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ABSTRACT: The anionic polymerizations of seven styrene derivatives para-substituted with N-alkylimino 
groups where the alkyls varied from methyl (11, ethyl (2), isopropyl (31, cyclohexyl (4), to tert-butyl (5), BB 
well as meta (6) and ortho (7) isomers of the cyclohexyl derivatives, were carried out in THF at -78 OC with 
oligo(a-methylstyryl)dipotassium as an initiator. The monomers 3-5 underwent anionic polymerizations 
quantitatively to produce stable living polymers even at room tempeiatve. They possessed &,'a controllable 
by [MI to [I] ratios and narrow molecular weight distributions, the M,/M. values being less than 1.1 A living 
polymer was also obtained from 2, but appeared stable at temperatures lower than -33 OC. On the other hand, 
significant side reactions occurred in the polymerizations of 1, 6, and 7. Polymers with broad molecular 
weight distributions or cross-linked insoluble polymers were obtained in the cases of 1 and 6. No appreciable 
polymerization took place with 7. Thus, the steric demand of the N-substituent and the substituted position 
of the CH=N-R group were found to be crucial to achieve the anionic living polymerizations of styrenes 
substituted with N-alkylimino groups. Some well-defied novel block copolymers with poly(4) segments 
were synthesized by a sequential polymerization of 4 and comonomers such as isoprene, styrene, and 
2-vinylpyridine. Furthermore, both the reactivities of 4 and the resulting living polymer from 4 could be 
estimated from the results of block copolymerization. The polymers from 2-5 were transformed cleanly into 
the poly(4-formylstyrene)~ with highly controlled chain structures by acid hydrolyses of the polymers. 

Introduction 
We have recently found that novel anionic living 

polymers are produced from styrene derivatives para- 
substituted with electron-withdrawing groups2 such as 
(NJV-dialkylamino)carbonyl,3 (trimethylsily1)ethynyl: N- 
cyclohexylimino,5 oxazoline,6 tert-butyl ester,' (NJV- 
diaJkylamjno)sulfonylF and cyano? Although these groups 
are susceptible to react with the anionic initiators and the 
carbanions at the growing chain end, the polymerizations 
of all the above monomers proceed well to give polymers 
possessing highly controlled chain lengths. Our expla- 
nation for these successful living polymerizations is that 
the electron densities of the carbanions at  the growing 
chain ends are reduced considerably to lower the nucleo- 
philicities of the carbanions themselves by the electron- 
withdrawing effects of these groups. Moreover, the 
extension of n-conjugated systems from the terminal 
benzylic carbanions to the electron-withdrawing groups 
may also contribute to stabilize the carbanions to a great 
extent. 

In the preceding paper,5 we have already demonstrated 
the anionic living polymerization of 4-(N-cyclohexylimino)- 
styrene (4). The resulting poly(4) could be transformed 
into the poly(4-formylstyrene) which still retained a 
predicted molecular weight and a narrow molecular weight 
distribution (MWD). Thus, the living polymerization of 
4 followed by the deprotection reaction of the polymer is 
an excellent method for the synthesis of poly(4-formyl- 
styrene) with a well-defined chain structure. 

By contrast, the anionic polymerization of structurally 
similar 4- (N-phenylimino)styrene was not successful under 
identical conditions? Virtually no polymeric material was 
obtained a t  all. Hence, it is obvious that the N-substituents 
strongly affect the polymerization behavior of styrene 
derivatives bearing the imino moiety. At the present time, 
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the ability of 4 to undergo polymerization is believed to 
result from the presence of the bulky N-cyclohexyl group, 
which prevents attack of the CH-N bond by the car- 
banions of either the initiator or the growing active end 
as a most likely side reaction. On the other hand, the 
phenyl group may not protect the CH=N moiety from 
such a side reaction. 

These contrasting results prompted us to study the 
influence of other N-substituents on polymerization. We 
therefore examine the possibility of anionic living poly- 
merizations of 4-(N-alkylimino)styrenes where the N-alkyl 
groups vary from methyl (l), ethyl (2), isopropyl (3), to 
tert-butyl(5) groups as shown in Scheme I. Furthermore, 
the anionic polymerizations of two positional isomers of 
4, meta (6) and ortho (7) substituted derivatives (Chart 
I), are also carried out to clarify the positional effect of the 
substituent on these polymerizations. The objective of 
this work is to understand fully the effects of the N-alkyl 
group and substitution patterns on anionic living polym- 
erization of styrene derivatives substituted with N-alkyl- 
imino functions. 

Rssults and Discussion 

All the N-alkylimino-substituted styrenes used in this 
study were synthesized by the dehydration reaction of 
primary amine and the corresponding formylstyrenes. 
Most reactions proceeded rapidly and exothermically to 
yield the monomers in good to quantitative yields. The 
'H and I3C NMR spectra of these monomers presented 
one iminyl signal at  the expected region, indicating that 
the imino groups may consist of one configuration, a 
presumably anti configuration on the basis of previous 
reports concerning the stereochemistry of the -CH=N- 
linkage. lo 

Evaluation of the Electron-Withdrawing Effect of 
the N-Alkylimino Groups. It is very interesting to 
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predict the electron-withdrawing character of N-alkyl- 
imino groups of the monomers, since the character wil l  
strongly affect the polymerization behaviors of these 
monomers. The Hammett u value is especially useful for 
quantitative discussion of the character. The value of the 
N-phenylimino moiety has been reported to be 0.42,11 and 
it clearly shows the electron-withdrawing character of the 
group comparable to either ester (up = 0.45) or acetyl (up 
= 0.50) functionalities. 

Interestingly, Reynolds and his co-workers have reported 
that the character of the substituent of 4-substituted 
styrene derivatives can also be evaluated from the chemical 
shifts of the vinyl @-carbon in 13C NMR spectra of the 
monomers.12 The @-carbon chemical shifts of 1-5 were 
115.1,114.9,114.9,114.9, and 114.7 ppm, respectively. The 
values shifted apparently toward lower field than that of 
the parent styrene (113.8 ppm), while there was little 
difference in the chemical shifts of the vinyl &carbons 
among the five monomers. These values indicate the 
electron-withdrawing character of the N-alkylimino func- 
tionalities and that the five 4-substituted styrene mono- 
mers 1-5 may possibly provide similar reactivities under 
anionic conditions. Therefore, the effect of the steric factor 
of their N-alkyl substituents may be more important and 
should be considered in the polymerization reaction of 
1-5. In addition, the new Hammett up values of N-alkyl- 
imino groups can actually be determined by their chemical 
shifts to be in the range of 0.194.25 for 1-5 according to 
the method reported by Reynolds.12 

The substitutent position of styrene monomers can also 
certainly affect the polymerization behavior, since the 
electron-withdrawing character as well as the ?r-resonance 
stabilization of the terminal propagating carbanion is 
considered to be different for each substituent position, 
e.g., ortho-, meta-, orpara-position. The polymerizations 
of 4, 6, and 7 are of interest in this regard. 

Anionic Polymerizations of N-Alkyl-N-(l-vinyl- 
benzy1idene)amines 1-5. The polymerizations of 1-5 
were first carried out in THF at -78 "C for 10 min with 
oligo(a-methylstyry1)dipotassium. When these monomers 
were addedto the initiator solution, the color of the reaction 
system immediately changed from red to the characteristic 
dark red of the polystyryl anions from 1-5, indicating that 
the initiation step was rapid in each run. After 10 min, 
a small amount of methanol was added to terminate the 
polymerization reaction, and the red coloration immedi- 
ately disappeared. In each case, gas chromatography (GC) 
analyses of the reaction mixtures indicated that the 
polymers were obtained essentially quantitatively as 
unreacted monomers were not detected. The resulting 

polymers were purified by reprecipitations and freeze- 
drying from benzene and then characterized by lH and 
13C NMR and IR spectra. From these analyses, it was 
observed that the signals and absorptions due to vinyl 
groups of the monomers completely disappeared. In the 
'H NMR spectra of the polymers, the characteristic signals 
at around 8.2 ppm for the CH-N protons were clearly 
observed at reasonable integral ratios to other signals. The 
lH and 13C NMR analysis data of the polymers were 
consistent with the assigned structures of poly[l-(N- 
alky1imino)styrenels obtained exclusively by the vinyl 
polymerizations of 1-5. The results for their Mn and 
M w / M n  values are summarized in Table I. 

At first, size exclusion chromatography (SEC) analysis 
of the polymer from 1 indicated that the MWD is relatively 
narrow, the polydispersity index shown by Mw/iV,, being 
1.19. There is, however, a small shoulder on the higher 
molecular weight side in addition to the sharp SEC 
chromatographic peak, as can be seen in Figure 1A. Since 
this suggested that the undesirable side reaction probably 
occurred between the polymer chains after polymerization, 
we attempted to allow the reaction mixture to stand for 
a longer reaction time, 30 min, at -78 OC. The phenomenon 
thereupon became more distinguished, and the chromato- 
gram of the polymer sample became multimodal as shown 
in Figure 1B. The estimated molecular weight from SEC 
analysis was significantly higher than the calculated value. 
When the reaction mixture was allowed to stand for an 
even longer time, 90 min, the mixture was completely 
immobile and became a red-colored jellylike material 
including the whole solvent of the system. No soluble 
poly(1) was recovered, and alternatively an insoluble gel 
was obtained in nearly quantitative yield after Soxhlet 
extraction using benzene as an extract, which indicated 
that appreciable cross-linking had taken place at  this stage. 
Similar gelation was immediately caused at room tem- 
perature on addition of 1 to the initiator solution. In this 
case, the conversion of 1 was again observed to be 
quantitative after 10 min. Instead, with use of oligo(cu- 
methylstyry1)dilithium as an initiator, the polymer, having 
a very broad and multimodal MWD, was produced in 66 % 
yield after 30 min at -78 "C. 

These observations suggest that serious side reactions 
occur to a considerable extent during the polymerization 
of 1, presumably after the complete consumption of the 
monomer. The most likely reactions might be both inter- 
and intramolecular nucleophilic attacks of the carbanion 
at both growing chains on the carbon-nitrogen double bond 
of the CH=N-CH3 group in the produced poly(1) as 
shown in Scheme 11. The intermolecular reaction finally 
led to the gelation because of the cross-linking reaction 
between the polymer chains. Steric hindrance of the 
methyl group of 1 and/or the resulting poly(1) seems to 
be insufficient to protect the imino moiety from the 
nucleophilic attack of the carbanion. 

We next tried to polymerize an alternative monomer, 
2, having an N-ethyl group on the nitrogen atom. Mono- 
mer 2 was polymerized quantitatively at -78 O C  for 10 min 
with oligo(cY-methylstyry1)dipotassium in THF. In marked 
contrast to the case of 1, a soluble polymer was obtained 
at -78 OC even after 24 h. The SEC analyses of both the 
polymers obtained after 10 min and 24 h show that they 
possess unimodal and narrow MWDs. The SEC chro- 
matogram of the poly(2) obtained after 24 h of reaction 
is shown in Figure 2. There is good agreement between 
the calculated molecular weights from [Ml/[I] and the 
observed values by vapor pressure osmometry (VPO). 
These results reveal that 2 undergoes anionic living 
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Table 1. Anionic Polymerizations of 1-6 in THF 

run monomer mmol OC min initiator mmol mmol % calcdb ob& M,IMnd 
monomer amt, temp, time, initiator amt, a-MeSta amt, yield, 1PMn 

1 1 4.02 -78 
2 1 
3 1 
4 1 
5 1 
6 2 
7 2 
8 2 
9 2 

10 2 
11 2 
12 2 
13 3 
14 3 
15 3 
16 3 
17 3 
18 3 
19 4 
20 4 
21 4 
22 4 
23 4 
24 4 
25 4 
26 5 
27 5 
28 5 
29 5 

2.75 
3.33 
3.20 
3.46 
3.61 
2.37 
2.91 
2.74 
3.15 
3.30 
2.36 
2.03 
4.45 
4.09 
3.15 
3.06 
6.15 
2.81 
3.24 
5.03 
2.62 
2.47 
3.40 
2.46 
3.32 
2.16 
2.35 
3.59 

-78 
-78 
rt 
-78 
-78 
-78 
-78 
-33 
rt 
-78 
-78 
-78 
-78 

-78 
-78 

-78 
-78 
-78 
0 
rt 
-78 
-78 
-78 

-78 
-78 

rt 

-78 

rt 

10 K-Naphe 
30 K-Naph 
90 K-Naph 
10 K-Naph 
30 Li-Naphh 
10 K-Naph 
90 K-Naph 
24h K-Naph 
10 K-Naph 
10 K-Naph 
30 Li-Naph 
24h Li-Naph 
10 K-Naph 
20 K-Naph 
10 K-Naph 
10 Li-Naph 
24 h Li-Naph 
57 h Li-Naph 
15 K-Naph 

10 K-Naph 
10 K-Naph 
10 K-Naph 
20 n-BuLi 
4 h Li-Naph 

10 K-Naph 
10 K-Naph 
10 Li-Naph 
4 h  Li-Naph 

20 Bz-Kj 

0.113 
0.0890 
0.0943 
0.0932 
0.105 
0.126 
0.0730 
0.0600 
0.0805 
0.109 
0.0955 
0.0639 
0.0798 
0.0821 
0.141 
0.113 
0.109 
0.164 
0.0764 
0.0345 
0.0680 
0.0863 
0.0929 
0.0402 
0.131 
0.147 
0.0776 
0.0783 
0.138 

0.243 
0.265 
0.280 
0.241 
0.212 
0.217 
0.225 
0.332 
0.126 
0.191 
0.193 
0.398 
0.284 
0.337 
0.324 
0.289 
0.275 
0.372 
0.130 
0.0501k 
0.313 
0.396 
0.502 
0.156k 
0.286 
0.494 
0.262 
0.126 
0.258 

100 
95 

100 
100 
66 
99 
99 

100 
100 
100 
15 

100 
95 
99 

100 
44 
80 

100 
100 
100 
100 
100 
100 
50 

100 
100 
100 
73 

100 

11 

11 
11 
10 

11 
17 
11 

9.7 

9.3 

9.6 
1.7 

9.7 
13 

22 
11 
4.5 
8.3 

14 
16 
20 
33 
14 
13 
9.0 
9.1 
9.2 

8.8 
11 

10 

7.g 
13f 

g 
g 
i 
9.5 
9.7 

14 
11 
g 
1.8 

13 
10 
24 
11 
6.0 
9.1 

16 
15 
20 
29 
12 
13 
9.2 
8.5 
7.9 
9.1 
7.5 
9.4 

1.19 
2.75 

1.08 
1.05 
1.05 
1.08 

1.09 
1.12 
1.04 
1.06 
1.10 
1.09 
1.08 
1.10 
1.07 
1.07 
1.07 
1.07 
1.12 
1.09 
1.09 
1.05 
1.07 
1.10 
1.09 

a-Methylstyrene. * &(calcd) = [monomer] X (MW of monomer) X yield X f/[initiatorl + (y of initiator); f = 1 or 2, corresponding 
to the functionality of the initiator. Mn(0bSd) was obtained by W O  measurement in benzene. Mw/Mn was obtained by SEC analysis in THF 
solution. e Potassium naphthalenide. fMn(obsd) was obtained by SEC calibration of standard polystyrenes in THF. 8 The reaction mixture 
became insoluble probably due to the croee-linking of the polymer. Lithium naphthalenide. Multimodal and broad MWD. j Benzylpotaeaium. 

1,l-Diphenylethylene was used as a capping reagent instead of a-methylstyrene. 

I I I I 
i5 30 315 40 45 50 

Elution Count 
Figure t. SEC curves of poly(1)s obtained at -78 OC: (A) after 
10 min, Mw/Afn = 1.19 (Table I, run 1); (B) after 30 min, Mw/Mn 
= 2.75 (Table I, run 2). 

Scheme I1 

polymerization, giving polymers with well-defined chain 
structures. Thus, by changing the N-alkyl substituent 
from methyl to ethyl, we can succeed to completely protect 
the CH=N bond from the attack of carbanion. A stable 
living polymer from 2 was obtained at -78 "C. The polymer 
yielded at  -33 OC after 10 min of polymerization also had 

1 l 1 1 1 l l 1 1 1 r  
36 38 40 42 44 

Elution Count 
Figure 2. SEC curve of poly(2) obtained at -78 O C  after 24 h 
of reaction, Mw/Mn = 1.05 (Table I, run 8). 

the predicted M,, and narrow MWD as well as those 
produced at -78 OC. However, the growing active end of 
the polymer appears unstable at room temperature to 
result in quantitative formation of an insoluble polymer 
after 10 min. 

The polymerization of 2 with oligo(a-methylstyry1)- 
dilithium proceeded very slowly at  -78 "C in THF. For 
example, the yield of the polymer was only 15% after 30 
min, although 100% conversion of 2 could be attained 
after 24 h. The polymers obtained by the lithium initiators 
also possessed controllable molecular weights and narrow 
MWDs. Careful examination revealed that, in the SEC 
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curve of the polymer obtained after 24 h (run 12), there 
was a very small shoulder on the higher molecular weight 
side which suggested that the side reaction occurred to a 
small extent after the polymerization. Therefore, further 
optimization will be needed on the polymerization time 
and yield of the polymer to obtain a polymer of narrow 
MWD without the shoulder. 

The results obtained here clearly demonstrated that 
the polymerization of 2 proceeds ideally to give a living 
polymer under the appropriate conditions including 
reaction temperature and countercation of the initiators 
used. It is obvious that the N-alkyl substituent provides 
a means for a subtle control of polymerization of the styrene 
bearing an alkylimino group. An advantage of using 2 is 
thus apparent from the viewpoint of anionic living 
polymerization. 

Although we have found a significant improvement of 
the polymerization by changing the N-substituent from 
methyl to ethyl, the living polymer yielded from 2 appears 
still unstable a t  room temperature. Therefore, the anionic 
polymerization of 3 with a bulkier isopropyl group rather 
than an ethyl group was attempted. The complete 
consumption of the monomer was achieved within 10 min 
in each run using the initiator bearing K+ since 3 was no 
longer detected by GLC measurement. The polymers were 
obtained quantitatively in all cases. It is noteworthy that 
a soluble polymer is quanitatively obtained by polymer- 
ization at room temperature (run 15). All the M w J M n  
values of the resulting polymers were in the range of 1.04- 
1.10, indicating narrow MWDs of the polymers. Moreover, 
the observed M n s  agreed fairly well with those predicted 
from the molar ratios of monomer to initiator. A satis- 
factory result was shown with respect to M n  and MwJMn 
values of the polymer obtained at room temperature. Thus, 
the N-substitution by an isopropyl group was very effective 
in maintaining the living the nature of the polymerization 
at  room temperature. In other words, the N-isopropyl- 
imino group is stable and can coexist with the carbanion 
at  the growing chain end derived from 3 at an elevated 
temperature (room temperature). 

Similar results were obtained for polymerizations using 
lithium initiators. Good agreement between the values of 
M n  calculated and observed as well as narrow MWDs also 
confirms the living polymerization of 3 under these 
conditions. In the SEC curves, there were no shoulders 
at all, implying that the contribution of a possible side 
reaction is negligible, which was observed in the polym- 
erization of 2 as mentioned before. The polymerization 
was again found to proceed slowly at  -78 "C with the 
initiator containing Li+ and afforded a polymer quanti- 
tatively after 57 h. 

To ascertain the interesting finding that the living 
polymer is stable even at room temperature in the 
polymerization of 3, we have carried out the anionic 
polymerizations of 4 and 5 having more sterically hindered 
cyclohexyl and tert-butyl substituents. The yields of the 
polymers were quantitative. With use of both initiators 
bearing K+ and Li+, the results with respect to the values 
of M n  observed and calculated and M w J M n  indicate that 
both the reaction systems of 4 and 5 possess the charac- 
teristics of living polymerization. As expected, 4 and 5 
undergo living polymerizations without difficulty at room 
temperature. A typical SEC chromatogram of the poly- 
(5) produced at room temperature is shown in Figure 3. 
It can be concluded from the results that the polymer- 
izations of 4 and 5 behave similarly to that of 3 under the 
reaction conditions employed here. 

1 1 1 1 1 , 1 1 1 1 1 1 1 1 1  

34 36 38 40 42 44 46 48 

Elution Count 
Figure 3. SEC curve of p_oly(5) obtained at room temperature 
after 10 min of reaction, M,/h& = 1.07 (Table I, run 27). 

In summary, we have found in the polymerizations of 
1-5 that the bulkiness of the N-alkyl group seriously affeds 
their polymerization reactions. The polymerization of 1 
with a methyl substituent competed with the side reaction 
even at -78 O C  to afford an insoluble polymer quantita- 
tively after 1.5 h. 2 substituted with an ethyl group 
tolerated the anionic living polymerization at  -78 to -33 
OC, while the polymerization system was not stable at room 
temperature. We have demonstrated that the possible 
side reaction such as the nucleophilic attack on the 
N-alkylimino moiety is suppressed even at room temper- 
ature by using sterically hindered isopropyl, cyclohexyl, 
and tert-butyl groups as N-substituents. In these po- 
lymerization reactions, the N-alkylimino groups coexist 
with the carbanions at the growing ends of the polymers 
from 3-5 to afford stable anionic living polymers. Con- 
sequently, polymers with narrow MWDs and the predicted 
molecular weight could be obtained at a wide variety of 
temperatures from -78 O C  to room temperature. Accord- 
ingly, besides the electron-withdrawing nature and the 
resonance effect of an extended *-conjugated system, the 
steric hindrance of N-alkyl Substituents is shown to be an 
essential factor for the success of anionic living polym- 
erization of the 4-(N-alkylimino)styrenes. 

Anionic Polymerizations of N-Cyclohexyl-N-(3- 
vinylbenzy1idene)amine (6) and N-Cyclohexyl-N-(2- 
vinylbenzy1idene)amine (7). The position of the sub- 
stituent on the styrene monomer may certainly influence 
the behavior of po1ymerization,l3 since electronic and 
resonance effects and steric demand are considerably 
dependent on the position of the substituent. However, 
very few attempts to thoroughly investigate this influence 
on anionic living polymerization have been reported. We 
have recently observed that the three positional isomers 
(ortho, meta, and para) cyanostyreneg behave quite 
differently in their anionic polymerizations. It is of 
interest, in this regard, to investigate the polymerization 
behaviors of the styrenes substituted with N-alkylimino 
groups not only at the para-position but also at the meta- 
and ortho-positions. For this purpose, we examine here 
the anionic polymerizations of 6 and 7 which are the meta 
and ortho isomers of 4 with an N-cyclohexyl group to clarify 
the positional effect on the polymerization. The polym- 
erization results of 6 and 7 are summarized in Table 11. 

As mentioned in the preceding section, the para- 
substituted styrene monomer of 4 was found to undergo 
anionic living polymerization without difficulty even at 
room temperature. 
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Table 11. Anionic Polymerizatione of 6 and 7 in THF 
monomer amt, temp, time, initiator amt, a-MeSt amt, yield, 1WM. 

run monomer mmol O C  min initiator mmol m o l  5% calcda OM* Mw/Mnb 
30 6 3.07 -78 5 K-Naph 0.110 0.368 48 5.8 6.3 1.36 
31 6 2.76 -78 30 K-Naph 0.0943 0.311 100 12 13 3.38 
32 6 2.61 -95 30 K-Naph 0.838 0.294 54 7.0 15 2.99 
33 6 3.14 -78 5 Li-Naph 0.0902 0.328 11 1.7 5.1 3.53 
34 7 2.78 -78 24 h K-Naph 0.107 0.449 trace 
35 7 2.86 -78 24h Li-Naph 0.106 0.346 trace 

M,(calcd) = [monomer] x (MW of monomer) x yield x 21bitiatorl + (MW of initiator). * &(obsd) and Mw/Mn were obtained by SEC 
calibration of standard polystyrenes in THF solution. 

We next attempted the polymerization of the meta 
isomer of 6 under identical conditions. An immediate color 
change was observed from red to dark red at -78 "C on 
the addition of 6 to oligo(a-methylstyry1)dipotassium in 
THF, similar to the cases of 1-5. Under these conditions, 
the yields of the polymer were 48% after 5 min and 
quantitative after 30 min. The chemical structure of the 
resulting polymer was ascertained by lH NMR and IR 
spectra as poly(6) produced by vinyl polymerization within 
the range of our measurement. Unfortunately, the polymer 
obtained after 30 min was found to have a broad and 
multimodal MWD by SEC measurement. The attempts 
of low-temperature polymerization at  -95 "C (run 32) and 
with use of the initiators bearing Li+ (run 33) were not 
satisfactory, giving polymers with very broad MWDs in 
low yields. These results obviously indicate that unde- 
sirable side reactions occur seriously during the course of 
polymerization of 6 under the conditions where the living 
polymerization of 4 is realized. 

The polymerization of the ortho isomer of 7 was carried 
out under the same conditions. On mixing 7 and either 
oligo(a-methylstyry1)dipotassium or -dilithium in THF 
at -78 "C, the reaction mixture always exhibited a blue- 
violet color at first but afterward changed to a brown color 
within a few minutes. The unreacted 7 was recovered in 
nearly quantitative yields in both polymerization systems 
after 24 h. Only trace amounts of methanol-insoluble 
products were also obtained, but no attempts of the 
characterization could be made. Hence, no appreciable 
polymerization of the ortho-substituted monomer ap- 
peared to proceed under these polymerization conditions. 

Thus, the polymerization results of 4, 6, and 7 clearly 
show that the position of the N-cyclohexylimino substit- 
uent strongly affects their polymerization behaviors. We 
could achieve the anionic living polymerization of only 
thepara-substituted styrene to afford quantitatively well- 
defined polymers having both controllable molecular 
weights and narrow MWDs. By contrast, both the 
polymerizations of meta and ortho isomers failed with 
respect to living polymerization, although the polymer 
was obtained quantitatively in the polymerization of 6, 
the meta isomer. 

From the results of block copolymerization of 4 as 
mentioned later, the propagating carbanion derived from 
4 is undoubtedly stabilized considerably by substituting 
the electron-withdrawing N-cyclohexylimino group at  the 
para-position. Similar stabilization of the carbanion of 
the growing chain end will be expected in the polymer- 
ization of the ortho isomer (7) because both resonance 
and inductive effects of the substituent would promote 
similarly in the case of 4. As can be seen in Scheme 111, 
the N-alkylimino moieties of 4 and 7 can possibly accept 
negative charge and conjugate with the yielded benzylic 
carbanions through ?r-electron resonance. This resonance 
effect may play a key role in the stabilization of the 
propagating benzylic carbanion in addition to the inductive 
effect of the electron-withdrawing imino group. However, 

-CH2-CH d, 
CH =N-R 

Scheme I11 

-CH&H 

in the case of 7, we could not obtain any polymeric products 
capable of identification from the reaction mixture. For 
this reason, we estimate that the ortho-substituted imino 
group may be suitably located near the terminal carbanion 
to allow the nucleophilic addition. Even if the initiation 
reaction of 7 occurs once, the intramolecular nucleophilic 
attack of the active chain end on the imino functionality 
may take place at  the initial stage of polymerization. Thus, 
no polymer was obtained by the polymerization of 7. 

In the polymerization of the meta isomer (6)) the MwDs 
of the resulting polymers were multimodal, although the 
polymer yields were quantitative under the appropriate 
conditions. We can speculate in this case that multimodal 
distribution is probably caused by the intermolecular 
nucleophilic attack of the propagating carbanion on the 
imino group of the polymer side chain. The resulting 
terminal carbanion derived from 6 cannot conjugate with 
the meta-substituted imino functionality through mea- 
onance. I t  therefore seems that the stabilization of the 
propagating carbanion is not sufficient enough for the 
achievement of living polymerization of 6 only by the 
contribution of the inductive effect of the CH=N-R 
moiety. Hence, the undersirable nucleophilic attack on 
the imino carbon could not be suppressed during the course 
of the polymerizations of 6 to result in polymers having 
broad MWDs. 

Block Copolymerization of 4 with Isoprene, Sty- 
rene, 2-Vinylpyridine, and N,N-Diethyl-.d-vinyl- 
benzamide. As pointed out in the preceding section, we 
have demonstrated the anionic polymerizations of 2-5 in 
which stable living polymers with N-alkylimino functions 
can be produced. Novel types of well-defined block 
copolymers may possibly be synthesized by using these 
living polymerization systems. We here select 4 as a 
representative monomer for the block copolymerization 
and explore the synthetic possibility of block copolymers 
of 4 and isoprene, styrene, 2-vinylpyridine (2VP), andNJV- 
diethyl-4-vinylben~amide~~ (StCONEt). The reasons to 
select the latter four monomers are that they have different 
Alfrey-Price e values1* and are amenable to the anionic 
living polymerization mechanism under the conditions 
employed here. Besides the synthetic possiblity of a block 
copolymer, another important aspect of block copolym- 
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Table 111. Block Copolymerization of 4 with Isoprene, Styrene, 2-Vinylpyridine (ZVP), and NJY-Diethyl-4-vinylbnzamide 
(StCONEtz) at -78 OC in THF 

block copolymer (homopolymerb) 

run countercation block sequence A monomer B monomer 10-%fn(calcd)c 103&n(obsd)d fiw/Mne 
36 Li+ B-A-B 4 2vP 20 (7.7) 19 (9.6) 1.26 (1.14) 
37 K+ B-A-B 4 StCONEtz 16 (7.7) 16 (8.2) 1.10 (1.10) 
38 K+ A-B-A 4 isoprene 22 (11) 19 (14) 1.08 (1.08) 
39 K+ A-B-A 4 styrene 23 (12) 25 (13) 1.11 (1.06) 
40 Li+ A-B-A 4 2vP 18 (9.1) 15 (6.7) 1.15 (1.13) 
41 K+ A-EA 4 StCONEh 17 (7.4) 15 (5.5) 1.12 (1.10) 

a The yields of the polymers were nearly quantitative in each cae .  Difunctional initiators were used in all block copolymerizations. 
Homopolymers were obtained at the first-stage polymerization. M,(calcd) = [monomer] X (MW of monomer) X 2/[initiator] + (MW of 

initiator). The molecular weights of the block copolymers were determined by usjng the molecular weights of the homopolymers and the molar 
ratios of monomer units in the block copolymer analyzed by 'H NMR. e Mw/Mn was obtained by SEC calibration using standard 
polystyrene. 

erization is the ability to estimate the reactivities of both 
the monomer and the resulting living polymer by the 
efficiency of block copolymerization. 

We have carried out the block copolymerizations by the 
sequential addition of 4 a t  first and then isoprene, styrene, 
2VP, or StCONEtz. In order to synthesize the block 
copolymer of 4 with isoprene, isoprene was added in THF 
a t  -78 OC to difunctional living poly(4) prepared with oligo- 
(a-methylstyry1)dipotassiw.n. However, the homopolymer 
of 4 was quantitativelyrecovered from the reaction mixture 
with isoprene after 4 h. This means that the living poly- 
(4) cannot initiate the polymerization of isoprene at  all 
under these conditions. By contrast, styrene was quan- 
titatively polymerized with the living poly(4). The SEC 
trace showed that the copolymerization product possessed 
a bimodal MWD. The first peak was exactly the same as 
that of poly(4), and the second peak was eluted at  a much 
higher molecular weight region than that predicted. This 
suggests that the polymer is a mixture of virtual homopoly- 
(4) and the block copolymer containing a polystyrene 
segment of very high molecular weight. In this block 
copolymerization, it can therefore be concluded that only 
a portion of the living polymer of 4 reacts with styrene to 
polymerize rapidly, while most of the living polymer 
remains unreacted. The initiation efficiency of the second 
polymerization was roughly estimated to be 5 '3 from the 
SEC and lH NMR analyses of the products. These low 
reactivities of the living poly(4) toward isoprene and 
styrene are accounted for by the stabilization of the active 
chain end due to the electron-withdrawing effect of the 
N-cyclohexylimino group along with the extension of the 
*-conjugated system at the terminal benzylic carbanion 
as discussed in the preceding section. 

In contrast to the cases with isoprene and styrene, both 
the polymerizations of more anionically reactive 2VP and 
StCONEb3bJ4 estimated from their e values were quan- 
titatively initiated with living poly(4) to result in the 
formation of block copolymers. Their predictable M, 
values and block segment lengths and relatively narrow 
MWDs were confirmed by 'H NMR and SEC analyses as 
shown in Table I11 (runs 36 and 37). This results also 
indicates that the propagating carbanion of poly(4) is stable 
a t  -78 OC in THF a t  least for 30 min. 

Thus, the living polymer derived from 4 does not react 
with isoprene but reacts slowly with styrene. It reacts 
quantitatively with 2VP and StCONEb, thereby suggest- 
ing the reactivity of living poly(4) is much less than those 
of the living polymers from isoprene and styrene and 
probably lies around those of the living polymers from 
2VP and StCONEt2.15 

Next, we carried out the block copolymerizations by 
the reverse addition of two monomers. Actually, 4 was 
added to the difunctional living polymer of either isoprene 

or styrene in THF at -78 "C. In both cases, the 
polymerizations of 4 readily proceeded to yield the 
copolymers quantitatively. The contents of the poly(4) 
segment in the resulting copolymers analyzed by lH NMR 
were nearly equal to the calculated values based on the 
molar ratios of both monomers. The SEC chromatograms 
of the polymers obtained after the second polymerization 
exhibited unimodal peaks showing their narrow MWDs. 
All the results shown again in Table I11 strongly support 
that the resulting polymers are unequivocally the expected 
ABA-type triblock copolymers having predetermined 
architectures such as compositions and controllable mo- 
lecular weights. 

Both the living polymers from 2VP and StCONEtz also 
initiate quantitatively the polymerization of 4. The well- 
defined structures of these block copolymers were con- 
firmed by SEC and lH and 13C NMR analyses. The results 
are of particular interest considering the fact that the living 
polymers from 2VP and StCONEtn have no ability to 
initiate the polymerization of isoprene and react slowly 
with styrene.15 This suggests that 4 is more reactive than 
isoprene and styrene and at  least comparable to 2VP and 
StCONEt2. 

We have successfully synthesized novel block copoly- 
mers by the sequential addition of 4 and isoprene, styrene, 
2VP, or StCONEt2, although the order of addition of the 
comonomers is restricted to a few combinations. These 
block copolymers contain one or two blocks that have 
reactive N-cyclohexylimino groups in all monomer units. 
As mentioned later, this group can be transformed cleanly 
into the more reactive formyl function. From the results, 
we can also estimate the reactivities of 4 and the living 
polymer. They imply that 4 is anionically more reactive 
than styrene, but the resulting living polymer is less 
reactive than living polystyrene. Thus, the introduction 
of the N-cyclohexylimino group at  the para-position of 
the styrene framework affects to a great extent the 
reactivities of the monomer and the living polymer derived. 
We have already found similar phenomena through studies 
concerning the anionic polymerizations of para-substituted 
styrenes having various electron-withdrawing g r o u p ~ . ~ * ~ J ~  
The stabilization of their propagating chain ends has been 
similarly observed in the crossover reaction (block copo- 
lymerization) between their propagating species and the 
various monomers.15 

Deprotection of the N-Alkylimino Protecting 
Groups from the Polymers. We previously reported 
that the hydrolysis reaction of poly(4) completely pro- 
ceeded in 1,li-dioxane by treatment with 0.5 N HC1 at 25 
OC for 5-15 h.5 It should be mentioned that this reaction 
condition was suitable for the hydrolysis of poly(4) having 
a molecular weight below 10OO0, but it was somewhat 
insufficient for the deprotection of higher molecular weight 



6982 Ishizone et al. Macromolecules, Vol. 26, No. 25, 1993 

in the stabilization of the propagating carbanion to avoid 
the side reactions from the results of block copolymeri- 
zation. Finally, well-defined poly(4-formylstyrene) was 
possible to obtain by the complete deprotection of the 
CH=N-R functions from the resulting poly(2-5). 

Experimental Section 
Materials. 4-Formyl-, 3-formyl-, and 2-formylstyrenes were 

prepared according to our previous report.gb Isoprene, styrene, 
and a-methylstyrene were distilled over calcium hydride and 
finally distilled from benzylmagnesium chloride under vacuum. 
2-Vinylpyridine was first dried over potassium hydroxide and 
then distilled from calcium hydride on a vacuum line. 1,l- 
Diphenylethylene (DPE) was purified by fractional distillation 
and finally distilled from n-BuLi under vacuum. NJV-Diethyl- 
4-vinylbenzamide (StCONEtd was synthesized as previously 
reported.3b THF used as a polymerization solvent was refluxed 
over sodium wire for 5 h, distilled from lithium aluminum hydride, 
and finally distilled through a vacuum line from sodium 
naphthalenide solution. 
Initiators. Commercially available n-butyllithium (1.6 M 

hexane solution) was diluted with heptane and used for the anionic 
polymerization. Potassium naphthalenide and lithium naph- 
thalenide were prepared by the reactions of a small excess amount 
of naphthalene with the corresponding alkali metal in THF. 
Benzylpotassium was prepared by the reaction of benzyl methyl 
ether with sodium-potassium alloy in THF.16 Oligo(a-methyl- 
styry1)dilithium and -dipotassium were freshly prepared just prior 
to the polymerizations from the corresponding metal naphtha- 
lenides and a 2-4 M quantity of a-methylstyrene at 20 "C for 1 
min and then at -78 O C  for 10 min. These initiators were stored 
at -30 OC in ampules equipped with breakseals. The concen- 
tration of initiators was determined by calorimetric titration with 
standardized l-octanol in a sealed reactor under vacuum.17 
N-Methyl-N-(kvinylbenzy1idene)amine (1). To 7.07 g of 

4-formylstyrene (53.5 mmol)" was added dropwise under ice bath 
cooling a water solution of methylamine (40 wt % ,6.18 g, 79.5 
mmol). After the addition, the reaction mixture was stirred for 
2 hat room temperature. The reaction mixture was diluted with 
diethyl ether and dried over MgSO4. After evaporation of the 
solvent, distillation gave 6.94 g (47.8 mmol, 89 % ) of 1 as a colorless 
liquid at 52-53 "C (0.5 mmHg) from calcium hydride: 'H NMR 

and5.79(2d,2H,J=lland18Hz,CH2=),6.73(dd,lH,-CH=), 
7.38-7.71 (m,4H,Ar),8.23and8.25 (d, lH,4J= 1.5Hz,CH=N); 
13C NMR (23 MHz, CDC13) 6 48.3 (NCH3), 115.1 (vinyl, CHF), 
126.5 (Ar,C3), 128.1 (Ar, C2), 135.8 (Ar,C4), 136.4 (vinyl,-CH=), 
139.8 (Ar, Cl), 162.1 (CH=N); IR (KBr, cm-l) 1649 (CH-N), 
1606, 1562, 1509, 1426, 1406, 1301, 1174, 1001, 991, 911, 839. 
Anal. Calcd for CloHIIN: C, 82.72; H, 7.64; N, 9.65. Found C, 
82.34; H, 8.00; N, 9.68. 
N-Ethyl-N-(4-~inylbenzylidene)amine (2). To 6.88 g of 

4-formylstyrene (52.1 mmol) was added dropwise under ice bath 
cooling a water solution of ethylamine (70 wt %, 5.03 g, 78.2 
mmol). After the addition, the reaction mixture was stirred for 
2 h at room temperature. The reaction mixture was diluted with 
diethyl ether and dried over MgSO1. After evaporation of the 
solvent, distillation gave 7.42 g (46.6 mmol, 89%) of 2 as a colorless 
liquid at 59-63 OC (0.5 mmHg) from calcium hydride: 'H NMR 

lH, -CH=), 7.38-7.73 (m, 4H, Ar), 8.26 (s, lH, CH-N); 13C 
NMR (23 MHz, CDCl3) S 16.3 (-CH3), 55.8 (NCHz), 114.9 (vinyl, 
CH2~),126.3(Ar,C3),128.2(Ar,C2),135.9(Ar,C4),136.3(vinyl, 
-CH=), 139.6 (Ar, Cl), 159.9 (CH=N); IR (KBr, cm-l) 1646 
(CH=N), 1606, 1562, 1509, 1448, 1378, 1334, 1301, 1094, 990, 
909,841. Anal. Calcd for C11H13N: C, 82.98; H, 8.23; N, 8.80. 
Found C, 82.88; H, 8.22; N, 8.79. 
N-Isopropyl-N-(4-vinylbenzylidene)amine (3). To 10.50 

g of 4-formylstyrene (79.4 mmol) was added dropwise under ice 
bath cooling 10.21 g of isopropylamine (173 mmol). After the 
addition, the reaction mixture was stirred for 1.5 h at room 
temperature. The reaction mixture was diluted withdiethylether 
and dried over MgSO,. After evaporation of the solvent, 
distillation gave 13.00 g (75.5 mmol, 95%) of 3 as a colorless 

(90 MHz, CDC13) 6 3.49 and 3.51 (d, 3H, 4J = 1.5 Hz, NCHs), 5.29 

(90 MHz, CDCl3) d 1.30 (t, 3H, J = 7 Hz, -CHa), 3.64 (9, 2H, 
NCH2,5.30and5.79(2d,2H,J=lland18H~,CH2=),6.73(dd, 

Scheme IV 
4 CH,-CH +CH,-CHt,  

I 

3N HCI Q T H F  * 

CH =N-R C H O  

polymers. Repeating the reaction under similar conditions 
was actually necessary for the complete deprotection of 
the N-cyclohexyl group from the poly(4) having a molecular 
weight higher than 10 000. 

The deprotections of N-alkylimino groups from the other 
three polymers of 2,3, and 5 were carried out in THF with 
3 N HCl at room temperature as shown in Scheme IV. 
Polymers were obtained by pouring the reaction mixtures 
into water. After filtration, the yields of the polymers 
were nearly quantitative by assuming the complete 
deprotection of the protective groups. In each lH NMR 
spectrum of the polymer obtained after the deprotection 
reaction, the signal of the CH=N moiety near 8.2 ppm 
completely disappeared and alternatively the new signal 
corresponding to the formyl proton appeared at 9.9 ppm. 
In the infrared spectrum of the polymer, a new charac- 
teristic strong absorption of 1701 cm-l due to the carbonyl 
group of aldehyde appeared and the absorption of 1640- 
50 cm-' characteristic for the CH=N bonding no longer 
existed. These spectroscopic analyses strongly indicate 
that the complete deprotection of the polymer proceeds 
to form the poly(4-formylstyrene) in each case as expected. 
The SEC chromatograms of the resulting poly(4-formyl- 
styreneb were unimodal and showed sharp peaks as well 
as those of the parent polymers before deprotection. This 
SEC analysis suggests that both degradation and cross- 
linking of the polymer main chains do not occur during 
the deprotection reactions. Therefore, we can here 
conclude that the poly(4-formylstyrene) having a tailored 
molecular structure is obtained by the deprotection of the 
polymers of 2-5, keeping the characteristics of the parent 
polymers. 

Poly(1-5)s were white powders and could be cast into 
a transparent and brittle film from their solutions. The 
solubilities of all the polymers and poly(4-formylstyrene) 
obtained by the hydrolysis of these polymer samples are 
summarized in Table IV. The polymers of 1-5 are soluble 
in a wide range of organic solvents and particularly soluble 
in methanol and ethanol except for poly(4). Interestingly, 
the poly(5) is soluble even in pentane and hexane, in which 
polystyrene is insoluble. After the deprotection of these 
polymers, the solubilities significantly changed. The 
resulting poly(4-formylstyrene) is soluble in chloroform, 
acetone, 1,4-dioxane, THF, and N,N-dimethylformamide 
but insoluble in pentane, hexane, benzene, carbon tetra- 
chloride, diethyl ether, ethyl acetate, methanol, ethanol, 
and water. 

The glass transition temperatures (T is )  of the polymers 
having mn's in the range of 10000-30000 were measured 
by differential scanning calorimetry (DSC). The Tis of 
poly( I), poly(%), poly(31, poly(4), and poly(5) were 11498, 
105, 144, and 112 "C, respectively. These Tg values are 
nearly comparable with that of polystyrene (Tg = 100 OC), 
except for the poly(4). 

Conclusion 
In this study, we demonstrated that the bulkiness and 

the substitutional position of the N-alkylimino groups were 
essential to obtain stable living polymers in the anionic 
polymerization of N-alkylimino-substituted styrenes. It 
was also found that the electron-withdrawing imino groups 
of the resulting living polymers played an important role 
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Table IV. Solubilities of Poly( 1-5)s, Poly(4-formylstyrene), and Polystyrene. 
solubility 

solvent pOlY(1) P O ~ Y ( ~ )  P O ~ Y ( ~ )  P O ~ Y ( ~ )  poly(5) poly(4-formylstyrene) polystyrene 
pentane 
hexane 
benzene 
carbon tetrachloride 
diethyl ether 
ethyl acetate 
chloroform 
acetone 
1,Cdioxane 
tetrahydrofuran 
N,iV-dimethylformamide 
ethanol 
methanol 
water 

I 
I 
S 
I 
I 
S 
S 
S 
S 
S 
S 
S 
S 
I 

a Key: I, insoluble; S, soluble; Sw, swelling. 

I 
I 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
I 

I 
I 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
I 

liquid at 64-68 OC (0.5 mmHg) from calcium hydride: lH NMR 
(90 MHz, CDCls) 6 1.26 (d, 6H, J = 6 Hz, -CH3), 3.45-3.59 (m, 
1H, =NCH), 5.28 and 5.77 (2d, 2H, J = 11 and 18 Hz, CH-), 
6.72(dd,lH,-CH=),7.37-7.73(m,4H,Ar),8.26(s,lH,CH-N); 

(vinyl, CH-), 126.4 (Ar, C3), 128.3 (Ar, C2), 136.1 (Ar, C4), 
136.5 (vinyl, -CH=), 139.6 (Ar, Cl), 157.8 (CH=N); IR (KBr, 
cm-l) 1646 (CH=N), 1610,1563,1510,1381,1298,1142,990,910, 
841. Anal. Calcd for C12H15N: C, 83.19; H, 8.73; N, 8.09. 
Found C, 83.13; H, 8.83; N, 7.95. 
N-Cyclohexyl-N-(4-vinylbenzylidene)amine (4)> To a 

mixture of 4-formylstyrene (10.05 g, 66.1 mmol), cyclohexylamine 
(8.14 g, 82.2 mmol), and tert-butylcatecohol(10 mg) was added 
150 mL of benzene. The reaction mixture was heated for 5 h 
under reflux with axeotropic separation of water by means of a 
Dean-Stark water trap. The reaction mixture was diluted with 
diethyl ether and dried over MgSOr. After evaporation of the 
solvent, distillation gave 13.17 g (61.8 -01, 94%) of 4 as a 
colorless liquid at 99-101 OC (0.5 mmHg) from calcium hydride: 
1H NMR (90 MHz, CDCl3) 6 1.17-1.70 (m, 10H, -CHZCHZCH~- 
CH~CHZ-), 3.18-3.28 (m, lH,  =NCH), 5.29 and 5.79 (2d, 2H, J 
= 11 and 18Hz, CH-), 6.73 (dd, 1H,-CH=), 7.37-7.73 (m, 4H, 
A),8.28(s, lH,CH=N);W NMR (23 MHz,CDCb)6 24.9,25.8, 
34.5 (cyclohexyl, -CH2), 70.0 (NCH), 114.9 (vinyl, CH-), 126.4 
(Ar, C3), 128.3 (Ar, C2), 136.2 (Ar, C4), 136.5 (vinyl, -CH=), 
139.6 (Ar, Cl), 158.1 (CH=N); IR (KBr, cm-l) 1641 (CH=N), 
1606,1563,1509,1450,1298,1076,993,888,838. Anal. Calcd 
for Cl5HleN: C, 84.46; H, 8.98; N, 6.57. Found C, 84.40; H, 9.01; 
N, 6.60. 
N-tert-B~tyl-N-(4-~inylbenzylidene)amine (5). A mixture 

of 4-formylstyrene (10.10 g, 76.4 mmol), tert-butylamine (8.31 g, 
114 mmol), and p-toluenesulfonic acid (20 mg) was heated for 6 
h under reflux. The reaction mixture was diluted with diethyl 
ether and dried over MgSOI. After evaporation of the ether, 
distillation gave 13.40 g (71.6 mmol, 94%) of 5 as a colorless 
liquid at  73-75 OC (0.5 mmHg) from calcium hydride: 'H NMR 
(90 MHz, CDCW 6 1.29 (s,9H, -CH3), 5.28 and 5.78 (2d, 2H, J 
= 11 and 18 Hz, CH-), 6.73 (dd, lH,  -CH=), 7.37-7.75 (m, 4H, 
Ar), 8.25 (a, 1H, CH=N); 13C NMR (23 MHz, CDCL) 6 29.8 
(-CH3), 57.3 (NCCHd, 114.7 (vinyl, C H d ,  126.3 (Ar, C3), 128.1 
(Ar, C2), 136.5 (vinyl, -CH=), 136.8 (Ar, C4), 139.4 (Ar, Cl), 
154.6 (CH=N); IR (KBr, cm-l) 1641 (CH=N), 1606,1371,1226, 
1206,1170,990,909,841. Anal. Calcd for C13H17N C, 83.37; H, 
9.15; N, 7.48. Found: C, 83.20; H, 9.11; N, 7.65. 
N-Cyclohexyl-N-(3-vinylbenzy1idene)amine (6). To a 

mixture of 3-fomylstyrene (3.71 g, 28.1 mmol),9b cyclohexylamine 
(3.20 g, 32.3 mmol), and tert-butylcatecohol (10 mg) was added 
100 mL of benzene. The reaction mixture was heated for 5 h 
under reflux with azeotropic separation of water by means of a 
Dean-Stark water trap. After cooling, the reaction mixture was 
dried over MgSOd. After evaporation of the solvent, distillation 
gave 3.98 g (18.7 mmol, 66%) of 6 as a colorless liquid at  101-103 
OC (0.5 mmHg) from calcium hydride: 'H NMR (90 MHz, CDCh) 
6 1.18-1.92 (m, 10H, -CH&H&H&H&H2-), 3.19-3.28 (m, lH, 
=NCH), 5.27 and 5.78 (2d, 2H, J = 11 and 18 Hz, CHF), 6.78 
(dd, lH,  -CH=), 7.26-7.77 (m, 4H, Ar), 8.31 (a, lH,  CH=N); 13C 

'3C NMR (23 MHz, CDCl3) 6 24.2 (-CH3), 61.7 (NCH), 114.9 

I 
sw 
S 
S 
S 
S 
S 
S 
S 
S 
s w  
I 
I 
I 

S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
S 
I 

I 
I 
I 
I 
I 
I 
S 
S 
S 
S 
S 
I 
I 
I 

I 
I 
S 
S 
S 
S 
S 
S 
S 
S 
S 
I 
I 
I 

NMR (23 MHz, CDCb) 6 24.9,25.7,34.4 (cyclohexyl, -CHZ), 69.9 
(NCH), 114.5 (vinyl, CH&, 125.8 (Ar, C2), 127.7 (Ar, C5), 128.0 
(Ar, C4), 128.7 (Ar, C6), 136.5 (vinyl, -CH=), 137.0 (Ar, C3), 
138.0 (Ar, Cl), 158.4 (CH=N); IR (KBr, cm-') 2930,2850,1646 
(CH=N), 1155,989,908. Anal. Calcd for C15HlBN C, 84.46; H, 
8.98; N, 6.57. Found C, 84.15; H, 9.16; N, 6.47. 
N-Cyclohexyl-N-(2-vinylbenzylidene)amine (7). To a 

mixture of 2-formylstyrene (4.00 g, 30.3 mmol),Bb cyclohexylamine 
(4.09 g, 41.2 mmol), and tert-butylcatecohol(10 mg) was added 
100 mL of benzene. The reaction mixture was heated for 5 h 
under reflux with azeotropic separation of water by means of a 
Dean-Stark water trap. After cooling, the reaction mixture was 
dried over MgSOd. After evaporation of the solvent, distillation 
gave 3.05 g (14.3 mmol, 47%) of 7 as a colorless liquid at  97-98 
OC (0.5 mmHg) from calcium hydride: 'H NMR (90 MHz, CDCls) 
6 0.9-2.1 (br, 10H, -CHZCH~CHZCH~CH~-), 3.&3.4 (br, lH, 

7.91 (m, 5H, -CH= and Ar), 8.66 (a, lH,  CH-N); 13C NMR (23 
MHz, CDCb) 6 24.8, 25.8, 34.5 (cyclohexyl, -CH2), 70.3 (NCH), 
117.5 (vinyl, CH&, 126.6,127.8,130.0,133.6,134.2,138.0,141.3, 
157.0 (CH=N); IR (KBr, cm-l) 1636 (CH=N), 1599,1450,965, 
917, 771. Anal. Calcd for C15HlsN: C, 84.46; H, 8.98; N, 6.57. 
Found C, 83.85; H, 8.97; N, 6.69. 

Monomer Purification. After careful fractional distillation, 
the purified monomers were sealed off under a degassed condition 
in an apparatus equiped with a breakseal in the presence of CaH2. 
The monomer was stirred for 24 h at  ambient temperature and 
then distilled from CaH2 on a vacuum l i e  into ampules fitted 
with breakseals. Next, to remove impurities in the monomer, 
phenylmagnesium chloride (5.0 mL, 0.20 M solution in THF) 
was added to the monomer (ca. 30 mmol) at  -78 OC under vacuum 
(1P mmHg) and the mixture was stirred for 30 min at  ambient 
temperature. It was distilled again under vacuum into the 
apparatus equipped with a breakseal and diluted with dry THF. 
The resulting monomer solutions (0.3-0.5 M in THF), were stored 
at -30 OC until ready to use for the anionic polymerization. 

Polymerization Procedures. All polymerizations were car- 
ried out with shaking under high-vacuum conditions in the all- 
glass apparatus equipped with breakseals as previously reported." 
The polymerization reaction was quenched with methanol, and 
the reaction mixture was then poured into a large excess of water 
to precipitate a polymer. Polymers collected by filtration were 
purified by reprecipitation twice with the water-THF system. 
The polymers thus obtained were characterized by lH and 13C 
NMR and IR spectroscopies and elemental analysis. The 
following is the full list. 

Data for Poly(1): lH NMR (90 MHz, CDC13) 6 0.8-2.4 (m, 
3H, -CHZCH-), 3.5 (8, 3H, -NCH3), 6.1-7.6 (m, 4H, Ar), 8.2 (a, 
lH, -CH=N); 13C NMR (23 MHz, CDCls) 6 39-46 (-CH&H-), 
48.1 (-NCH,), 127.8 (Ar, C2 and C3), 134.1 (Ar, Cl), 147.1 (Ar, 

=NCH), 5.39 and 5.61 (2d, 2H, J = 11 and 18 Hz, C H y ) ,  7.07- 

C4) 162.2 (-CH=N); IR (KBr, cm-') 1651,1607,1571,1453,1401, 
1303, 1001, 826. 

Data for Poly(2): 'H NMR (90 MHz, CDC13) 6 0.8-2.3 (m, 
6H, -CH2CH- and -CHs), 3.6 (a, 2H, -NCH2), 6.1-7.6 (m, 4H, 
Ar), 8.2 (8, lH, -CH=N); 'W NMR (23 MHz, CDC13) 6 16.3 
(-CHI), 39-46 (-CH&H-), 55.7 (=NCHz), 127.8 (Ar, C2 and 
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aa standards. Vapor pressure osmometry (VPO) measurements 
for number-average molecular weight determinations were made 
with a Corona 117 instrument in benzene solution. Size exclusion 
chromatograms (SEC) for MWD determinations of polymers were 
obtained at  40 OC with a TOSOH HLC-8020 instrument equipped 
with three polystyrene gel columns (TOSOH G5000Hm, 
G4000Hm, and G3000Hn) with ultraviolet (254 nm) or refractive 
index detection. THF was a carrier solvent at a flow rate of 1.0 
mL m i d .  The glass transition temperatures of the polymers 
were measured by differential scanning calorimetry wing a Seiko 
Instrument DSC220 apparatus and analyzed by a SSC 5200TA 
station. The samples were first heated to 240 OC, cooled rapidly 
to -20 OC, and then scanned again at a rate of 20 OC min-l. 

C3), 134.1 (Ar, Cl), 147.2 (Ar, C4) 160.1 (-CH=N); IR (KBr, 
cm-l) 1646,1609, 1571, 1508,1448, 1333, 1303,1095,1038,828. 

Data for Poly(3): 'H NMR (90 MHz, CDCld 6 0.7-2.1 (m, 
9H,-CHzCH-,-CH3),6.2-7.6 (m,4H,Ar),8.2 (s,lH,-CH=N); 

61.6 (=NCH), 128.0 (Ar, C2 and C3), 134.5 (Ar, Cl), 147.3 (Ar, 
C4), 158.3 (-CH=N); IR (KBr, cm-l) 1646, 1608, 1572, 1381, 
1300, 1142, 826. 

Data for Poly(4): 'H NMR (90 MHz, CDCld 6 0.7-2.6 (m, 
13H, -CHzCH- and - C H ~ C H ~ C H ~ C H Z C H ~ - ) ,  3.2 (s, l H ,  
=NCH-), 6.2-7.8 (m, 4H, Ar), 8.2 (8,  lH, -CH-N); NMR 
(23 MHz, CDC13) 25.0,25.8,34.6 (cyclohexyl, CHd, 40-46 ( ~ H z -  
CH-), 70.0 (=NCH), 128.0 (Ar, C2 and C3), 134.5 (Ar, Cl), 147.1 
(Ar, C4) 158.6 (-CH=N); IR (KBr, cm-l) 1646,1607,1496,1450, 
1074,826. 

Data for Poly(5): IH NMR (90 MHz, CDCl3) 6 0.9-2.1 (m, 
12H, -CHzCH- and CH3), 6.3-7.6 (m, 4H, Ar), 8.2 (8 ,  lH,  

CH-), 57.1 (-NCCHs), 127.9 (Ar, C2 and C3), 135.1 (Ar, Cl), 
147.1 (Ar, C4) 155.1 (-CH=N); IR (KBr, crn-') 1641,1607,1356, 

13C NMR (23 MHz, CDCl3) 6 24.3 (-CH3), 39-46 (-CHzCH-), 

-CH=N); 13C NMR (23 MHz, CDC13) 6 29.9 (-CH3), 39-46 ( 4 H r  

1205, 1174,909,828. 
Data for Poly(6): lH NMR (90 MHz, C a s )  6 0.7-2.8 (m, 

13H, -CH2CH- and -CH~CH~CH~CH~CHZ-) ,  3.35 (8, l H ,  
=NCH-), 6.5-8.1 (m, 4H, Ar), 8.2 (8, lH, -CH=N); 13C NMR 
(23 MHz, CDCb) 6 24.9,25.7,34.5 (cyclohexyl, CHz), 40-44 (-CH2- 

C2, C4, C5, and C6), 145.2 (Ar, C3), 158.8 (-CH=N); IR (KBr, 
cm-') 1646,1584, 1603, 1449, 1382, 1346,1073,967,795. 
Block Copolymerization. In the d-gh apparatus equipped 

with breakseals in vacuo, fiist-stage polymerization of styrene 
was carried out with potassium naphthalenide as an initiator in 
THF at  -78 OC for 10 min. After sampling to determine the 
characteristics of homopolystyrene, to the residual polymerization 
system at -78 "C was added 4 the mixture reacted for 30 min to 
complete the second-stage polymerization. After quenching with 
methanol, both homopolystyrene and the block copolymer of 
styrene and 4 were quantitatively obtained. The characteristics 
of the copolymerization product were analyzed by lH NMR 
spectroscopy and SEC chromatography. Both polymers pos- 
sessed narrow MWDs and predictable molecular weights aa shown 
in Table I11 (run 39). Other block copolymerizations of 4 and 
comonomers were performed in a similar manner. 

Typical Procedure of Deprotection. Poly(5) (0.30 g) was 
dissolved in THF (20 mL) containing 12 N HCl(5 mL), and then 
the reaction mixture was stirred for 18 h at  room temperature. 
After pouring the reaction mixture into water, the solution was 
neutralized with potassium hydroxide and the yielded polymer 
was filtered. The resulting polymer was again dissolved in THF 
(20 mL) containing 12 N HCl(5 mL), and the reaction mixture 
was stirred for 20 h at  room temperature. The polymer was 
recovered by filtration after pouring the reaction mixture into 
water containingan excess of potassium hydroxide. The polymer 
was redissolved in THF and precipitated into hexane. Then it 
was freeze-dried from 1,Cdioxane solution. The polymer (0.15 
g) was identified aa poly(4formylstyrene) by IR and lH NMR 
spectroscopies as previously r e p ~ r t e d . ~  The deprotedion reac- 
tions of poly(2-5) were carried out to afford the poly(4- 
formylstyrene) in a similar manner: 'H NMR (90 MHz, CDCM 
6 0.5-2.6 (m, 3H, -CH&H-), 6.2-8.0 (m, 4H, Ar), 9.9 (8,  lH,  
-CH=N); IR (KBr, cm-I) 1701, 1604, 1574, 1448, 1427, 1306, 
1212, 1166, 841, 828. 

Measurements. Infrared spectra (KBr disk) were recorded 
on a JEOL JIR-AQS2OM FT-IR spectrophotometer. 'H NMR 
and NMR spectra were recorded on a JEOL F X - W  (89.6 
MHz, 'H; 22.53 MHz, 13C) in CDCb. Chemical shifts were 
reported in parts per million downfield relative to tetrameth- 
ylsilane (6 0.00) for 'H NMR and to CDCls (6 77.1) for NMR 

CH-), 69.8 (=NCH), 125.3, 127.5, 128.3, 129.6, 136.5, (Ar, C1, 
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