to other electrophilic additives; on the other hand, 
they behave as acids. The reduction of basicity prevents further 
formation of P-NCA anions and p-isocyanato carboxylate ions, so 
that finally no inhibitor i s  formed. This situation leads again to an 
acceleration of the propagation via nucleophilic endgroups until the 
most of the monomer is consumed. The second section of the time- 
conversion curves represents the situation with the highest concentra- 
tion of electrophilic groups, e. g., N-carbamoyl-P-NCAgroups. 
During this period a slow propagation via the activated monomer 
mechanism is possible. It must be emphasized that the above scheme 
i s  only a tentative explanation of the kinetic behavior of monomer IIa; 
it i s  probably a simplification of the real  situation. 

C h a  i n G r  o w t h b y  C o n d e n  s a t  i o n R e  a c  t i o n s -- 

At least in the case of P-Ala-NCA the mechanistic scheme of the 
base-initiated polymerization is further complicated by a third kind 
of propagation. When the polymerization of P-Ala-NCA was initiated 
by a high concentration of triethylamine (NCA/amine = 1: 1- 10: l), 
the l3 C-NMR spectra of the isolated reaction products displayed 
numerous signals in addition to the three characteristic signals of 
poly-P-alanine (Fig. 5B). These additional signals possess a relatively 
small line width which is characteristic of low molecular weight com- 
pounds or endgroups. The assignment of the signals w a s  achieved by 
comparison with the model compounds IX-XII (see Table 7 and Fig. 5C). 
This assignment indicates that the main reaction products a r e  oligo- 
m e r s  and low molecular weight polymers with one carboxyl and one 
perhydrouracil endgroup XIII. The formation of these end products 
can be explained by condensation of the P-isocyanatopropionate ions 
[ Eqs. (14) and (15)], followed by the cyclization of the P-isocyanato- 
acylamide groups I Eq. (16)]. 

the cyclization or  whether the cyclic dimer is formed before chain 
growth can continue is a question we cannot answer. However, we can 
present additional experimental evidence for the individual steps of 
this reaction scheme. In a previous paper we described the synthesis 
of f ree  P-isocyanatocarboxylic acids by cautious hydrolysis of their 
trimethylsilylesters [ 191 The spontaneous polyaddition of these 
acids yields linear poly-N-carboxy anhydrides, which decarboxylate 
rapidly in the presence of tert iary m i n e s  to form polyamides. 
Furthermore we have described [ 201 the cyclization of P-isocyanato- 
acyl amides for the preparation of perhydrouracils starting with 

Whether the polycondensation of the linear dimers is faster than 
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a I  b c a  

m d  
h k b  H2C-CO g l b  

/ ' N-CH2-CH2-CO-I-NH-CH2-CO-]x -NH-CH1-CH2-C:-OH ' H2C, , 
HN-CO 

e 

TMS 

f 

h b  

d i  
/ h ! l a  

HZC-CO 

f H2C ' N-CH2-CH2-CO-0-CH2 -CH3 
\ /  

HN-CO g ' h  i 
C 

e d TMS 

a 
C 

-vy*Lc 

1 1 I 1 I 

1 80 160 140 40 20 0 
6 (ppm) 

1. I 

FIG. 5. 13C-NMR spectra  (22.63 MHz) measured in trifluoroacetic 
acid: (A) (P-Ala) obtained from P-Ala-NCA in pure pyridine (mole 

r a t io  1:20) at 20°C; (B) (P-Ala), obtained from P-Ala NCA/triethyl- 

amine (mole rat io  1: 1) in dioxane a t  20°C; (C) 1-(2-ethoxycarbonyI 
ethylene- ) 5,6- dihydrouracil. 
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CO(NH-CH~-CH~-CO~H)~  C ~ H ~ C H ~ O - C O (  NH-cH~-cH~-CO)~-OH 

X I X  

OCN-CH2-CH2-COCI + NH2R -_ HC > OCN-CH2-CH2-CO-NHR 

XI: R=CH2-CH -CO-OC H 2 5  H C  /CH2-Co >N-R J / /  2 

NH-CO XI I :  R = C6H5 2 \  

e 
O C N - ( C H ~ ) ~ - C O ~  % e 

+ OCN-(CH~),-CO-O-CO-NH-(CH~)~-CO~ + H  / 
/ 

Y 

O C N - ( C H ~ ) ~ - C O ~  

e 
N-CH2-CH2-C02 

F H 2 -  co \ 

\ / 

/ 
e 

OCN-(CH2)2-CO-NH-(CH2)2-C02 ___) H 2 \  C 
/ 

/ 
NH- CO \ 

\ 
N-c H ~ - C  H,-CO-CO-( N H-CH~-CH~-CO),-O H 

F H 2 -  co 
/ 

H C  

NH-CO 
2 \  

XI11 
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374 KRICBELDORF AND MULHAUPT 

primary amines and P-isocyanatocarboxylic acid chlorides [ Eqs. (12) 
and (13)]. This reaction i s  a lso catalyzed by tert iary amines and 
allowed us to synlhesize the model compounds XI and XII. Finally 
we have observed that the intensity of the endgroup signals (Fig. 5B) 
increases with increasing concentration of the triethylamine used a s  
initiator for the polymerization of p-Ala-NCA. Moreover, a weak 
base such as pyridine did not produce these endgroups (Fig.  5-4). 
Since the concentration of /?-isocyanatocarboxylate ions increases 
with increasing basicity of the reaction medium it is obvious that the 
additional 13C-NMR signals in Fig. 5B stem from reaction products 
of the (3-isocyanatocarboxylate ions. In this connection it i s  worth 
noting that the (p-Ala) obtained by the potassium ethanolate-initiated 

polymerization (No. 9, Table 4) did not exhibit any endgroup signal 
in i ts  I3C-NMR spectrum. The 13C-NMR spectrum was identical with 
that of Fig. 5A, even though ethanolate ions a r e  much more strongly 
basic than triethylamine. We see three reasons which can account 
for this alleged contradiction. First, the concentration of ethanolate 
was rather low. Secondly, the P-isocyanato carboxylate ions reacted 
with the ethanol, and the resulting N- ethoxycarbonyl-P-alanine neu- 
tralized a part of the ethanolate so that a further formation of p-iso- 
cyanatocarboxylate ions w a s  never possible. 

carboxylate ions a r e  observed only in the case of p-alanine-NCA. 
The two main reasons have already been discussed. Substituted 
P-NCAs and their anions a r e  more nucleophilic, so that the addition 
onto the isocyanate group [Eq. ( lo ) ]  is faster. Furthermore, the 
concenlration of P-NCA anions i s  increased at the expense of p- 
isocyanato carboxylate ions, because substituents favor the ring clo- 
sure. In other words, the equilibrium (9) is shifted to the left more 
than in the case of P-Ala NCA. Figure 1A demonstrates that 0-iso- 
cyanatocarboxylates and their reaction products a r e  st i l l  observable 
after 40 min (even after 2 hr), while they have completely disappeared 
in the case of the substituted NCAs IIa and IIIa after 5 min. Thus, 
not only the reaction conditions but also the structure of the P-NCAs 
may have an influence of the polymerization mechanism. However, 
all polymerizations described in this work agree in thal high molecular 
weights were not obtained. A comparison of the viscosity measure- 
ments with those reported in the preceding paper indicate that degrees 
of polymerization in excess of 100 were never achieved. 

n 

Finally we must explain why condensation products of P-isocyanato 

C O N C L U S I O N  

The silylation and sulfenylation of 0-NCAs, the addition of P-NCAs 
onto isocyanates, and the IR spectroscopic study of deprotonation 
clearly demonstrate that trialkylamines, like primary and secondary 
amines, can deprotonate P-NCAs. The P-NCA anions and the isomeric 
P-isocyanatocarboxylate ions a r e  compounds of an equilibrium [Eq. (g)] 
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MECHANISM OF NCA POLYMERIZATION. VIE 375 

strongly favoring the latter species. The 6-NCA anions a r e  mostly 
responsible for the initiation reaction (Z), because they a r e  the strong- 
est  nucleophiles in this system. This interpretation does not exclude 
the fact that nucleophilic impurities or additions contribute to the 
initiation reaction. The P-isocyanatocarboxylate ions are mainly 
responsible for the termination steps as discussed previously for the 
primary and secondary amine- initiated polymerization of P-NCAs. 
It i s  this role of the P-isocyanato carboxylate ions which presents the 
formation of high molecular weight poly-P-amino acids for 0-NCAs 
not matter if nucleophiles or aprotic bases are used as initiators. 
However, it must be emphasized that weak bases such as 4-chloro- 
aniline in the case of primary amines or pyridine in the case of 
tert iary amines cause less  side reaction than strong bases, so that 
substantially higher molecular weights a r e  accessible with weakly 
basic initiators. A comparison of Figs. 5A and 5B as well a s  the 
viscosity measurements reported in previous papers [ 9, 111 sub- 
stantiate this hypothesis. 

us, furthermore, conclude that the base-initiated polymerization of 
P-NCAs involves three different mechanisms of propagation. The 
fastest and most important propagation results from the reaction of 
a nucleophilic chain end with the CS carbonyl group of a 0-NCA. The 
active chain end may be a carbamate group or, after decarboxylation, 
an amino group. Nonpolar solvents, high temperatures, and high 
concentrations of acidic protons favor the formation of amino groups 
at  the expense of carbamate groups. The chain growth via the acti- 
vated monomer mechanism is slow, because the N-acyl-P-NCA chain 
ends a r e  hardly more reactive than the monomers and because the 
concentration of P-NCA anions i s  low. Hence, a substantial contribu- 
tion of this kind of propagation i s  only expected in the f i rs t  stages of 
a base-initiated polymerization and only in the presence of an electro- 
philic cocatalyst. The third propagation mechanism, namely the con- 
densation of P-isocyanatocarboxylate ions, is limited to the polymeri- 
zation of p-Ala-NCA and requires a high concentration of strong base. 

A comparison of the base-initiated polymerization of a- and P- 
amino acid NCAs reveals several analogies but also characteristic 
differences. Silylation, sulfonylation, and acylation of CY-NCAS [ 15, 
18, 2 I] demonstrate that these five-membered heterocycles a r e  also 
deprotonated by strong bases. Furthermore, we see growing evidence 
for that also the base-initiated polymerization of a-NCA must be 
described by two or more propagation mechanisms [ 18, 22-27]. 
However, the activated monomer mechanism has a greater importance 
for a-NCAs, because it i s  the fastest reaction in this case. The 
relatively high electrophilicity of N-acyl a-NCAs and higher concen- 
trations of a-NCA anions a r e  responsible for this result. In the case 
of a-NCAs the equilibrium between NCA anions and isocyanatocar- 
boxylate ions i s  shifted to the left far more than in the case of P-NCAs, 
because the formation of five-membered heterocycles is kinetically 

The experiments summarized in Tables 4-6 and Figs. 4 and 5 let 
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3 76 KRICHELDORF AND MULHAUPT 

and thermodynamically more  favored than that of six-membered r ings 
111, 211. (It must be kept in mind that the stability of heterocycles 
does not parallel that of cycloalkanes.) 

important consequences. F i r s t ,  polycondensation of this species 
does not occur, and, secondly, termination s teps  are l e s s  frequent, 
so  that higher molecular weights are accessible  by polymerization 
of a-NCAs. Yet, i t  must be emphasized that a low concentration of 
a-isocyanatocarboxylate ions is not the only reason that cr-NCAs 
yield higher degrees of polymerization. The comparison of a- and 
fi-amino acid NCAs is, in our opinion, useful for a better understand- 
ing of the properties of both c l a s ses  of monomers.  

The low concentration of a-isocyanatocarboxylate ions has  two 

R E F E R E N C E S  

E. R. Blout and E. H. Karlson, J. Am. Chem. SOC., 2, 94 
(1956). 
M. Szwarc, Advan. Polym. .- Sci. (Fortschr .  Hochpolym. Forsch.), 
- 4, 1 (1965). 
C. H. Bamford and H. Block, High Polymers,  26, 687 (1972). 
J. Noguchi, S. Tokura and N. Nishi, Angew. Makromol. Chem,, 
- 22, 107 (1972). 
A. G. Walton and J. A. Blackwell, Biopolymers 1st ed., Aca- 
demic P res s ,  New York - London, 1973. 
T. Wieland, Angew. Chem., 63, 7 (1951); -- hid. ,  66, 507 (1954). 
R. Idelson a n d E .  R. Blout, JyAm. Chem. S O ~ . ,  79, 39, 48 
(1957). 
C. H. Bamford, H. Block, and A. C. Pugh, J. Chem. SOC., 1961, 
2057. 
H. R. Kricheldorf and R. Mulhaupt, Makromol. Chem., in 
press.  
G. Lohaus (Farberke Hoechst A. G.), Ger. Pat. 1,230,017, 
June 15, 1965; Chem. Abstr., 8, 68714v (1968). 
H. R. Kricheldorf, Makromol. Chem., 173, 13 (1973). 
H. R. Kricheldorf, Synthesis, 551 (1972). 
H. R. Kricheldorf and W. Regel, Chem. Ber., 106, 3753 (1973). 
H. R. Kricheldorf, Angew. Chem., 85, 86 ( 1 9 7 3 7  
H. R. Kricheldorf and M. Fehrle, Chem. Ber., 107, 3533 
(1974). 
J. H. Macmillan and S. S. Washburne, J. Heterocycl. Chem., 12, 
1215 (1975). 

-___ 

J. D. Warren, J. H. MacMillan, and S. S. Washburne, J. Org. 
Chem. 40 743 (1975). 
H. R. Kricheldorf, Makromol. Chem., 178, 905 (1977). 
H. R. Kricheldorf, Makromol. Chem., 149, 127 (1971). 
H. R. Kricheldorf, Liebigs Ann. Chem., 1387 (1975). 
H. R. Kricheldorf. Chem. Ber.. 104. 3131 (1971). 

___ 7 -7 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



MECHANISM OF NCA POLYMERIZATION. VIII 377 

[ 221 H. Sekiguchi and J. F. Doussin, Biopolymers, 3, 1435 (1976). 
[ 231 D. Gianmkidis and H. J. Harwood, J. Polym. Sci. Polym. Letters 

Ed., 16, 491 (1978). 
[ 241 r R . K r i c h e l d o r f  and W. E. Hull, Makromol. Chem., 180, 

1715 (1979). 
[ 251 M. Goodman and J .  Hutchison, J. Am. Chem. SOC., E, 3627 

(1966). 
[ 261 E. Peggion, M. Fergojevich, A. Cosani, and C. Colombini, 

J. Am. Chem. SOC., 88, 3630 (1966). 
[ 271 H. R. Kricheldorf, Makromol. Chem., 178, 1959 (1977). 

- 

Accepted by editor February 12, 1979 
Received for publication February 20, 1979 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
0
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


