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values are in the range 0.6 to 0.8, indicative of a random 
coil structure in these solvents. The M n  and M w  values can 
be determined from analysis of the gpc traces and corre- 
spond to chain extended molecular sizes based on polysty- 
rene. The reliability of this method has been established 
for a number of vinyl aromatic polymers by HellerZ0 and 
Sitaramaiah.21 

Based on the solubility findings, the absence of any mea- 
surable insoluble materials in the polymer samples, and 
these molecular weight analyses it must be concluded that 
poly(2-vinylfluorenone) is a linear vinyl type polymer. I t  
behaves as a typical vinyl aromatic polymer possessing a 
random coil configuration in some typical organic solvents. 

Derivatives of Poly(2-vinylfluorenone). The carbonyl 
function in poly( 2-vinylfluorenone) is amenable to chemis- 
try and partial conversion into a number of novel deriva- 
tives was demonstrated, e.g., reduction to the correspond- 
ing alcohol, conversion to an acetal, oxime, hydrazone,22 
etc. All of these reactions were readily carried out using 
conventional reagents to low, <lo%, conversion. Attempts 
to achieve higher conversions generally created solubility 
problems and no attempts were made to optimize the sys- 
tems. 

Fluorenone is known to react readily with malononitrile, 
CHp(CN)2, to form 9-dicyanomethylenefluorene. Similarly 
treatment of 2-vinylfluorenone in methanol with malononi- 
trile in the presence of piperidine gave a redhrown crystal- 
line product, mp 213-215’, which was shown to be 2-vinyl- 
9-dicyanomethylenefluorene by spectroscopic and elemen- 
tal analysis. This monomer is extremely insoluble and all 
attempts a t  free radical polymerization gave deep red insol- 
uble polymeric products. The polymer poly(2-vinylfluore- 
none) also reacts to form the corresponding 9-dicya- 
nomethylenefluorene derivative. Conversions higher than 
50% resulted in formation of red, very poorly soluble, poly- 
meric products. The copolymers containing less than ap- 
proximately 50% of 2-vinyl-9-dicyanomethylenefluorene 
are yellow to red in color and are soluble in a number of 
common organic solvents. 

One other interesting derivative of poly(2-vinylfluore- 
none) was investigated i e . ,  a polymer containing diazofluo- 
rene functional groups. The preparation of this unique co- 
polymer and its photochemistry are described in part II.23 
The photophysical and photochemical characteristics of 
poly(2-vinylfluorenone) are discussed in part IIP2 of this 
series. 

-CH2-CH- -CH2-CH- 
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ABSTRACT: If ter t -  butyl crotonate monomer is highly purified, it can be polymerized by using an anionic initia- 
tor, 2-methylbutyllithium. The experimental conditions for polymerization are studied in detail. The polymeriza- 
tion proceeds without termination and the molecular weight distribution of the polymer becomes monodisperse 
over a wide range of molecular weight. The poly(tert- butyl crotonate) is soluble in various solvents and shows a fea- 
ture of a semiflexible chain due to steric hindrance. 

Study on the polymerization of crotonic ester, mers, but, moreover, the polymers of crotonic esters are im- 
portant in the physical chemistry of polymers. That is, they 
are useful for the study on configuration and conformation 
of ditactic polymers. The polymers of crotonic esters can 

CH3CH=CHCOOR (R = alkyl group), is meaningful from 
various viewpoints. There are various unsolved problems in 
the polymerization mechanism of a,P-disubstituted mono- 
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Figure 1. Purification apparatus for monomer. Symbols are shown 
in the text. 

have various kinds of tactic forms, for example, threodiiso- 
tactic, erythrodiisotactic, or disyndiotactic.1 Moreover, 
they may be useful for the study on the effects of p substit- 
uent on physical properties of polymer. They may have less 
flexible chains because of steric hindrance between CY and (3 
substituents. 

The polymerization of crotonic esters, however, can ef- 
fectively be carried out with neither radical nor cationic 
initiators, in general. They can be polymerized with anionic 
initiators on limited experimental conditions, but the stud- 
ies on anionic polymerization of crotonic esters are very 
scarce in comparison with the study on acrylic or meth- 
acrylic esters. Natta, et al.,* first reported that branched 
alkyl crotonates, Le., tert- butyl or isopropyl esters, can be 
polymerized with phenylmagnesium bromide (PhMgBr) in 
toluene at  -78". According to Tsuruta, et lithium 
aluminum hydride and especially calcium zinc tetraethyl 
complex are very effective for polymerization of not only 
branched but also linear alkyl crotonates, such as methyl or 
ethyl esters, in toluene or tetrahydrofuran (THF) a t  -78'. 
However, the initiators used by Natta, et al., and Tsuruta, 
et al., are complex compounds which may generally give 
highly stereoregular polymers. In practice, all products ob- 
tained are crystalline and not well soluble in most ordinary 
solvents. 

On the other hand, Miller, et u L . , ~  used 2-methylbutylli- 
thium (2-MeBuLi) for polymerization of tert- butyl croto- 
nate (TBC) in toluene at  -45' and lithium naphthalene in 
dimethoxyethane a t  -45 and 26'. They obtained almost 
amorphous polymers, which are soluble in toluene. Gra- 
ham, et al., also reported that 9-fluorenyllithium, lithium 
naphthalene, and dibutylmagnesium can polymerize 
branched alkyl crotonates, especially isopropyl ester, in tol- 
uene, THF, and methylene chloride a t  -78'. These initia- 
tors may give less stereoregular polymers, especially in 
THF. In both polymerizations of Miller, et al. ,  and Gra- 
ham, et al. ,  however, the conversions could not reach high 
and molecular weights of the polymers obtained were gen- 
erally low. In particular, practically no polymerization oc- 
curred in THF. Moreover, the polymers obtained in tolu- 
ene contained insoluble gels6 They would not be monodis- 
perse with respect to molecular weight. 

The purpose of this paper is to report that  TBC can be 
polymerized with 2-MeBuLi in T H F  a t  -78' and the poly- 
merization proceeds on a living mechanism, i.e., with 100% 
conversion, to produce monodisperse polymers, i f  the mo- 
nomer is very carefully purified. The polymers obtained 

J M 
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Figure 2. Polymerization apparatus. Symbols are shown in the 
text. 

are easily soluble in many solvents and have different con- 
figuration from the polymers polymerized with PhMgBr. 
Moreover, they show a feature of a semiflexible chain. 

Experimental Section 
(1) Monomer. The monomer TBC, prepared by esterification of 

crotonic acid in ether solution with isobutene in the presence of 
sulfuric acid,7 was distilled under reduced pressure. The purity of 
TBC was confirmed by nmr, infrared spectrum, and gas chroma- 
tography. After drying TBC with calcium hydride, TBC was trans- 
fered to a vacuum system (about mm) and purified repeated- 
ly by distillation, treating with sodium mirror. The final purifica- 
tion was done with such an apparatus as is shown in Figure 1. After 
this apparatus was sealed off from a vacuum line, it was washed 
with THF solution of dipotassium salt of a-methylstyrene tetra- 
mer A, which was afterwards recovered into the vessel B and 
sealed off. TBC in C was transferred into flask D and n-butyllith- 
ium (n-BuLi) in n-hexylbenzene solution or in liquid paraffin so- 
lution was added dropwise from E to TBC in the flask D. When 
TBC began to polymerize, the addition of n- BuLi was stopped and 
distilled rapidly from D to H or I. The starting point of polymer- 
ization can be detected from viscous behavior of the solution. The 
distillation rate can be controlled by cooling trap F with a mixture 
of Dry Ice and acetone and trap G with liquid nitrogen. This mo- 
nomer thus purified was diluted with solvents purified carefully 
and was used for polymerization. 

(2) Initiators. 2-MeBuLi was synthesized by reaction of 2-me- 
thylbutyl chloride, obtained from active amyl alcohol and thionyl 
chloride, with metal lithium in n- hexane. The concentration of 2- 
MeBuLi in n- hexane solution was determined by titration with a 
standard hydrochloric acid solution. Besides, PhMgBr in toluene 
solution and n-BuLi in n-hexane solution were prepared by the 
usual procedures. 

(3) Solvents. THF was purified in a previous way.8 Toluene was 
first fractionally distilled after washing with sulfuric acid and 
drying with sodium metal wire then distilled in uacuo with calci- 
um hydride as a drying agent and finally purified by distillation 
from a mixture with n-BuLi. 

(4)  Polymerization. The polymerization apparatus, as shown in 
Figure 2, was sealed off from a vacuum line and washed with THF 
solution of dipotassium salt of a-methylstyrene tetramer J, which 
was recovered into K and sealed off. First, the initiator solution L 
and then solvent M were transferred into the polymerization vessel 
0. After the mixture solution was cooled to a required temperature 
with stirring, the polymerization was started by pouring the mono- 
mer solution N instantly into 0. The polymerization was contin- 
ued for about 1-30 hr a t  the temperature. Polymerizations were 
mainly carried out with 2-MeBuLi in THF at  -78' and, in some 
cases, under other conditions as-shown in Table I. 

The polymerization was stopped by pouring the viscous solution 
into excess methanol. Poly(tert- butyl crotonate) (PTBC) was sep- 
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Table I 
ner iza t ion  Conditions and Solubiliti 

Polymers in Toluene 

Soh 
Temp, pol 

Initiator Solvent OC t 
2-MeBuLi T H F  - 78 SC 
2-MeBuLi Toluene -50 PZ 

n-BuLi Bulk Room Sc 

es  of 

ibility of 
ymer in 
oluene 
tluble 
irtially 
soluble 
iluble 

temp 
IV PhMgBr Toluene -78 Insoluble 

arated as precipitate. The precipitate was washed with fresh meth- 
anol carefully and dried in uacuo. The samples for measurements 
of physical properties were further purified by reprecipitation and 
other standard techniques and then freeze dried. 

( 5 )  Characterization Methods of Polymers. PTBC thus ah- 
tained was characterized with various methods: 220-MHz nmr in 
deuteriochloroform at 50' with a Varian HR-220 spectrometer in 
the Department of Petroleum Chemistry, Kyoto University, using 
tetramethylsilane as a reference, infrared spectra with a JASCO 
IR-A1, X-ray diffraction patterns with an X-ray diffractometer of 
Rigakudenki Co. by the point-heam method, and DSC patterns 
with a Perkin-Elmer DSC-1B. The samples used were the untreat- 
ed products (powder) obtained by precipitation. 

Some preliminary measurements of dilute solution properties 
were also carried out: sedimentation patterns in cyclohexane at 
35O with a Beckmann Spinco Model E, osmotic pressure measure- 
ments in toluene at 25 or 30' with a high-speed membrane os- 
mometer, type 502, of Hewlett-Packard Co., intrinsic viscosity [g] 
in toluene at 25' with a capillary viscometer of a modified Ubbe- 
lohde type, light scattering measurements in THF at 2 5 O  with an 
apparatus reported ~reviously.~ The refractive index increment in 
THF at 25' with 436 nm beam was determined with a Shimadzu 
differential refractometer to be 0.0783. 

Results 
( 1 )  Polymerization. In the polymerization under the 

conditions as shown in Table I, the initial monomer con- 
centration [M]o and the initiator concentration [I] are all 
about 0.5 and 5 X molh., respectively. In the polymer- 
ization initiated with 2-MeBuLi in THF at  - 7 8 O ,  the con- 
version reached as high as 80% or higher. If we continue 
long enough, i t  can reach 100%. On the other hand, in tolu- 
ene at -50", as carried out previously by Miller, et al.,5 the 
solution becomes like a gel, hut the conversion is only 20 or 
30% at most. Such gel formation and low conversion are 
also found at all temperatures between 0 and -50". These 
experimental results are in agreement with those of Gra- 
ham, et a1.6 In hulk polymerization at room temperatures, 
the polymerization is almost completed in 10 min. When 
PhMgBr is used as an initiator, as reported previously by 
Natta, e t  a1.,2 the conversion is only less than 10% in about 
24 hr. 

The experimental conditions to study the polymerization 
mechanism in T H F  at -78' are as follows: [MIo, 0.24-0.78 
molh.; [I], 3.6 X 10-4-1.3 X molfl.; THF, 80-1500 ml; 

Figure 4. X-Ray diffraction patterns: a, polymer I with d spacings 
of 2.6 4.5, and 9.6 A; b, polymer IV with d spacings of 2.9, 4.8, 6.4, 
and 11.0 A. 
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Figure 5. DSC pattern of polymer I. Chart speed is S°C/min. 

polymerization time, 1.5-11.5 hr.; conversion x ,  65599%; 
molecular weight of polymer, 1.0 X 104-1.6 X lo5. The ratio 
of [M]ox/[I] gives the expected molecular weight of the 
polymer to be compared with the observed number-average 
molecular weight M,. It is found that the observed values 
are always twice as high as the expected values. The ratio 
of the expected to the observed molecular weight gives the 
efficiency of the initiator 2-MeBuLi in THF at -78". The 
ratio is plotted against [M]o/[I] in Figure 3. It is concluded 
that the initiation efficiency is 0.5 on the above conditions. 

Since the conversions were changed by termination dur- 
ing the course of polymerization in the above experiments, 
the experimental results in Figure 3, together with the 
sharp molecular weight distribution of the polymer shown 
helow, show that the polymerization in T H F  a t  - 7 8 O  pro- 
ceeds on a living mechanism. 

(2) On t h e  Configuration of Polymers. It is clear from 
various physical properties that polymer I, polymerized 
with 2-MeBuLi in THF at -78", may have different stereo- 
regularity from polymer IV, polymerized with PhMgBr in 
toluene at -78'. 

Figure 4 shows the X-ray diffraction patterns for solid 
polymers I and IV. In both pictures, the radii of rings, that 
is the d spacings, are different as noted in the figure cap- 
tion. Therefore, it  is concluded that hoth groups of poly- 
mers have different crystal structures. The other polymers, 
polymer 11, polymerized with 2-MeBuLi in toluene at 
-50°, and polymer 111, obtained from hulk polymerization 
a t  room temperatures, give almost the same patterns as 
polymer I. 

In Figure 5 is shown a typical DSC pattern of polymer I. 
Polymer IV as well as polymers I1 and 111 give almost the 
same patterns. The crystalline melting point is nearly 250" 
and degradation or decomposition of the polymer occurs at 
about 320O. The  glass transition temperature cannot clear- 
ly he observed in our experiments. 

Since we cannot find suitable solvents for polymer IV, we 
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Figure 6. Nmr spectrum (220 MHz) of polymer I in 5% deutet- 
ochloroform solution at 50' using tetramethylsilane as an internal 
reference. 

Figure 8. Sedimentation pattern of polymer I ( M .  = 3.0 X 
0.5% cyclohexane solution at 35'. 
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Figure 7. Infrared spectra of polymers I and IV. The arrows shoa 
markedly different parts of the spectra. 

measured nmr only for polymers I, 11, and 111. Practically 
no differences are observed among them. Figure 6 shows 
the 220-MHz nmr spectrum of polymer I in deuterochloro- 
form a t  50". The signals of a- and O-methine protons over- 
lap each other to make broad peaks hetween I 7.0 and 7.7. 
The signals of tert- butyl esters and &methyl protons are 
found a t  T 8.4 and 3.0, respectively. The ratios of the areas 
of these peaks are equal to 2 9 3  as expected from its chem- 
ical structure. However, the resolution of the spectrum is 
not high enough to obtain any information about the poly- 
mer. 

On the other hand, as shown in Figure 7, infrared spectra 
of polymer I as well as of polymers I1 and 111 are different 
from that of polymer IV in the range of wave number from 
700 to 1300 cm-'. 

Clear difference among the physical properties of various 
polymers is found in their solubilities in various solvents. 
As a typical example, solubilities of the polymers in toluene 
are shown in Table I. 

Thus, the clear differences between polymers I and IV 
are found only in X-ray diffraction patterns, infrared spec- 
tra, and solubilities. However, they appear enough to show 
that polymer I has the same configuration as polymers I1 
and 111 and a different configuration from polymer IV. 

(3) Molecular Weight Distribution and Stiffness of 
the Polymer. The solution properties of polymer I, poly- 
merized with 2-MeBuLi in THF a t  -78", appear to be in- 

I 

Figure 9. Modified Zimm plot of polymer I in THF at 25': C is 
polymer concentration in g/dl, Rm is the Rayleigh scattering ratio 
at the angle 8, and K is the optical constant. 

teresting for further studies. An example of sedimentation 
patterns of polymer I in cyclohexane a t  35O is shown in Fig- 
ure 8. The peak is so sharp that i t  can safely he concluded 
that the molecular weight distribution of this polymer is 
narrow, though unfortunately the molecular weight distri- 
bution cannot he calculated as we have not known the rela- 
tionship between sedimentation coefficient and molecular 
weight. Furthermore, this conclusion can he confirmed 
from the ratio of weight-average (M,) and number-average 
molecular weights ( M J .  The modified Zimm plot for light 
scattering and the reduced osmotic pressure us. polymer 
concentration plot are shown in Figures 9 and 10, respec- 
tively. The results obtained are as follows: M, = 3.06 X 
lo5, M ,  = 3.02 X lo5, and M,/M, = 1.01. 

Figure 11 shows a double logarithmic plot of [?I us. M,. 
I t  was confirmed that the shear rate dependence of [q]  is 
negligible. The slope of the curve in Figure 11 gives the 
index a for a flexible polymer chain in the following equa- 
tion 

I 

wnere I\ IS usuauy a ConsLanL. I ne a is Iouna nux KO De cun- 
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Figure 10. The square root of the reduced osmotic pressure us. 
concentration plot of polymer I (the same sample in Figure 9): II is 
osmotic pressure in g/cm2 and C is polymer concentration in g/dl. 

stant but to depend upon molecular weight in Figure 11. 
Especially in the molecular weight range less than lo5, the 
curve is approximately linear and a is 0.96. Thus, it  can be 
concluded that PTBC of low molecular weight has a fairly 
stiff backbone. 

Discussion 
In the polymerization of a,@-disubstituted monomers 

such as TBC, the steric effect may be particularly impor- 
tant.1° In practice, radical polymerization of a,@-disubsti- 
tuted monomers cannot effectively be carried out5 and an- 
ionic polymerization of a,P-disubstituted monomers was 
reported for a limited number of monomers. This is due to 
the fact that in anionic polymerization the steric effect can 
less directly affect the propagation than in radical polymer- 
ization. In radical polymerization, the state of chain end is 
almost naked, whereas in anionic polymerization, coordina- 
tion of chain end, counterion, and monomer may make the 
steric effect weak. Furthermore, in the polymerization of 
a$-unsaturated carbonyl monomers, there occur usually 
various kinds of side reactions, such as abstraction of pro- 
ton or addition to carbonyl group. In practice, the methyl 
or ethyl ester of crotonic acid cannot be polymerized with 
lithium alkyl, while TBC or isopropyl crotonate can be po- 
lymerized with various kinds of lithium alkyl, despite the 
fact that the polymerization of branched alkyl crotonates 
may be more unfavorable from the viewpoint of steric hin- 
drance. This is due to the fact that such bulky groups of 
branched alkyl esters, attached to the carbonyl group, pre- 
vent the attack of the initiator or the chain end on the car- 
bonyl group, resulting in high polymers. 

The fact that the initiator efficiency is nearly equal to 0.5 
in T H F  with 2-MeBuLi may suggest that almost half an 
amount of initiator may be consumed by such side reac- 
tions in the initiation or in earlier stages of the propaga- 
tion. For acrylates or methacrylates, side reactions such as 
hydrogen abstraction or carbonyl attacks of the initiator in 
the stage of initiation have been investigated in detail by 
Tsuruta, et al. 1 1 , 1 2  In our preliminary experiments, too, 
where the amount of initiator 2-MeBuLi is excess ([MI&] 
= lo),  isopentane was detected with gas chromatography 
after the polymerization is terminated with water or COS. 
However, tert- butyl alcohol could not be detected. Isopen- 
tane is the product from the hydrogen abstraction reaction 
of 8-MeBuLi, whereas tert- butyl alcohol is that from the 
carbonyl attack reaction. This fact shows that 2-MeBuLi 
surely abstracts hydrogen from a certain position but does 
not attack the carbonyl bond. These facts are very similar 
to the side reactions in the initiation of n- BuLi in the poly- 
merization of methyl acrylate in THF.I1J2 However, once 
the propagation proceeds to some extent, the polymeriza- 
tion of TBC can proceed in a living state. I t  is clear from 

L t O 8 '  1 , 1 1 1 1 1 '  ' ' * I , ' / ' '  ' ' " I  
10' 10' 10' M, 

Figure 11. The double logarithmic plot of intrinsic viscosity in tol- 
uene at 25' us. molecular weight of polymer I. 

the fact that initiation efficiency is constant during the po- 
lymerization and the molecular weight of the polymer ob- 
tained is monodisperse. Strictly speaking, however, it  is not 
clear whether or not initiator efficiency in the present ex- 
periments arises only from the same cause as in the experi- 
mental results of Tsuruta, et al.  It  appears somewhat un- 
reasonable to assume that the hydrogen abstraction reac- 
tion of the initiator would occur only in the initiation stage. 
Unfortunately, the quantitative measurement of isopen- 
tane could not be carried out in the present experiments 
because of too low concentration of the initiator. Moreover, 
it  may be worth while noting that the same initiator effi- 
ciency (0.5) was also found in the polymerization of cy- 

methylstyrene with n- BuLi in THF, where proton abstrac- 
tion does not occur.8 

With 2-MeBuLi, some clear differences can be observed 
between the polymerization in toluene and in THF. In tol- 
uene, the initiator 2-MeBuLi is in the state of association 
or poor dissociation, while in T H F  it can be expected to 
dissociate highly, although it may be solvated. Therefore, 
the effective initiator concentration in toluene is less than 
in T H F  a t  the same concentration of the initiator, so that a 
higher molecular weight polymer may be obtained in tolu- 
ene than in THF. The gelation in the course of polymeriza- 
tion in toluene may be due to this high molecular weight in 
addition to semiflexibility of PTBC, because any differ- 
ences of tacticities cannot be found between the polymers I 
and 11. 

It  is clear from the studies on X-ray diffraction patterns, 
infrared spectra, and solubilities that polymers I, 11, and I11 
have the same configuration, whereas polymer IV has a dif- 
ferent configuration from others. The difference in the 
solubilities may not necessarily be due to the difference in 
their configurations. The solubility can depend on both 
tacticity and molecular weight of polymers. However, it  is 
unlikely that the molecular weight of sample IV is so un- 
usually high, considering the ratio of the initiator amount 
to the monomer amount. I t  may be concluded that the poor 
solubility of polymer IV is due to its high stereoregularity. 

The polymer PTBC is considered to have a semiflexible 
chain, from the fact that the index a in eq 1 is nearly unity 
in the range of M < lo5. This value of a is less than that of 
poly(n- butyl isocyanate)13 but comparable to those of cel- 
lulose derivatives,14 both of which are typical "stiff chains." 
The semiflexibility of PTBC is due to the fact that the 
methyl groups at  p position and the tert- butyl ester groups 
a t  a position restrict the internal rotation around the C-C 
bond of the main chain to a large extent and stretch the 
whole chain strongly in a certain direction. So far as we 
know, this may be the first sample which has a semiflexible 
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backbone and is monodisperse with respect to  molecular 
weight. 
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ABSTRACT: The polymerization of N-  carboxyanhydride of y-benzyl DL-glutamate or of DL-alanine by the nickel 
d- 2-methylbutyrate-tri-n- butylphosphine catalyst system proceeded stereoelectively to give an optically active 
polymer of high molecular weight. The monomer whose absolute configuration is identical with that of the asym- 
metric carbon in the acyloxy group of the catalyst system was polymerized preferentially. 

The characteristic behavior of the Ni(0Ac)z - 4H20-n-  
Bu3P catalyst system exhibited in the polymerization of 
y-benzyl L-glutamate NCA (L-BG-NCA) was ascribed to  
the active participation of the nickel salt in the propaga- 
tion step.2 This interpretation was subsequently substan- 
tiated by experimental results which indicated that the 
DL-copolymerizations of mixtures composed of various ra-  
tios of L- and DL-BG-NCA by t h e  (d l -  
C2Hj(CH3)CHC00)2Ni-n- Bu3P catalyst system (d l -  Ni 
catalyst) were controlled stereochemically more effectively 
than  by the simple amine c a t a l y ~ t . ~  In fact, the stereoregu- 
larity of the  DL-copolymer prepared by the former catalyst, 
which was determined by the regular helix content, was far 
higher than  that by the la t ter  Kinetic analysis of the 
polymerization process of DL-BG-NCA or DL-alanine NCA 
(DL-Ala-NCA) by the d l  -Ni catalyst also revealed that 
these polymerization reactions proceeded stereospecifical- 

As a logical extention of these experiments, the stereoe- 
lective polymerization was applied to DL-BG-NCA having 
a rather  long side chain or DL-Ala-NCA having t h e  shortest 
side chain. The polymerization of a DL-NCA with t h e  opti- 
cally active Ni catalyst was suggested to give a n  optically 
active polymer. In fact, th is  expectation was found to  give 
satisfactory results in  our work. This  paper  deals with these 
experimental results. 

T h e  stereoelective polymerization of DL-Ala-NCA or 
DL-leucine NCA was reported by other workers with t h e  
AlEts-borneol catalyst system4~5 or optically active 
amines,6 but unfortunately specific rotations and  molecular 
weights of their polymers were not  sufficiently high values. 

Experimental Section 
Materials. NCAs, nickel carboxylates, and other reagents were 

prepared and/or purified by the methods described in preceding 
papers.*.3 

iy.3 

Nickel d-  2-methylbutyrate was prepared as follows. d- 2-Meth- 
ylbutyric acid was prepared by oxidizing optically active amyl al- 
cohol (2-methylbutanol) in basic solution7 and was purified by 
fractional distillation using Tokyokagakuseiki Model HSB-805E 
Spinning Band Rectifier: bp 175-177’; [ctlZoD +17.2’ (neat) (lit. 
[ a ] D  +19.33°).8 d- 2-Methylbutyric acid was transformed to nickel 
d-2-methylbutyrate in the same manner as described for nickel 
dl- 2-methylb~tyrate:~ [0(lZ0577 +4.4O (dichloroacetic acid (DCA), c 
2.71 g/100 ml), [ c ~ ] ~ O 5 4 6  +6.8’ (DCA, c 2.71 g/100 ml), [ct]20577 
-1.8’ (THF, c 6.76 g/100 ml), [ci]20546 -2.2’ (THF, c 6.76 g/100 
ml). Anal. Calcd for CloHa04Ni: C, 45.9: H, 6.90. Found: C, 45.81; 
H, 6.26. 

Solvents. Anisole was refluxed over CaHz for 24 hr, refluxed 
over metallic sodium for 24 hr, and then distilled under an anhy- 
drous argon atmosphere (bp 155’). Other solvents were purified by 
the methods described in preceding  paper^.^,^ 

Polymerization. Polymerizations were carried out by the meth- 
ods described in preceding papers.*s3 The polymetization of DL- 
BG, or of DL-Ala-NCA was terminated-by adding 100 ml of etha- 
nol to 10 ml of the polymerization medium. By this treatment, un- 
reacted NCA and catalyst system were almost completely removed 
from the polymer. The yield of polymer was determined gravime- 
trically. The polymer obtained was washed twice with 100 ml of di- 
ethyl ether and dried at 80’ for 12 hr in uacuo. To remove the free 
amino acid, catalyst system, and other optically active substances 
as completely as possible from the polymer, poly(y-benzyl gluta- 
mate) (P-BG) was reprecipitated twice from dioxane (20 m1)-di- 
ethyl ether (200 ml) or poly(a1anine) (P-Ala) was reprecipitated 
twice from DCA ( 5  ml)-diethyl ether (200 ml). 

Kinetic Measurements. Polymerization reaction was followed 
by measuring the intensity of the infrared absorption band at 1850 
cm-’, which is assigned to the 2-carbonyl group in the NCA ring, 
using a JASCO Model DS-402 spectrometer in a 0.1 mm thickness 
of KBr in a liquid cell under an argon atmosphere. Weak absorp- 
tion bands due to the solvent (THF) were compensated for using 
the reference cell. [Mo]/[Mt] is referred to the monomer concentra- 
tion at the time zero and t .  u 0 represents the rate of monomer con- 
sumption, which is calculated by the equation -d[M]/dt. 

Characterization of the  Polymer. ORD of the polymer was 
measured in 20- or in 50-mm cells using a Yanagimoto ORD Model 
185 or a JASCO Model J10 Automatic Polarimeter. Specific rota- 


