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ABSTRACT: Polymerizations of DL-phenylalanine N-carboxyanhydride (NCA) by 
pyridine, 2,2' -bipyridine, 4,4' -bipyridine, 2,2' ,2" -tripyridine, 2,2' ,2" ,2"' -tetrapyridine were 
carried out in nitrobenzene at 35°C. When the aprotic base was in excess of NCA, the 
initial polymerization rate increased with increasing the basicity of the aprotic base. 
When NCA was in excess of the aprotic base, 2,2'-bipyridine led to the fastest poly
merization. Since pyridine groups act as adsorption sites as well as catalytic sites, a co
operative function of two pyridine groups in bifunctional 2,2'-bipyridine is suggested. 
LCAO-MO calculations showed the possibility that two reacting species are adsorbed on 
2,2'-bipyridine. Since they are arranged suitably for intramolecular collisions, the 
reaction rate increases. In the polymerization of DL-phenylalanine NCA by n-hexylamine 
in the presence of 2,2'-bipyridine as a matrix, the same sort of acceleration was also 
observed. 
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The polymerization of DL-phenylalanine N
carboxyanhydride (NCA) by poly(2-vinylpyri
dine) has been studied in our laboratory. 1 •2 

The NCA is adsorbed on the polymer chain 
by hydrogen bonding, activated by the pyridyl 
group, and reacts with other NCA adsorbed on 
the same polymer chain. Thus, the polymer
ization by the polymer catalyst is much faster 
than that by a manometric catalyst (pyridine or 
a-picoline) having a similar base strength. Fur
thermore, the effect of the degree of polymer
ization (DP) of the polymer catalyst on the 
polymerization rate was studied in the detail, 3 

and it was found that pyridine groups along the 
polymer chain cooperate in hydrogen bonding 
with NCA and in the intramolecular collisions 
between adsorbed species. It occurred to us 
that the cooperation of pyridine groups in prox
imity should be investigated in more detail with 
a simple catalyst system. For this purpose, 
pyridine, bipyridines, tripyridine, and tetrapyri
dine were used as catalysts for the polymeriza
tion of DL-phenylalanine NCA. These catalysts 
have adsorption sites as well as catalytic sites, 
and are suited for a precise investigation of the 
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cooperation among functional groups without 
the difficulties associated with the use of a 
polymer catalyst, such as viscosity, heat dissipa
tion, etc. 

EXPERIMENTAL 

Reagents 
DL-Phenylalanine NCA was synthesized by 

phosgenation of DL-phenylalanine. 3 Aprotic base 
catalysts used were pyridine, 2,21 -bipyridine, 
4,41 ,bipyridine, 2,21 ,2" -tripyridine, 2,21,21 ' ,2111 -

tetrapyridine, and poly(2-vinylpyridine). Pyri
dine was distilled from KOH and stored in a 
sealed ampoule, bp 115-ll6°C. 2,2' -Bipyridine 
was recrystallized from petroleum ether, mp 70-
71 oc. Other pyridines were commercial guaran
teed reagent and used without further purifica
tion. Atactic poly(2-vinylpyridine) was obtained 
by radical polymerization. 3 

The normal-amine-type catalyst used was n
hexylamine, which was distilled over CaH2 and 
stored in a sealed ampoule, bp l28-129°C. 

Purifications of the solvents for polymerization 
(nitrobenzene) and for NCA purification (ethyl 
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acetate and petroleum ether) have been previ
ously reported. 4 

Procedure 
All polymerizations were carried out in nitro

benzene solution at 35°C under a nitrogen stream. 
The polymerization rate was determined from the 
amount of carbon dioxide evolved in the poly
merization. The apparatus and the method of 
determination have been reported by Patchornik 
previously. 5 

The equilibrium constant for hydrogen-bond 
formation between catalyst and NCA in methyl
ene chloride was determined by infrared spectro
scopy.6 

Total 1r-electron density on the nitrogen atom 
of the aprotic bases was calculated by the simple 
Hiickel method. 

RESULTS AND DISCUSSION 

Polymerization of DL-Phenylalanine NCA by 
Multifunctional PJ!idine Derivatives 
The polymerization of DL-phenylalanine NCA 

by pyridine derivatives is thought to proceed 
according to the "activated-NCA mechanism" 
which was first proposed by Bamford. 7 •8 In this 
mechanism the basicity of initiating amine is 
most important, and more basic amines usually 
lead to faster polymerizations. 9 In the present 
polymerizations several characteristics of the 
activated-NCA mechanism8 were observed. 
However, more basic amines did not always give 
a faster polymerization. Figure 1 shows the 
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Figure 1. PolymerizationofoL-phenylalanine NCA 
(M) by pyridine derivatives (1) at M/1=0.2: nitro
benzene solution; 35°C; [NCA]o, 0.2 moljl; Q, pyri
dine; /:::,., 2,2'-bipyridine; 0, 4,4-bipyridine; x, 
2,2' ,2"-tripyridine ([NCA]o, 0.1 moljl). 
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Figure 2. Polymerization of DL-phenylalanine NCA 
(M) by pyridine derivatives (/) at M/1=5: condi
tions and notations the same as in Figure 1. 

time-conversion curves for the polymerization 
under the condition that excess amines over 
NCAs are present. Throughout this paper the 
amine concentration refers to the concentration 
of pyridine residues. Under this condition more 
basic amines (cf. Table I) give a faster polymer
ization. On the other hand, Figure 2 shows the 
time-conversion curves for the polymerization 
under the condition that excess NCAs over 
amines are present. Under this condition, less 
basic 2,21-bipyridine gives a faster polymerization 
than more basic pyridine. 

Under a variety of NCA-to-amine ratios the 
initial polymerization rate (Rp) was determined. 
Rp was determined from the slope of the first
order plot of monomer consumption when it 
became a straight line (stationary state) after a 
short period at the very initial stages. In Figure 
3, Rp is plotted against the logarithm of the 
NCA-to-amine ratio (M/1) for various pyridine 
derivatives whose basicities (pKa value) are 
compared in Table I. 2,21,211 ,2111 - Tetra pyridine 
initiated a very slow polymerization of DL
phenylalanine NCA, so the experimental data 
are not shown in Figure 3. At low Mf1 ratios, 
pyridine leads to a faster polymerization than 
2,2'-bipyridine. Keeping M constant (0.2 molfl) 
and decreasing I, Rp for pyridine decreases sharp
ly but Rp for 2,21 -bipyridine does not change 
significantly. As a consequence, at large Mfl 
ratios, 2,21 -bipyridine initiates a faster polymer
ization than pyridine. Other pyridine derivatives, 
such as 4,4'-bipyridine, 2,2' ,2" -tripyridine, and 
2,21 ,2" ,21 "-tetrapyridine behaved as expected 
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Figure 3. Initial rate of polymerization (Rp) of 
DL-phenylalanine NCA (M) by pyridine derivatives 
(I) for various Mjl ratios: conditions and notations 
the same as in Figure 1; .&, [NCA]o, 0.4molj/, 
[2,2'-bipyridine], 0.04 moljl; e, [NCA]o, 0.4 moljl, 
[pyridine], 0.04 moljl. 

from their basicity. They never exceeded pyridine 
at any Mjl ratios studied. 

The situation becomes clearer in the polymer
ization where both monomer and initiator 
concentrations are doubled while keeping Mjl 
constant (M=0.4 moljl, 1=0.04 moljl). In this 
case much faster polymerization takes place ( e 
and .& in Figure 3), and the peculiarity of 2,2'
bipyridine is clearly indicated. 

It is suggested in Figure 3 that at large Mjl 
ratios some cooperation of two pyridine groups 
is operative with 2,2' -bipyridine, which com
pensates its low basicity and gives an abnormally 
high polymerization rate. The mechanism of 
cooperation is considered below. 

Equilibrium Constant for Hydrogen-Bond Forma
tion between DL-Phenylalanine NCA and Pyri
dine Derivatives 
In multifunctional pyridine derivatives, pyri

dine groups act as adsorption sites as well as 
catalytic sites. 1- 3 The equilibrium constant (K) 
for the hydrogen-bond formation should be deter
mined, because it may have some bearing on the 
cooperative function· of the catalyst. Under 
the various concentrations of NCA (M=O.Ol-
0.03 moljl) and pyridines (/=0.01-0.04 moljl), 
the intensity of N-H stretching absorption at 
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Table I. Equilibrium constant K for hydrogen
bond formation between DL-phenylalanine 

NCA and various pyridine derivatives 

Pyridine derivatives pKa K•, ljmol 

Pyridine 5.1710 15.0 
2,2'-Bipyridine 4.4411 1.07 
4,4'-Bipyridine 4.8211 3.44 
2,2' ,2' '-Tripyridine b 7.10,12 4.3513 1.20 
Poly(2-viny !pyridine) 3.1014 4.52 

• In CH2Cb at room temperature. 
b In ref 12 pKa=7.10 is reported; in ref 13 pKa= 

4.35 is reported although ref 12 is referred to; 
for the discussion in this paper the latter value 
was adopted as more reasonable. 
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Figure 4. Percentages of (a) hydrogen-bonded 
NCAs and (b) hydrogen-bonded pyridine groups 
for various concentration ratios: 1, pyridine; 2, 
poly(2-vinylpyridine); 3, 4,4'-bipyridine; 4, 2,2'
bipyridine. 
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3437 em-\ which is free from hydrogen bonding, 
was measured. For each run K was determined. 
K values were averaged, the mean deviation 
was calculated, and the mean K value was deter
mined. K values for various pyridine derivatives 
are shown in Table I, together with their pKa 
values. Data for poly(2-vinylpyridine) are also 
shown for comparison. It is seen in Table I 
that the more basic amines form more hydrogen 
bonds with the NCA, except for the polymer. 
Therefore the peculiarity of 2,2' -bipyridine is 
not simply related to the formation of hydrogen 
bonds. 

8NCA 

Using K values listed in Table I, the fractions 
of hydrogen-bonded NCA and of hydrogen
bonded pyridine groups can be calculated for 
various conditions. Those percentages are shown 
in Figure 4. At large Mfl ratios with 2,2'
bipyridine the bulk of the NCAs is free from 
hydrogen bonding and the major fraction of 
adsorption sites (pyridine groups) is also free 
from hydrogen bonding. If free adsorption sites 
are in some way activated for hydrogen bonding, 
it might be possible that two adsorption sites in 
2,2' -bipyridine are equally occupied during the 
reaction (Scheme 1). 

H-NCA 

H-NCA 

intramolecular reaction 

H-NCA=CsHs-CH2-CH-C=O 

I )o 
H-N--C=O 

Scheme 1. 

In order for 2,21 -bipyridine to show this sort 
of cooperation, the protonation should not in
hibit the subsequent NCA adsorption. To check 
this the hydrogen-bond formation between 
2,2' -bipyridine (0.2-0.3 moljl) and 5-ethyl-3-
methyl-5-phenyl hydantoin (0.014-0.029 moljl) 
(a model compound for m-phenylalanine NCA, 
which is unstable against acetic acid) was in
vestigated either in the absence (equilibrium 
constant K1) or in the presence (equilibrium con
stant K2) of acetic acid (half the concentration 
of 2,2'-bipyridine). In the presence of acetic 
acid one of the nitrogen pair of 2,2' -bipyridine 
will be protonated and then the hydantoin is 
adsorbed on to the other member of the nitrogen 
pair. The equilibrium constants at room tem
perature in methylene chloride are 

K 1=0.44ljmol without acetic acid 
K 2=0.31ljmol with acetic acid 

Polymer J., Vol. 4, No. 6, 1973 

The protonation does not seem to affect the 
subsequent hydrogen bonding of 2,21 -bipyridine 
significantly. 

The experimental findings described in this 
section suggest that there is some possibility for 
two NCA molecules to be adsorbed on two 
nitrogen atoms of 2,2' -bipyridine. 

Structure and Electronic State of Multifunctional 
Pyridine Derivatives 
It is known that the two pyridine groups of 

2,2' -bipyridine assume a planar trans confor
mation in solution, and that a pyridine ring 
twists around the bond connecting C6 and C7 

(see Scheme 2) by 80-100° on monoprotona
tion and by 30° on hydrogen bonding. 15 For 
the cooperation depicted in Scheme 1 to operate, 
the basicity of the second pyridine group is very 
important and should be affected by the rotation 
around the C6-C7 bond. The total rr-electron 
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Figure 5. Total rc-electron densities on N1 and the 
rotation angle around Cs-C7 bond: parameters 
used for calculationl6,17 
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densities of N 1 were calculated according to 
LCAO-MO method with differently twisted 
monoprotonated 2,21 -bipyridines. Parameters 
used are given in Figure 5 together with the 
results of the calculation. In the calculation 
by a simple Hiickel method, cis and trans con
formations of the two pyridine groups were not 
discriminated. 

When N8 is hydrogen-bonded and further 
protonated, the total electron density of N 1 

decreases from 1.2090 to 1.1912, but as a con
sequence of the twist around the C6-C7 bond 
it increases from 1.1912 to 1.2032, which is 
equal to that of pyridine, that is, N 1 is activated 
for hydrogen-bond formation. Hence, two re
active species are conceivably adsorbed on the 
same 2,21 -bipyridine. 

It is quite interesting that this type of adsorp
tion to 2,21 -bipyridine leads to rate acceleration 
whereas that to 4,41 -bipyridine does not. Pre
sumably, the two reactive species adsorbed on 
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1.2087 1.2156 

1.2077 

1.2075 1.2168 

Figure 6. Total rc-electron densities on nitrogen 
atoms of 2,21 ,2"-tripyridine and 2,21 ,2" ,2"1 -tetra
pyridine. 

a skewed 2,21 -bipyridine are favorably arranged 
for intramolecular collisions. Collisions between 
species adsorbed on the two pyridine groups of 
4,41 -bipyridine would be sterically difficult. 

2,21 ,211 - Tripyridine and 2,21 ,211 ,2111 -tetra pyri
dine possess two pyridine groups at the sterically 
favored arrangement (see Figure 6: N, 1.2087; 
N, 1.2077 of 2,21,211 -tripyridine; N, 1.2087; N, 
1.2075 of 2,21,211 ,2111-tetrapyridine). Unfortu
nately, these groups are not electronically favored 
for adsorption of NCA and adsorption occurs 
on other nitrogens (see Figure 6: N, 1.2156 of 
2,21 ,2" -tripyridine; N, 1.2168 of 2,21 ,2" ,2" 1-

tetrapyridine), so that no cooperative function 
was observed. 

Cooperative Function in Propagation Reaction 
The above consideration shows the possibility 

that two NCA molecules might be adsorbed to 
2,21 -bipyridine and be apt to collide intramolec
ularly. If this is true an acceleration should be ob
served in the polymerization of DL-phenylalanine 
NCA by n-hexylamine in the presence of 2,21-

bipyridine. In the presence of n-hexylamine 

Scheme 3. 
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Figure 7. Polymerization of DL-phenylalanine 
NCA by n-hexylamine in the presence of pyridine 
derivatives: nitrobenzene solution, 35°C, [NCA]o, 
0.2 moljl, [n-hexylamine], 0.02 moljl; e, no pyri
dine derivatives; Q, [pyridine], 1.0 moljl; £::,., 1::,., 
[2,2'-bipyridine], 1,0 moljl; ...._, [2,2'-bipyridine], 
0.02 moljl; O, [4,4'-bipyridine], 1.0 mol//; <), [po1y
(2-vinylpyridine)], 1.0 moljl; the addition of n
hexylamine is indicated by an arrow. 

(0.02 moljl) and a weak tertiary amine such as 
pyridine derivative (1.0 moljl), the polymerization 
is almost completely initiated by n-hexylamine, 
and the normal-amine-type propagation is con
cerned.8 2,2'-Bipyridine serves only as a matrix, 
and the contribution from the propagation re
action shown in Scheme 3 is expected. 

Figure 7 shows the time-conversion curves 
for the polymerization of DL-phenylalanine NCA 
initiated by n-hexylamine in the presence of 
various pyridine derivatives. n-Hexylamine was 
added to the mixture of DL-phenylalanine NCA 
and pyridines. The slow polymerization (up to 
3-4-% conversion) before the addition of n
hexylamine is due to the initiation by pyridine 
derivatives. A rapid polymerization ensues im-

mediately upon the addition of n-hexylamine. 
In practice only the normal-amine-type polymer
ization is involved (see, for example, Table III), 
so the comparison of initial rates corresponds 
to the comparison of propagation rate constants. 

The effect of pyridine derivatives on the n
hexylamine-initiated polymerization was deter
mined from Figure 7 and is shown in Table II. 
Additions of pyridine and the low concentration 
of 2,2' -bipyridine showed little influence, which 
is as expected. In the presence of the high 
concentration of 2,21 -bipyridine (matrix), the 
contribution of Scheme 3 is important and the 
acceleration was in fact observed. The retarding 
effect of 4,4' -bipyridine may be a result of non
productive adsorption of NCA as illustrated in 
Scheme 4. 

Scheme 4. 

Poly(2-vinylpyridine) is one of the pyridine 
derivatives, but is unique in that pyridine groups 
are not con juga ted with each other. The co
operation of the type shown in Scheme 1 is not 
expected for poly(2-vinylpyridine), but still an 
acceleration was observed. Possibly two or more 
of the many pyridine groups can assume a spatial 
arrangement suitable for the reaction. 

Molecular Weight of Polymer 
It is important to confirm that the polymeri-

Table II. Polymerization• of DL-phenylalanine NCA by n-hexylamine 
in the presence of multifunctional pyridine derivatives 

Pyridine derivatives Concentration, Hydrogen-bonded Rp x 10,s molj/ min Rp, relative moljl NCA, % 

10.0 
Pyridine 1.0 93.5 9.0 0.90 
2,2'-Hi pyridine 1.0 48.5 16.6 1.66 

II 0.02 2.0 8.9 0.89 
4,4'-Hi pyridine 1.0 74.5 6.4 0.64 
Poly(2-vinylpyridine) 1.0 79.5 13.4 1.34 

-------
• In nitrobenzene at 35°C, [NCA], 0.2 moljl, [n-hexylamine]o, 0.02 molj/. 
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Table III. Molecular weight of 
poly(DL-phenylalanine)• 

Initiator Concentration, [1JJ.b 100 ml/g moljl 

Pyridine 1.0 0.50 
II 0.5 0.46 
II 0.2 0.55 

2,2'-Bipyridine 1.0 0.91 
2,2'-Bipyridine 1.0 

}o.os8 n-Hexylamine 0.02 

• Polymerization in nitrobenzene at 35°C, [NCA]o, 
0.2moljl. 

b Determined in CHC!a-CHCl2COOH (95: 5 vjv) 
mixed solvent at 25°C. 

zations initiated by various pyridine derivatives 
are of the same mechanism (activated-NCA 
type), and are different from those initiated by 
n-hexylamine (normal-amine type). This is sub
stantiated by the comparison of the solution 
viscosities of polymers formed (Table Ill). The 
viscosities of the polymers formed by pyridine 
and 2,2'-bipyridine are very much higher (typical 
for activated-NCA mechanism) than the viscosity 
of the polymer formed by n-hexylamine (typical 
for normal-amine-type mechanism). 18 
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