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ABSTRACT: A novel type of catalyst, tri-n-butylphosphine-metal carboxylate (metal: Ni, Co, Cr, Cd, or Mg)
catalyst system, was found for the polymerization of y-benzyl L-glutamate N-carboxyanhydride. Molecular
weights of polvmers obtained with this type of catalyst depend on the nature of metal component of the cata-
lysts and follow the order of Ni > Co > Cd > Mg > Cr. The polymers obtained with the nickel acetate-tri-n-
butylphosphine catalyst system in higher than 90% yield have molecular weights larger than 2 x 105 and rela-
tivelv sharp molecular weight distributions: i.e., My, /M, = 1.4-2.1.

Although a large number of papers had been published
on the polymerizations of a-amino acid N-carboxyanhy-
drides (NCA) using various kinds of catalyst such as
water,? alcohols,® amines,* and alkali metal com-
pounds,3-9 only a few works had been published on the in-
tended stereospecific and/or stereoelective polymeriza-
tion.10-13

To realize the stereospecific and/or stereoelective poly-
merization of NCAs, it is necessary to search for the catalyst
which is able to control effectively, in each step of the
propagation reaction, the stereochemistry of addition of
the monomer to the growing polymer end. During our ex-
plorative experiments, we found a novel type of catalyst,
metal carboxyvlate-trialkylphosphine catalyst system. In
these works, y-benzyl glutamate NCA (BG-NCA) was se-
lected as a monomer for testing most suitably the stereo-
regulating capacity of the catalyst, because poly(y-benzyl
glutamate) (P-BG) is known to dissolve easily in many
kinds of solvents and is characterized by various types of
physical methods.

Experimental Section

Materials. v-Benzyl L-glutamate N-carboxyanhydride (L-BG-
NCA)'* was prepared from vy-benzyl L-glutamate!® (mp 170.5°).
Since the NCA is unstable at high temperatures and to a con-
taminating moisture. both preparation and recrystallization
(three times from chloroform-n-hexane and then four times from
ethv! acetate-n-hexane) were carried out in a specially designed
apparatus (Figure 1). In these operations, the supernatant liquid
was transferred through a connecting glass tube equipped with a

glass filter F with compressed nitrogen or argon from a cooled re-
crystallization vessel A (from —78 to —20°) to a vessel B. A suit-
able amount of solvent was poured into vessel A containing the
crystalline NCA under a nitrogen or an argon atmosphere at room
temperature to dissolve the NCA, while the glass filter in vessel A
was set in the state of (b). The solution of the NCA in vessel A
was cooled at —78° to crystallize the NCA. By repeating the re-
crystallization process, the NCA was purified until the Beilstein
test became negative. In the case of L-BG-NCA, the yield was
80.0%, mp 92-93°, [«]20Dp -17.1° (¢ 3.32, ethyl acetate). Anal.
Caled for C13H13NOs: C, 59.31; H, 5.05; N, 5.44. Found: C, 59.49;
H,5.05; N, 5.28.

Tri-n-butylphosphine (n-BuszP) was prepared by the method of
Davies and Jones:1¢ bp 144° (47 mm), np 1.4549. Anal. Caled for
Cy2H27P: C, 71.21; H, 13.26. Found: C, 69.78; H, 13.26.

Triphenylphosphine (Ph3P) was recrystallized from benzene-di-
ethyl ether (mp 80-81°).

Commercial reagent of Ni(OAc)2-4H20, Co(OAc)2-2H20,
Cd(OAc)2-H20, Cr(OAc)2-Hz0, or Mg(OAc)2-4H,0 was used
without further purification because of the recrystallization from
usual solvents being difficult. Anal. Caled for C4H14NiOg: C,
19.67; H, 5.62. Found: C, 19.64; H, 5.72. Calcd for C4H10C00¢: C,
22.55: H, 4.73. Found: C, 22.30; H, 4.73. Caled for C4HsCdOs: C,
19.36; H, 3.22. Found: C, 19.76; H, 3.35. Caled for C4H,4MgOs: C,
22.40; H, 6.58. Found: C, 22.43; H, 6.59.

The complex, NiClz-2(n-BusP),17 was recrystallized four times
from ethanol: scarlet crystalline pellets, mp 46-47°. Anal. Calcd
for C24Hs4Cl2NiP;: C, 59.3; H, 10.1. Found: C, 58.2; H, 10.3.

Purification of Solvents. All solvents were purified under a
dry nitrogen or an argon atmosphere. Tetrahydrofuran was re-
fluxed with metallic sodium for 48 hr and distilled, bp 66°.

Dioxane was refluxed with 10 vol % of 1 N HCI for 24 hr, al-
lowed to stand over pellets of NaOH for 48 hr, and separated
from aqueous layer. The acetate-free dioxane was refluxed with
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Figure 1. A recrystallization apparatus. Position of glass tube:

(a) filtrations; (b) dissolution of crystalline NCA.
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Figure 3. Relation observed between wave number of the band
assigned to carboxyl group of M(OAc)2-xH20 and M,, for P-L-
BG.

NaOH for 12 hr, with calcium hydride for 12 hr, and with metal-
lic sodium for 12 hr. It was distilled from metallic sodium, bp
101°.

Chloroform was washed twice with concentrated HySOy,
washed three times with water, dried over NaysCOj;, and then
dried over P2Os. It was distilled from calcium hydride, bp 61°.

Ethyl acetate was washed three times with water and then
dried over P20s. It was distilled from calcium hydride, bp 77°.

n-Hexane was washed three times with concentrated HySOy,
washed with water, dried over CaCls, refluxed with calcium hy-
dride for 10 hr, and then distilled from metallic sodium, bp 67-
68°.

Dichloroacetic acid was distilled under reduced pressure in the
presence of one-third weight of concentrated H2SOy4: bp 96.3° (20
mm), np 1.4654.

Polymerization of L-BG-NCA. All experiments were carried
out under a nitrogen or an argon atmosphere. In procedure A the
monomer (ca. 0.5 g) and the metal acetate were charged into a
special polymerization tube (Figure 2), and the atmospheric air
was replaced three ‘times with dry argon. Dioxane (10 ml) was
added to the tube using a syringe under an argon atmosphere,
and the monomer was dissolved in the solvent with stirring at
room temperature. After the solution was cooled to —78°, n-BusP
was added to the solution using a syringe. In procedure B Ni-
(OAc)2:4H20 was allowed to react with n-BugP [Ni-P (atom-
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Table I
Specific Rotation of P-L-BG
My [a]2%D
Catalyst Solvent® (X 1074 (deg)
Ni(OAc):-4H,;0-n-Bu;P HCCL,COOH 14.7 —-17.0
CHCI; 14 .7 +15.3
PhCH,NH, HCCL,COOH 3.34 -—16.9
CHCI; 3.34 +16.0
e Concentration, 3.0 g/100 ml.
Table II
Fractionation of P-L-BG
Fraction Polymer (g) [n]e My (X 1079
1 0.466 13.5 6.1
2 4.1 9.86 5.3
3 1.23 4.7 3.5
4 0.008 3.2 2.9

@ Measured in dimethylformamide at 20°.

Table I1I
Polymerization of L-BG-NCA by M(OQAc). - xH.O-
n-Bu,P Catalyst System with Procedure A¢

M (OAc), - xH,0O Yield AV

(mmol) (%) h)" (x 1079  k’d

Ni(OAc).-4H.0

(3.2 X 107y 92.0 2 .80 5.64 0.375
Co(OAc):-2H.0

(3.5 X 1079 94.8 2.16 5.28 0.430
Cd(QAc).-2H,0

(4.2 X 1079 95.5 1.80 3.31 0.413
Cr(OAc),-H.O

(4.2 X 1079 74.0 1.00 1.71 0.413
Mg(OAc),-4H.O

3.6 X 1073 78 .4 1.08 1.80 0.400

« Polymerization condition: nBu:P, 0.05 ml (0.21 mmol);
L-BG-NCA, 0.50 g (1.91 mmol); solvent, dioxane 10 ml;
temperature, 30°; time, 24 hr. » Measured in HCCL,COOH
at 25.0 & 0.1°. < Calculated by equation [3] = 2.78 X 1075
1.5 proposed by Doty et al.'* < Calculated by equation
nspe = 7] + R [n].

atom), 1:43] at 30° for 24 hr under a nitrogen atmosphere, and the
brownish reaction mixture was added to the 10 wt % solution of
the monomer in dioxane at 30° with stirring. In both procedures,
the polymer solution obtained by polymerizing at a specified tem-
perature and for a specified time was poured into 75% ethanol
(200 ml) with vigorous stirring. The polymer obtained in either fi-
brous or colloidal state was separated from the supernatant liquid
by filtering through a glass filter or by centrifuging. The polvmer
was dried in vacuo at 50-60° for 12-24 hr. Anal. Calcd for
Ci12H13NO3: C, 65.75; H, 5.93; N, 6.39. Found: C, 65.70; H, 5.90:
N, 6.33.

Physical Property of Polymer. Intrinsic viscosity of polymer
was measured in dichloroacetic acid solution at 25.0 £ 0.1°, and
molecular weight was calculated using an equation proposed by
Doty et al..18 [n] = 2,78 X 10-5 M,,0-87,

Ir spectrum was recorded using Jasco Model DS-402 spectrome-
ter for thin film prepared by casting from chloroform solution of
polymer on KBr plate. Ir spectrum of polymer obtained with
metal acetate-n-BuzP catalyst system agreed well with that with
n-hexylamine.1?

Specific rotations ({«]2°D) of L-BG-NCA and its polymer were
measured using Yanagimoto Model ORD-185 and Jasco Model
DIP-SL automatic polarimeter at 20° in 20-mm cells. Two differ-
ent 20-mm cells were used for each sample in order to check the
reproducibility. Optical rotatory dispersion (ORD) of polymer in
dichloroacetic acid or CHCl; solution was measured using Yanag-
imoto Model ORD-185 or Jasco Model .J-10 polarimeter at 20° in
two different 20-mm cells. The results are shown in Table [. The
bo values of polymers calculated using an equation of Mottitt-
Yang were —600 in both cases.

Molecular weight distribution was estimated in Hyfuran solu-
tion using Simazu Model GPC 1-A type under the tlow rate of 1
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Figure 4. Polymerization with Ni(OAc)z-4Hz0-n-BusP catalyst
with procedure A: (@) total yield; (O) [n]. Polymerization condi-
tion: NCA, 1.91 mmol; n-BugP, 0.324 mmol; dioxane, 10 ml;
30°; 24 hr.
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Figure 5. Polymerization with Ni(OAc)2-4H20-n-BusP catalyst
with procedure A: (@) total yield; (O) [5]. Polymerization condi-
tion: NCA, 1.91 mmol; Ni salt, 2.20 X 10-3 mmol; dioxane, 10
ml; 30°; 24 hr.

ml/min. The polymer was fractionated at 25° using CH:Cl,-
CH30H solvent system.2° An example is shown in Table II.

Results and Discussion

Polymerization of L-BG-NCA with M(OAc)2-xH20-
n-BusP Catalyst System. Preliminary experiments
showed that n-BusP has only a weak catalytic activity in
contrast to the well-known catalytic activity of tri-n-bu-
tylamine. But the addition of a small amount of a metal
salt, especially of a metal carboxylate, was found to in-
crease, more than an order of magnitude, molecular
weight of polymer (Table I1I).

The molecular weight of polymer obtained with metal
acetate-n-BugP catalyst systems decreased in the order:
Ni > Co > Cd > Mg > Cr. This dependence of polymer
molecular weight on the nature of metal atom parallels
with the polarity of CHsCOO-M bond estimated by ir ab-
sorption frequency (Figure 3), relative rate constant of de-
carboxylation of acetone dicarboxylic acid catalyzed by a
metal acetate,?! and relative stability constant of the
metal salt of an «-amino acid.2? The existence of these
striking parallelisms suggests that the metal acetate plays
a key role in this type of catalyst system.

Polymerization of L-BG-NCA with Ni (OAc)2-4H20-
n-BusP Catalyst System. Following these results, the po-
lymerization of L-BG-NCA with Ni(OAc)z-4H;0-n-BusP
catalyst system was studied using two different proce-
dures. In procedure A, n-BusP was added with stirring to
the suspension of Ni(OAc)z2-4H30 and 1-BG-NCA in di-
oxane. In procedure B, the reaction mixture prepared by
reacting Ni(OAc);-4Hz0 with n-BusP at 30° for 24 hr

Macromolecules
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Figure 6. Polymerization with Ni(OAc)z-4H;0-n-BuzP catalyst
with procedure B: (@) total yield; (O) [5]. Polymerization condi-
ton: NCA, 1.91 mmol; Ni-n-BuzP, 1:43 (mol/mol); dioxane, 10
ml; 30°; 24 hr.
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Figure 7. Effect of monomer concentration on polymer molecular
weight: (@) yield; (O) [n]. Polymerization condition: NCA, 1.91
mmol; 30°; 24 hr.

under a nitrogen atmosphere in the absence of any added
solvent was added to the dioxane solution of L-BG-NCA.

The effect of molar ratio L-BG-NCA:n-BusP:Ni(OAc)2
on polymer molecular weight was studied by procedure A.
When the molar ratio of L-BG-NCA to n-BugP was kept at
6, a maximum molecular weight was obtained at a molar
ratio of n-BusP to nickel acetate of about 10 (Figure 4).
When the molar ratio of L-BG-NCA to nickel acetate was
kept at 87, a maximum molecular weight was obtained at
a molar ratio of n-BusP to nickel acetate of about 11 (Fig-
ure 5). These experimental results indicate that the opti-
mum molar ratio of L-BG-NCA:n-BusP:Ni(OAc)z-4H20
for obtaining a high molecular weight polymer is about
80:10:1. '

In contrast, polymerizations carried out using procedure
B gave the following results (Figure 6). When the molar
ratio of n-BusP to nickel acetate was kept at 43, in which
nickel acetate dissolved completely in n-BuzP, the molecu-
lar weight of polymer increased in the molar ratio of NCA to
Ni salt up to about 600 and then decreased sharply.

Thus, the amount of nickel acetate required for forming
the active catalyst species is definitely smaller in proce-
dure B than in procedure A. This fact seems to indicate
that only a small fraction of the nickel acetate used for
polymerization acts effectively as a catalyst component
due to its low solubility in the polymerizing medium and
to suggest that the active catalyst species relates inti-
mately to a nickel atom.

More detailed studies were carried out using procedure
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Figure 8. Effect of temperature on yield and molecular weight of
polymer: (@) yield; (O) [5]. Polymerization condition: NCA, 1.91
mmol; dioxane, 10 ml; 24 hr.
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Figure 9. Gel permeation chromatography curve of polymer. My
= 2.8 X 105; solvent, Hyfuran.

B for a most favorable monomer:catalyst ratio (L-BG-
NCA:n-BuzP:nickel acetate, 640:43:1). Molecular weight
of polymer was almost constant over a rather wide range
of monomer concentration (5-20%) and decreased sharply
at lower concentrations (Figure 7). Also, it was nearly in-
dependent of polymerization temperatures up to 40° and
decreased at higher temperatures (Figure 8). In these re-
spects, this catalyst system contrasts with a typical anion-
ic catalyst NaOCHj.24 These differences observed in cata-
lytic behavior are considered to indicate the characteristic
property of nickel acetate-tri-n-butylphosphine catalyst
system and probably reflect the difference in the polymer-
ization mechanism and/or the effectiveness for suppress-
ing any undesirable side reaction.

Some preliminary experimetal results showed that
Ni(OAc)2-4H>0-n-BusP system was a unique one among
nickel salt-electron donor systems. NiClz and nickel ace-
tonate could not be replaced by Ni(OAc)s-4H20, and
Ph3P, (EtO)3P, and pyridine could not be replaced by n-
BusP. These results combined with an important role
played by the nature of metal-acetoxy bonding referred to
above suggest that coordination of n-BusP to nickel atom
activates metal-acetoxy bonding to some polarized state
through which the reaction leading to the active catalyst
species starts. According to this sense, the nature of an
electron donor suitable for a component of this type of
catalyst system seems to be considered to be limited to a
rather narrow range.

Characteristics of the Polymer Obtained with Nickel
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Table IV
Mw/Mn of P-L-BG Prepared by Ni(OAc),-4H,0-n-Bu;P
Catalyst System?®

NCA:n- M
Sample Bu;P:Ni (X 10-%) Mo/ Mob
I 90:43:1 23.8 1.4
11 190:43:1 25.8 2.1

@ Prepared by procedure B: L-BG-NCA, 0.50 g (1.91
mmol); temperature, 30°; solvent, 10 ml of dioxane; time,
24 hr. * M and M, were measured by viscosity and osmotic
pressure, respectively.

Acetate-Tri-n-butylphosphine Catalyst System. The
polymer obtained by polymerizing L-BG-NCA with
Ni(OAc)3:4H20-n-BugP catalyst system was character-
ized by elemental analyses, in spectroscopy, optical rota-
tion, ORD, and the monolayer method.2® These results
agreed well with those obtained by other catalysts.

A most characteristic property of the raw polymer is re-
flected in the sharp distribution of its molecular weight,
in addition to its high molecular weight. This characteris-
tic was observed for the asymmetrical narrow peak ob-
served in the GPC curve (Figure 9) and in the fraction-
ation result obtained with CH,Cls-CH3O0H solvent system
(Table II), and for a low value of My, /M, (1.4-2.1) (Table
IV). These properties of L polymer obtained with the cata-
lyst system, particularly the active participation of the
metal atom, should promise further investigations on the
corresponding DL monomer, especially concerning its
stereoregulating power.
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