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ABSTRACT: Optically active poly(methyl 4-vinylbenzoate-co-styrene)s (3a-c) were synthesized through
the cyclocopolymerizations of (2S,3S)-2,3-butanediyl, (2S,4S)-2,4-pentanediyl, and (2S,5S)-2,5-hexanediyl
bis(4-vinylbenzoate)s (1a, 1b, and 1c, respectively) with styrene. The extent of chirality induction
increased in the order of 1a = 1c < 1b, and the cyclized units predominately possessed an (R,R)-
configuration. The MM2 calculation derived the conformer distributions, in which monomers 1a and 1b
predominately had a counterclockwise gauche form (“g-”) and a combination of trans form and clockwise
gauche form (“tg+”), respectively. Monomer 1c had a wide distribution into “tg+g+”, “g+tg+”, and “ttt”
forms because of flexibility. The semiemprical molecular orbital calculations were performed for the
model reaction of the radical cyclization. The calculated population difference between (R,R)- and (S,S)-
configurations indicated that the template in 1b was more effective for the chirality induction than that
in 1a, similar to the experimental results.

Introduction

Various types of optically active polymers have been
synthesized, and the polymers having chirality in the
main chain are classified into two categories, namely,
configurationally and conformationally chiral polymers.1
Cyclocopolymerization capable of forming the chiral diad
affords a useful method for the former polymers.2 We
have reported the cyclocopolymerization of dimeth-
acrylate2d and bis(4-vinylbenzoate)2e-l having chiral
templates with styrene to yield optically active poly-
(methyl methacrylate-co-styrene) and poly(methyl 4-
vinylbenzoate-co-styrene). The occurrence of chirality
was attributable to the intramolecular cyclization to
form an enantiomeric racemo configuration. The tem-
plate transmitted its chirality to the main chain during
the cyclization.

Our continuous interest, therefore, is to clarify the
structural characteristics and the efficiency of the
template on the chirality induction. Several types of
templates, such as carbohydrates and synthetic chiral
diols, were used for examining the distance, torsion
angle, rotational freedom, steric crowding between two
functional groups, and the number of chiral centers in
a template. A method estimating the efficiency of the
template, however, has yet to be found, and it is
desirable to study the quantitative treatment for chiral-
ity induction.3

In this paper, the chirality induction in the cycloco-
polymerization was examined for the bis(4-vinylben-
zoate)s derived from 1,2-, 1,3-, and 1,4-diols, namely,
(2S,3S)-2,3-butanediol, (2S,4S)-2,4-pentanediol, and
(2S,5S)-2,5-hexanediol, and further confirmed by use of
a computational study. To characterize the chirality
induction, the heat of formation at the transition state
of the radical cyclization, which is a model reaction for
cyclocopolymerization, was estimated using a semiem-
pirical molecular orbital calculation. The calculated
results elucidated the characteristics of chirality induc-
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tion, in particular, the determination process of chiral
centers during the polymerization.

Experimental Section
Measurements. 1H and 13C NMR spectra were recorded

using JEOL JNM-EX270 and JNM-A400II instruments. Quan-
titative 13C NMR spectra were obtained at 30 °C in CDCl3 (100
mg/mL; delay time 7.0 s; inverse gated decoupling). The
molecular weight of the resulting polymers was measured by
gel permeation chromatography (GPC) in tetrahydrofuran with
a Jasco Intelligent HPLC system (880-PU pump and 830-RI
detector) equipped with three polystyrene columns (Shodex
KF-804L). The number-averaged molecular weight (Mn) was
calculated on the basis of a polystyrene calibration. Optical
rotations were measured with a Jasco DIP-140 digital pola-
rimeter. CD spectra were measured at 24 °C in hexafluoro-
2-propanol (HFIP) with a 0.5 cm path length using a Jasco
J-720 spectropolarimeter.

Materials. Toluene was refluxed over sodium benzo-
phenone ketyl and distilled just before use. R,R′-Azobisiso-
butyronitrile (AIBN) was recrystallized from methanol. HFIP
was donated by Central Glass Co. and used without further
purification.

(2S,3S)-2,3-Butanediyl and (2S,4S)-2,4-Pentanediyl Bis-
(4-vinylbenzoate)s (1a and 1b). The procedures are re-
ported in previous papers.2k,g

(2S,5S)-2,5-Hexanediyl Bis(4-vinylbenzoate) (1c). The
procedure is analogous to those reported in previous papers.2k,g

To a solution of (2S,5S)-2,5-hexanediol4 (4.3 g, 0.036 mol) in

dry pyridine (200 mL) was gradually added 4-vinylbenzoyl
chloride (18.3 g, 0.11 mol) at 5-10 °C, and then the mixture
was heated at 80 °C with stirring for 4 h. When the solution
was cooled and diluted with water, the resulting mixture was
stirred further for 1 h and extracted with dichloromethane.
After removal of the solvent under reduced pressure, the
residue was purified by squat column chromatography on
alumina with hexane/ether (volume ratio 4:1), followed by
recrystallization from hexane to give 8.5 g of 1c (yield 62%)
as a white powder. [R]24

D ) +23.6 °, [R]24
435 ) +60.2 ° (c 1.0,

CHCl3). 1H NMR (270 MHz, CDCl3): δ (ppm) ) 7.99 (d, 3J )
8.2 Hz, 4H, Ar), 7.45 (d, 3J ) 8.2 Hz, 4H, Ar), 6.75 (dd, Jtrans

) 17.5 Hz, Jcis ) 10.9 Hz, 2H, dCH-), 5.85 (d, Jtrans ) 17.5
Hz, 2H, dCH2), 5.37 (d, Jcis ) 10.9 Hz, 2H, dCH2), 5.16-5.23
(m, 2H, CH), 1.94-1.66 (m, 4H, CH2), 1.36 (d, 6.3 Hz, 6H, CH3).
13C NMR (67.8 MHz, CDCl3): δ (ppm) ) 165.9 (CdO), 141.8,
129.8, 126.0 (arom), 136.0 (-CHd), 116.4 (dCH2), 71.1 (CH),
31.8 (CH2), 20.0 (CH3). Anal. Calcd for C24H26O4 (378.5): C
76.17; H 6.92. Found: C 76.10; H 6.98.

Cyclocopolymerization. The cyclocopolymerization of 1
with styrene was carried out using AIBN in toluene at 60 °C.
After an appropriate time, the polymerization mixture was
poured into methanol and the precipitate was filtered. The
obtained white powder was purified by reprecipitation with
chloroform-methanol and dried in vacuo.

Poly(methyl 4-vinylbenzoate-co-styrene) (3). The re-
moval of the chiral template from 2 was carried out using
methanolic KOH. After neutralization with hydrochloric acid,
the solution was dialyzed using a cellophane tube and later

Table 1. Copolymerizations of Bis(4-vinylbenzoate)s (1a-c) with Styrene to form Poly(methyl
4-vinylbenzoate-co-styrene) (3a-c)

polymer 2a polymer 3b

monomer F1
c time, h yield, % f1

d fc
e Mn(Mw/Mn)f [R]435,g deg yield, % Mn(Mw/Mn)f [R]435,g deg

1ah 0.9 2.5 24 0.99 0.86 22900 (3.41) +278 27 21400 (1.72) -1
0.7 3.5 28 0.79 0.89 18700 (1.76) +313 46 14400 (1.42) -2
0.5 3.0 9 0.66 0.89 10700 (1.78) +307 73 9200 (1.76) -3
0.3 5.5 25 0.51 0.94 7900 (1.62) +319 56 7200 (1.53) -5
0.1 12.5 14 0.30 0.94 3900 (1.67) +252 61 3800 (1.48) -8

1bi 0.9 1.0 22 0.97 37000 (1.73) +434 32 28800 (1.92) 0
0.7 1.8 24 0.89 31300 (1.89) +394 41 21800 (1.98) -9
0.5 2.5 22 0.79 20900 (2.25) +385 72 15700 (2.12) -20
0.3 4.0 21 0.61 9000 (2.09) +354 64 6900 (2.16) -36
0.2 5.0 22 0.49 5000 (1.60) +319 70 5500 (1.47) -46

1c 0.9 1.5 16 0.95 0.85 19200 (2.28) +218 58 22800 (2.11) 0
0.7 1.7 18 0.77 0.90 12500 (2.03) +268 47 11700 (1.81) -4
0.5 2.5 17 0.68 0.88 10000 (1.96) +275 68 10500 (1.58) -7
0.3 3.5 11 0.56 0.90 7300 (1.67) +263 80 7300 (1.50) -15
0.1 8.0 11 0.29 0.95 4100 (1.33) +218 80 4300 (1.54) -24

a Solvent, toluene; [1 + styrene] ) 0.1 mol‚L-1; [AIBN] ) 6.1 mmol‚L-1; temp, 60 °C. b Prepared from polymer 2 through hydrolysis
using KOH in aqueous MeOH and then treatment with diazomethane. c Mole fraction of M1 in the monomer feed. d Mole fraction of M1
unit in the polymer; determined by 1H and quantitative 13C NMR spectra. e Extent of cyclization determined by quantitative 13C NMR
spectra. f Determined by GPC using a polystyrene standard. g Measured in CHCl3 at 23 °C (c ) 1.0). h Data from ref 2k. i Data from ref
2g.

Scheme 1a

a Conditions: (i) AIBN, toluene, 60 °C; (ii) KOH, MeOH, reflux; (iii) CH2N2, Et2O.
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concentrated by freeze-drying. The hydrolyzed copolymers
were treated with diazomethane in benzene/ether, whereupon
copolymers 3 were obtained.2d The procedures of dialysis and
freeze-drying lowered the yields of 3 as shown in Table 1.

Computational Procedure. The molecular mechanics
and molecular orbital calculations were carried out using
MM25 and MOPAC ver 6.016 implemented in the ANCHOR
II package. The transition state geometry was optimized using
the NLLSQ algorithm. The system was characterized as a
transition state by the presence of only one negative force
constant in the Hessian matrix of the normal coordinate
analysis.

Results and Discussion

Cyclocopolymerization. Radical copolymerizations
of (2S,3S)-2,3-butanediyl, (2S,4S)-2,4-pentanediyl, and
(2S,5S)-2,5-hexanediyl bis(4-vinylbenzoate)s (1a, 1b,
and 1c, respectively) (M1) with styrene (M2) were carried
out using AIBN in toluene at 60 °C (Scheme 1 and Table
1). The polymerization systems were homogeneous and
the resulting copolymers (2a, 2b, and 2c) were soluble
in chloroform and tetrahydrofuran. The number-aver-
age molecular weights (Mns) of the polymers decreased
with an increase in the M2 fraction in the monomer feed.
The degrees of polymerization decreased from 65.8,
103.7, and 51.4 to 21.9, 21.6, and 22.0 for polymers 2a,
2b, and 2c, respectively. The higher and lower limits
are intrinsic in the bis(4-vinylbenzoate)s and styrene,
respectively, under the copolymerization conditions. The
peaks due to the vinyl groups disappeared in the 13C
NMR spectrum of polymer 2b, and thus, monomer 1b
was suggested to polymerize with complete cyclization.
However, polymers 2a and 2c contained a small amount
of residual double bonds. The extent of cyclization (fc)
was estimated from the area ratio between the peaks
of the carbonyl and vinyl carbons in the inverse gated
decoupling 13C NMR spectra of polymers 2a and 2c. The
fc values for polymers 2a and 2c increased with increas-
ing M2 fraction. Hence, the cyclization tendency in-
creased in the order of 1a = 1c < 1b. The monomer
reactivity ratio was r1 ) 3.41 and r2 ) 0.38 for 1a, r1 )
3.81 and r2 ) 0.28 for 1b, and r1 ) 1.97 and r2 ) 0.21
for 1c.

Chiroptical Properties. The chirality induction in
the cyclocopolymerization systems should be confirmed
by quantitative removal of the chiral templates from 2.
The 1H NMR spectra of the resulting polymer 3 showed
the complete removal of the chiral template (Figure 1).
Even after removal of the chiral templates, polymer 3

exhibited the expected optical activity due to the main
chain chirality.

The optical activities of polymer 3 increased with a
decrease in the M1 fraction in the copolymer and the
specific rotations ([R]435, c 1.0 in CHCl3) changed from
-1 to -8° for 3a, from 0 to -46° for 3b, and from 0 to
-24° for 3c. These optical activities originated in the
chiral configuration of the main chain possessing nu-
merous asymmetric centers. A minimum chiral repeat-
ing unit is generated in a racemo diad of the M1 unit
separated by M2 units, namely, the isolated benzoate
diad. On the first-order Markov model and perfect
cyclization, the weight fraction of the isolated benzoate
diad (W1) could be calculated as follows:7

w1 is the weight fraction of the M1 unit. Figure 2 shows
the specific rotations of polymer 3 as a function of W1.
Each of the copolymers showed a good linearity of the
plots. This result means that the source of chirality in
polymer 3 is attributed to the isolated benzoate diad.
Here the slope of the plots gives the specific rotation
per isolated benzoate diad. The CD spectra of polymer
3 showed the split Cotton effect with a negative first
and a positive second Cotton effect (Figure 3). Accord-
ing to the exciton chirality method,8 these CD spectra
indicate that the two methyl benzoate chromophores in
the copolymer twist counterclockwise. Consequently,
the CD spectra show that a segmental distribution with

Figure 1. 1H NMR spectra of (a) 2c (f1 ) 0.62) and (b) 3c
(f1 ) 0.62)

Figure 2. Specific optical rotations ([R]24
435, c 1.0 in CHCl3)

vs weight fraction of isolated benzoate diad (W1) in polymers
3a (O), 3b (0), and 3c (4). The W1 values were calculated
according to eq 1.

Figure 3. CD spectra of polymers 3a (f1 ) 0.11, solid line),
3b (f1 ) 0.49, short broken line), and 3c (f1 ) 0.24, broken
line). The ∆ε and ε values were based on the concentration of
the methyl 4-vinylbenzoate diad unit.

W1 ) w1( [M2]

r1[M1] + [M2])
2

(1)
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a high content of (R,R)-racemo benzoate diads is favored
in polymer 3. The templates having (S,S)-configuration
thus induced the chirality of the (R,R)-racemo configu-
ration in the main chain.

Model Reaction for Computation. As each of the
intra- and intermolecular reactions induces new chiral-
ity, the structure of cyclic units in polymers 2 would
consist of four stereoisomeric forms as shown in Scheme
2. The cyclized radical derived from 1a stacks two

benzene rings in the molecule (Figure 4). The orbital
of the radical is perpendicular to the benzene ring,
which stabilizes the radical. One of the prochiral faces
on the radical center is directed to the inside of the ring
and the other to the outside of the ring. As the inside
direction is effectively shielded by the benzene rings,
the outside direction is favorable in the addition of
monomers to the cyclized radical. Hence, the stereo-
chemistry of the second chiral center is readied at the
cyclization step. Consequently, the cyclization deter-
mines the stereoisomeric form in the cyclic units.

To characterize the transition state using computa-
tion, the cyclization is simplified as a reaction without
the polymer chain (Scheme 3). For the first time, the
conformation of the templates must account for this
calculation. Templates a, b, and c are flexible to give
a number of conformers in monomers 1a-c. The major
conformers in each monomer were estimated using a
MM2 calculation (Figure 5).9 Template a predominately
has a counterclockwise gauche form (hereinafter re-
ferred to as “g-”) in the carbon skeleton, and template
b substantially has a combination of the trans form (“t”)
and the clockwise gauche form (“g+”). In template c,
the conformer is distributed into “tg+g+”, “g+tg+”, and
“ttt” forms.

Having a high tendency for intramolecular cyclization,
monomers 1a-c should have a conformation suitable
for the cyclization. For this reason, the conformers in
Figure 5 can be applied to the conformation for 5a-c
in the transition state. The dissymmetric conformation
such as “tg+” and “tg+g+” yields two directions for
cyclization (Figure 6). Therefore, there are 4, 8, and

Figure 4. Cyclized radical structure of 6a optimized using a
semiempirical MO calculation. The atom with a slanted line
indicates the radical center.

Scheme 2
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16 structures for 5a, 5b, and 5c, respectively, in the
transition state.

For the second time, the direction of the carbonyl
groups must be considered, which is controlled by the
chiral template. In monomers 1a-c, the bond vectors
of the two carbonyl groups are opposite in direction and
each of the comonomers, except the “ttt” form, contains
carbonyl groups where their Si faces are directed toward
the inside. The “ttt” conformer contains the carbonyl
groups having Re faces.

Stereochemical Distribution of the Cyclic Unit.10

The heat of formation of the transition state was
estimated using the semiempirical MO calculation
(Table 2). The reaction from 4 to 5 in Scheme 3 contains
the paths leading to four stereoisomeric forms in the
same manner as the four paths in Scheme 2. Since
these paths are initiated from an identical reactant, the
difference in the heat of formation at the transition state
between the two paths equals that in the energy of
activation. The chiral cyclic unit with (R,R)-configura-
tion, thus, was produced through a lower activation
energy path than that with the (S,S)-configuration
except for the “ttt” conformer of 4c. The results in which
4a, 4b, and 4c favorably cyclize to form the (R,R)-
racemo configuration are consistent with the experi-
mental results of monomers 1a, 1b, and 1c. The
stereochemical distributions were also calculated (Table
3). The population excess of (R,R)-racemo cyclic units
over (S,S)-racemo cyclic units for 6b is greater than that
for 6a. Hence, template b is more effective for chirality
induction than template a, which fact also agrees with
the experimental result. Monomer 1c leads to the
formation of (R,R)-racemo cyclic units in the “tg+g+” and
“g+tg+” conformers but to that of (S,S)-racemo units in
the “ttt” conformer. Thus, a wide distribution of con-
formers lowered the chirality induction efficiency of 1c.
Consequently, a key to the excellent template is the
higher selectivity between two racemo units and the
larger depression of meso units.

The semiempirical molecular orbital calculations give
absolute ratios of diastereomers in the model reactions.
The intra- and intermolecular reactions induce the first
and second chiral centers. The stereoselectivity of the
chiral center, i.e., the diastereomeric excess (de) may
be expressed as in eq 2 and 3 and for the first and second

chiral centers, respectively. The first center ranged

Scheme 3

Table 2. Calculated Heat of Formation (kcal‚mol-1) of the Transition States in the Cyclization Using AM1

stereochemistry of cyclized radical

conformation directiona (R,pro-R) (R,pro-S) (S,pro-R) (S,pro-S)

5a g- -87.99 (0.00)b -86.80 (+1.19) -88.78 (-0.79) -86.94 (+1.05)
5b tg+ 1 -97.22 (0.00) -96.08 (+1.14) -97.50 (-0.28) -95.68 (+1.54)

g+t 2 -97.11 (0.00) -95.78 (+1.33) -97.37 (-0.26) -95.39 (+1.72)
5c tg+g+ 1 -101.26 (0.00) -100.19 (+1.07) -101.56 (-0.30) -99.85 (+1.41)

g+g+t 2 -100.84 (0.00) -99.65 (+1.19) -101.05 (-0.21) -99.14 (+1.70)
g+tg+ -105.17 (0.00) -103.97 (+1.20) -105.72 (-0.55) -103.41 (+1.76)
ttt -102.75 (0.00) -104.05 (-1.30) -103.15 (-0.40) -103.84 (-1.09)

a The directions are defined by Figure 6. b The values in parentheses were differences from (R,pro-R).

Figure 5. Major conformers of 1a, 1b, and 1c estimated using
a MM2 calculation.

Figure 6. Direction of cyclization in the dissymmetric con-
formers.

de (%) ) |[(R,R) + (R,S)] - [(S,S) + (S,R)]
[(R,R) + (R,S)] + [(S,S) + (S,R)]

| × 100
(2)

de (%) ) |[(R,R) + (S,R)] - [(S,S) + (S,R)]
[(R,R) + (S,R)] + [(S,S) + (R,S)]

| × 100
(3)
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from 7.4 to 50.0% de but the second one from 62.6 to
86.8% de, as calculated from the data in Table 3. The
second center is more effective for stereocontrol than
the first one. This conclusion drawn from the calcula-
tion coincides with Wulff’s experimental derivation.3

Origin of Chirality Induction. The direction of the
ester carbonyl groups in the monomer seriously affected
the stereochemistry during the cyclization. When the
carbonyl groups are situated each face to face with the
Si face, the conformer leads to the formation of (R,R)-
racemo cyclic units and vice versa. The cyclopolymer-
ization process, therefore, is outlined on the basis of the
results in this study (Scheme 4). The template controls
the chiral orientation, namely, the Re or Si face with
regard to the ester carbonyl groups in the monomer. The
template having the (S)-configuration generally favors
the Si face to give an enantiomeric cyclized radical.
Further, the following intermolecular addition is con-
trolled by the cyclized radical structure to give the cyclic
unit with an (R,R)-configuration.

A path in which the transition state has a smaller
deviation from coplanarity in the conjugated system of
the vinylbenzoates is selected to form the (R,R)- or (S,S)-
racemo cyclic units. In the cyclization, the rotation
around a single bond occurs to release the strain energy
on the stretched bonds and/or bent bond angles. On the
other hand, the rotation which reduces the coplanarity
is contrary to the stabilization in the transition state.

The torsion angles (θ and æ) of the transition state were
estimated by the AM1 calculation (Figure 7 and Table
4). The transition state having the (R,R)-racemo con-
figuration possessed a smaller torsional strain than that
forming the (S,S)-racemo configuration, thus being
advantageous in forming the (R,R)-racemo cyclic units.

Table 3. Calculated Distribution of the Cyclic Unit
Stereochemistry Using AM1

stereochemistry
of cyclic unit

conformation directiona (R,R) (R,S) (S,R) (S,S)
(R,R) -
(S,S)b

6a g- 21.4 3.6 70.7 4.4 17.0
6b tg+ 1 35.7 6.4 54.5 3.5 32.2

g+t 2 37.2 5.0 55.1 2.8 34.4
6c tg+g+ 1 34.6 6.9 54.4 4.1 30.5

g+g+t 2 38.2 6.3 52.5 2.9 35.3
g+tg+ 28.3 4.6 65.1 2.0 26.3
ttt 6.6 47.1 12.1 34.3 -27.7

a The directions are defined by Figure 6. b Differences in
population between (R,R)- and (S,S)-units.

Scheme 4

Figure 7. Structure 5a (transition state) estimated using a
semiempirical MO calculation (AM1 calculation). Torsion
angles θ and φ are listed in Table 4.

Table 4. Torsion Angles θ, æ at the Transition State
Calculated Using AM1a

θ, deg æ, deg

conf directionb (R,pro-R) (S,pro-S) (R,pro-R) (S,pro-S)

5a g- -16.7 20.5 20.8 32.0
5b tg+ 1 -15.9 19.8 13.3 25.4

g+t 2 -15.4 20.5 21.0 23.9
5c tg+g+ 1 -12.0 18.0 16.9 25.8

g+g+t 2 -12.0 15.8 1.8 7.4
g+tg+ -9.0 15.2 8.0 19.3
ttt -17.3 15.3 -15.9 1.7

a Torsion angles θ and æ are defined by Figure 7. b The direc-
tions are defined by Figure 6.
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On the other hand, the “ttt” conformer was reversed.
These results agreed very closely with those obtained
by the heat of formation. The torsional strain in the
transition state, which is essentially concerned with the
heat of formation, should be closely connected with the
origin of chirality induction during the cyclocopolymer-
ization.

Conclusions
The chirality induction of a monomer having an

acyclic chiral template was characterized by means of
a semiemprical molecular orbital calculation. The AM1
calculation gave a result coinciding with the experimen-
tal ones for the bis(4-vinylbenzoate)s derived from
(2S,3S)-2,3-butanediol and (2S,4S)-2,4-pentanediol tem-
plates. The 1,2- and 1,3-diols had a narrow distribution
about the conformation and behaved as a rigid template.
Because acyclic 1,4-diol was a flexible template, the
monomer having (2S,5S)-2,5-hexanediol contained a
conformer unsuitable for chirality induction because of
the broad distribution of conformers, which fact disor-
dered the stereoselectivity in the formation of the cyclic
unit. In the transition state of cyclization, the deviation
from coplanarity in the conjugated system was found
to have an important connection with the heat of
formation. The less deviation the conjugated system
contained, the smaller the activation energy became.
The chirality induction would result in the selection of
a reaction path having less deviation from coplanarity.
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