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Chapter 1

Introduction




1.1 Stereochemical Control in Radical Polymerization

Free radical polymerization of vinyl monomers is an important method for
producing polymers. Control of the stereochemistry (i.e., the tacticity) in free radical
polymerization reactions has been investigated since 1955 when Natta pointed out
that two different stereochemical arrangements (namely, 1sotactic and syndiotactic)
could be formed through vinyl polymerization." The control of stereochemistry in
free radical reaction is generally more difficult than other types of reaction in organic
synthesis as well as polymer synthesis.”* Since free radical polymerization methods
are convenient, the control of stereochemistry in the polymerization have been
attempted using matrixes™®, magnetic field’, acidic solvents®, transition metal
complexes™'’, and auxiliaries'''°.

As for the stereochemical control using an auxiliary, radical polymerization of
various esters of acrylic acid have been investigated. Most methacrylates produce a
polymer having high content of r diad in radical polymerization. However, Okamoto
et al. reported that the radical polymerization of bulky esters of methacrylic acid such
as triphenylmethyl and 1-phenyldibenzosuberyl methacrylate produced highly isotactic
polymer (Chart 1.1)."* The obtained polymer could be converted to poly(methyl
methacrylate) (PMMA) by the acidic hydrolysis and methyl esterification. The
1sospecificity in this radical polymerization was caused to the thermodynamically

stable forms of mw-end radical having a higher possibility of meso addition."

Chart 1.1

triphenylmethy!l methacrylate I-phenyldibenzosuberyl methacrylate
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Rationally designed chiral auxiliaries can be used for asymmetric synthesis by
means of free radical reactions (Chart 1.2).""2* Chiral pyrrolidines and oxazolidines
were widely used to control acyclic stereochemistry in the radical addition (Scheme
[.1%%). Porter et al. applied chiral oxazolidine auxiliaries to the radical polymerization
of acrylamide." The radical polymerization of acrylic oxazolidides produced highly
1sotactic polymer having m contents more than 90 % (Scheme 1.2). In addition, the
stereocontrol in this polymerization system was investigated using the radical
telomerization technique utilizing allyltri-n-butyltin as a chain transfer reagent.'
Because of a large number of repeating units, the difference in chain ends is negligible.
Hence, after cleavage of the chiral auxiliary, vinyl polymer is optically inactive
although the chiral auxiliary exhibits diastereofacial selection in the vinyl

polymerization. For asymmetrci polymerization to synthesize an optically active

polymer due to main chain chirality, therefore, it is necessary that the rational approach
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Conditions: (i) AIBN, benzene, 80 °C; (i1) 12N HCI, 1,4-dioxane, 110 °C; (i11) CH,N,, benzene

to break down the symmetric property of the polymer chain as well as the

stereochemical control by the chiral auxiliary.




1.2 Optically Active Polymer due to Main Chain Chirality

The o-olefins form the chiral center in polymerization. However, isotactic and
syndiotactic vinyl polymer as the most accessible stereoregulity cannot be optically
active, because the whole polymer chain has a mirror plane, 1ignoring the end groups.
Chart 1.3 shows the tactic sequence of the stereoregular vinyl polymer and its cyclic
models. As for homopolymer, there are no chiral sequences for diad, triad, tetrad,
and pentad. In the hexad sequence, the mrmrrr sequence is chiral. Thus, the
stereochemical control at hexad sequence level is needed to form optically active

homopolymer of o-olefins at least.

Chart 1.3
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The same consideration can be applied to copolymer sequence as shown in Chart
1.4. Two of the four possible triad sequences A-A-B in a copolymer are chiral. In
order to the synthesis of an optically active polymer due to such chiral A-A-B sequence,
asymmetric cyclocopolymerization of divinyl monomer having a chiral auxiliary
(template) with an achiral monovinyl comonomer is a versatile method for
stereochemical control of such diad as well as construction of isolated diad. Wullt et

al. carried out the radical cyclocopolymerization of divinylmonomer with methyl

Scheme 1.3
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methacrylate (Scheme 1.3).* After removal of the chiral template using AgNO./

NH,, the resulting poly[styrene-co-(methyl methacrylate)] showed an optical activity.
The origin of chirality was assigned to (8,5)-styryl diad on the basis of the sign of the
specific rotation of the model compound. The chirality induction in this polymerization
system was characterized by considering its rigid structure expexcted by X-ray analysis
of D-mannitol 1,2:3,4:5,6-tris-O-(phenylbronate). Yokota and Kakuchi have been
extensively studied the asymmetric cyclocopolymerization of bis(4-vinylbenzoate)
derivatives using chiral diol as a template with styrene (Scheme 1.4).”° After removal
of the chiral template, the resulting polymer, i.e., poly[(methyl 4-vinylbenzoate)-co-
styrene], showed an optically active due to main chain chirality. In addition, the
chiral configuration of the main chain could be characterized using the CD exciton

chirality method*’ by CD spectroscopy.

Scheme 1.4
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Conditions: (i) AIBN, toluene, 60 °C; (ii) KOH, MeOH, reflux; (iii) CH,N,, Et,O-benzene




1.3 Object and Outline of the Thesis

Asymmetric cyclocopolymerization of bis(4-vinylbenzoate) having a chiral
template with styrene has beed extensively studied. The specific rotation of
poly[(methyl 4-vinylbenzoate)-co-styrene] significantly depends on the structural
characteristics of the chiral template. However, we little know about the relationship
among the optical rotatory power of the resulting polymer, structural characteristics
of the template, and chirality induction mechanism of the chiral template because of
flexiblity in these divinyl monomers.

The objects of this study are to examine fresh approaches for the quantitative

estimation of the chirality induction and to clarify the chirality induction mechanism.
The outline of this thesis 1s as follows:

In chapter 2, the cyclocopolymerizations of (25,35)-2,3-butanediyl, (25,45)-2,4-
pentanediyl, and (25,55)-2,5-hexanediyl bis(4-vinylbenzoate)s with styrene were
examined in order to clarify the influence of the distance between two chiral centers
on the chirality induction. The chiroptical property and chirality induction efficiency
were discussed on the basis of the optical rotatory power of the template-free polymer

and CD spectroscopy.

In chapter 3, the radical cyclization of bis(4-vinylbenzoate)s was examined in
order to clarify the stereochemical distribution of the cyclic units. The stereoselectivity
in the intramolecular cyclization of bis(4-vinylbenzoate) was controlled by the chiral
twist of two 4-vinylbenzoyl groups. On the other hand, the stereoselectivity in the
intermolecular addition of the cyclized radical significantly depended on the
configuration of the first chiral center. The results of the radical cyclization was

agreed with the stereoselection in the asymmitric cyclocopolymerization.

In chapter 4, the chirality induction mechanism in the radical cyclization of
bis(4-vinylbenzoate) having a chiral template was studied using a computational
method. The semiempirical molecular orbital calculation indicated that the chiral

template biases two conformational elements, namely chiral twist of 4-vinylbenzoyl

groups and chiral orientation of two carbonyl groups. The two states play an important




role in the stereoselctivity in intra- and intermolecular radical reaction, respectively.

This chirality induction mechanism could conclusively explain the stereoselctivity in

the radical cyclization.

In chapter 5, total monomer concentration effect on the chirality induction were
estimated in the cyclocopolymerizations of (25,35)-2,3-butanediyl, (25.,45)-2,4-
pentanediyl, and (25,55)-2,5-hexanediyl bis(4-vinylbenzoate)s with styrene. The
molecular weight has no influence on the chiroptical properties of the template-free
polymer as long as DP ’ of the template-free polymer ranges from 32 to 21. In this
DP ’range, the specific rotation of the template-free polymer increased with a decrease
in the total monomer concentration during the polymerization. This effect could be

explained by considering the chirality induction mechanism established in chapter 4.

In chapter 6, conformational effect of monomer on the chirality induction was
estimated in the cyclocopolymerization of 2,3-bis-O-(4-vinylbenzoyl)-L-tartarate and
(25,395)-1,4-dimethoxy-2,3-butandiyl bis(4-vinylbenzoate) with styrene. Although
these templates have an identical configuration on the chiral center, the sense of
chiral twist of two 4-vinylbenzoyl groups was different between the tartarate derivative
and its decarbonyl analog. The tartarate derivative was unsuitable for chirality
induction, whereas its decarbonyl analog effectively acted as a template. This
conformational effect was discussed on the basis of the chirality induction mechanism

established in chapter 4.

In chapter 7, the cyclocopolymerization of 1,2:5,6-di-O-isopropylidene-3,4-di-
O-methacryloyl-D-mannitol with styrene. The resulting polymer was converted to
poly[(methyl methacrylate)-co-styrene]. The cotacticity of poly[(methyl
methacrylate)-co-styrene] could be estimated by C NMR spectroscopy. The origin
of chirality was discussed on the basis of the chiroptical properties and tactic sequence

of poly[(methyl methacrylate)-co-styrene].

Finally, chapter 8 summarizes the results in this study.
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Chapter 2

Asymmetric Cyclocopolymerization of (2S,3S)-2,3-Butanediyl,
(2S,4S)-2,4-Pentanediyl, and (28,55)-2,5-Hexanediyl Bis(4-

vinylbenzoate)s with Styrene

iz




2.1 Introduction

For the asymmetric cyclocopolymerization of bis(4-vinylbenzoate) having chiral
templates with styrene, the chirality induction depends on the structural characteristics
of the templates, i.e., the distance, the torsion angle, the rotational freedom, and the
steric crowding between two 4-vinylbenzoyl groups. A series of compounds as
template need to design adequately for the elucidation of these effects. (25,35)-2,3-
Butanediol, (25,45)-2,4-pentanediol, and (2S5,55)-2,5-hexanediol are well suitable for
the purpose that is to clarify the effect of the distance between two 4-vinylbenzoyl
groups on chirality induction.

In this chapter, the cyclocopolymerizations of (25,35)-2,3-butanediyl, (25,45)-
2.4-pentanediyl, and (25,55)-2,5-hexanediyl bis(4-vinylbenzoate)s with styrene were
examined (Scheme 2.1). The effect of the distance between two 4-vinylbenzoyl groups

was discussed on the basis of the chiroptical property of the template-free polymer.

Scheme 2.1
R Ry A i E E
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Conditions: (i) AIBN, toluene, 60 °C; (ii) KOH, MeOH, reflux; (ii1) CH,N,, Et,0
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2.2 Results and Discussion

2.2.1 Cyclocopolymerization.

The cyclocopolymerizations of (25,35)-2,3-butanediyl, (25,45)-2,4-pentanediyl,
and (2S5,55)-2,5-hexanediyl bis(4-vinylbenzoate)s (1a, 1b, and l¢, respectively, M )
with styrene (Mz) were carried out using AIBN in toluene at 60 °C. The results are
listed in Table 2.1. The polymerization systems were homogeneous and the resulting
polymers 2a-c were soluble in chloroform and tetrahydrofuran. The number-average
molecular weights (M s) of polymers 2a-c¢ decreased with an increase of the mole
fraction of styrene in the feed. The degree of polymerization decreased from 66, 104,
and 51 for polymers 2a, 2b, and 2¢, respectively, to 22 for all of them. The higher

and lower limits are intrinsic in the bis(4-vinylbenzoate)s and styrene, respectively,

(a) (b) (c)

| | L | |

| | | | l |

| | l | | |

| | | | | |

| | | | | |

1 | | | | |

| | | | ’ |
(d) | | (e) | | (H | |

| | | | | |

l | | | | \
J\J 1 Mt ' JJ] I

| AR AN ey e 5
150' e 160 15r0T g3 160 130‘ st 1(I>Oppm

Figure 2.1. Expanded '*C NMR spectra of monomers 1a (a), 1b (b), and 1¢ (c) and
polymers 2a (d), 2b (e), and 2c¢ (f).
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Table 2.1. Cyclocopolymerizations of (25,35)-2,3-butanediyl, (25,45)-2.4-pentanediyl, and
(25 .55)-2.5-hexanediyl bis(4-vinylbenzoate)s (1a, 1b, and 1 ¢, respectively, M) with styrene (M,).”

M, i Time  Yield 5 g M, (MM, DP, (0] d
(h) (%)

la 0.9 2.5 24 0.99 0.86 22900 (3.41) 66 +278
0.8 2.0 16 0.90 0.87 19300 (2.05) 59 +304
0.7 3.5 28 0.79 0.89 18700 (1.76) 63 +313
0.6 25 19 0.77 0.88 15200 (2.34) 52 +315
0.5 3.0 9 0.66 0.89 10700 (1.78) 40 +307
0.4 3.6 19 0.65 0.90 10200 (2.12) 39 +314
0.3 5.5 25 0.51 0.94 7900 (1.62) 34 +319
0.2 6.0 18 0.46 0.89 6100 (1.83) 28 +291
0.1 12.5 14 0.30 0.94 3900 (1.67) 22 +252
0.05  68.0 27 0.11 1.00 4400 (1.32) 34 +150

1b 0.9 1.0 22 0.97 .00 37000 (1.73) 104 +434
0.8 1.5 24 0.95 .00 29300 (1.89) 83 +423
0.7 1.8 24 0.89 .00 31300 (1.89) 93 +394
0.6 1.8 23 0.86 1.00 18300 (1.72) 56 +405
0.5 2.5 22 0.79 .00 20900 (2.25) 67 +386
0.4 2.3 22 0.71 .00 11200 (1.76) 39 +395
0.3 4.0 21 0.61 1.00 9000 (2.09) 34 +354
0.2 5.0 22 0.49 1.00 5000 (1.60) 22 +319

lc 0.9 1.5 16 0.95 0.85 19200 (2.28) 53 +218
0.8 1.5 15 0.91 0.87 17000 (2.10) 48 +250
0.7 1.7 18 0.77 0.90 12500 (2.03) 40 +268
0.6 2.0 11 0.71 0.88 11200 (2.12) 37 +256
0.5 2.5 17 0.68 0.88 10000 (1.96) 34 +275
0.4 2.8 15 0.62 0.89 8200 (1.76) 30 +261
0.3 3.5 11 0.56 0.90 7300 (1.67) 28 +263
0.2 5.0 14 0.45 0.94 5700 (1.51) 25 +259
0.1 8.0 1 0.29 0.95 4100 (1.33) 22 +218

“ Solvent, toluene; [1+styrene], =0.1 mol-L"; [AIBN], = 6.1 mmol-L"'; temp, 60 °C. ” Mole fraction of
1 in the monomer feed. ¢ Mole fraction of M, unit in the polymer determined by 'H and quantitative "*C
NMR spectra. ¢ Extent of cyclization determined by quantitative *C NMR spectra. © Determined by GPC
using a polystyrene standard.” Measured in CHCI, at 23 °C (¢ 1.0).

15




under the cyclocopolymerization conditions. Figure 2.1 shows the “C NMR spectra

of monomers 1a-c¢ and polymers 2a-c. The peaks due to the vinyl groups disappeared
in the *C NMR spectrum of polymer 2b, and thus, the monomer 1b was suggested to
polymerize with complete cyclization. However, polymers 2a and 2¢ contained a
small amount of residual double bonds. The extent of cyclization (f('») was estimated
from the area ratio between the peaks of the carbonyl and vinyl carbons in the inverse
gated decoupling *C NMR spectra of polymers 2a and 2¢. The f values for polymers
2a and 2c increased with increasing M, fraction. Hence, the cyclization tendency
increased in the order of 1a = 1¢ < 1b. The mole fraction of M, unit in polymer 2 was
estimated from area ratio of the aromatic and carbonyl carbon region in the inverse
gated decoupling *C NMR spectrum as listed in Table 2.1. The monomer reactivity
ratio r, = 3.41 and r, = 0.38 for 1a/St, r, = 3.81 and r, = 0.28 for 1b/St, and r = 1.97
and r,= 0.21 for 1¢/St, which were calculated by the Kelen-Tutdos plots." Figure 2.2

shows the composition curves calculated on the basis of Mayo-Lewis equation.”

(a) (b) (¢)
0.8 - O 0 — 0.8 - 0.8 o —
O
0.6 + 2 e 0.6 - 0.6+ ~
S~ e B
04+ - 0.4+ = 0.4+ —
0.2 - 02 = 0.2 =
0.0 | 1 L | 0.0 | ! I | 0.0 1 | l 1
00 02 04 06 08 1.0 00 02 04 06 08 1.0 00 02 04 06 08 1.0
F, F F

Figure 2.2. Composition curves for the radical cyclocopolymerizations of monomers
la (a), 1b (b), and 1c (c) with styrene. Conditions: solvent, toluene; [1+styrene] = 0.1
mol-L'; [AIBN], = 6.1 mmol-L"'; temp, 60 °C.
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2 2.2 Removal of the Template from Polymer 2

The chirality induction in the cyclocopolymerization should be confirmed by
quantitatively removing the chiral template from polymer 2. The removal of the
chiral template from 2 was carried out using KOH in aqueous MeOH. The hydrolyzed
polymer was then treated with diazomethane. Figure 2.3 shows the 'H NMR spectra
of the methylated polymers derived from 2a-¢. The peaks due to the chiral template
(i.e., the peaks at 5.3-5.4 ppm assigned to methine proton of the chiral template)
disappeared so that the lack of chiral templates was confirmed for each polymer.

Therefore, the template-free polymers were poly[(methyl 4-vinylbenzoate)-co-styrene]

(3). Table 2.2 lists the results of the synthesis of polymer 3.

(a)

|
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Figure 2.3. Expanded '"H NMR spectra of polymers 2a (a), 2b (b), and 2¢ (c) and thier
template-free polymers 3a (d), 3b (e), and 3c (f).
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Table 2.2. Hydrolysis and methyl esterification of polymers 2a-c.”
M, T Yield M, (M, M,y 17§ gy
(%)

la 0.99 27 21400 (1.72) [.3
0.90 68 18000 (1.71) -1.6
0.79 46 14400 (1.42) -1.9
0.77 71 14300 (1.58) -2.2
0.66 73 9200 (1.76) 2.6
0.65 69 10100 (1.51) 3.1
0.51 56 7200 (1.53) -4.7
0.46 80 5800 (1.55) -7.2
0.30 61 3800 (1.48) -8.4
0.11 62 2500 (1.52) 8.4

1b 0.97 32 28800 (1.92) 0.4
0.95 44 26800 (1.87) -5.2
0.89 41 21800 (1.98) -9.4
0.86 41 17600 (1.76) -16.3
0.79 72 15700 (2.12) -19.7
0.71 67 10700 (1.71) -31.6
0.61 64 6900 (2.16) -36.4
0.49 70 5500 (1.47) -46.3

1% 0.95 58 22800 (2.11) -0.4
0.91 80 17400 (1.76) -2.4
0.77 47 11700 (1.81) -4.2
071 61 13300 (1.72) -5.1
0.68 68 10500 (1.58) -7.0
0.62 81 8200 (1.65) -9.8
0.56 80 7300 (1.50) -14.5
0.45 66 6400 (1.48) -19.5
0.29 80 4300 (1.54) -24.2

“ Alkali hydrolysis of polymer 2 was carried out using KOH in aqueous MeOH under reflux.
The resulting polymer was treated with diazomethane in benzene-ether to yield the polymer

3. ” Mole fraction of M, unit in the polymer 2. ¢ Determined by GPC using a polystyrene
standard. * Measured in CHCI, at 23 °C (¢ 1.0).
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Even after removal of the chiral templates, the obtained polymers, 1.e.,
poly[(methyl 4-vinylbenzoate)-co-styrene]s (3a-c), showed an optical activity as listed

in Table 2.2. The specific rotation ([o],,., ¢ 1.0, CHCIL,) increased with a decrease n

435°
the M, fraction in the polymer and varied from -1° to -8° for 3a, from 0° to -46° for
3b. and from 0° to -24° for 3¢. These optical activities originated in the chiral
configuration of the main chain possessing numerous chiral centers. As described in
chapter 1, the minimum chiral repeating unit is generated in a racemo diad of the M,
unit separated by M, units, namely, the isolated benzoate diad. On the first-order
Markov model and perfect cyclization, the weight fraction of the isolated benzoate

diad (W) could be calculated as follows:’

[M2] j 2.1)
riiMi1]+[M2]

Wi= WMI(

W,,, is the weight fraction of the M, unit. Figure 2.4 shows the specific rotations of

70+ 4
O :3a

60 |- O :3b 3
A 3¢

50+ —

40 + -

Absolute value of [0t],s

Figure 2.4. Specific rotations ([o] 5 ¢ 0.1, CHCL) versus weight fraction of the isolated
benzoate diad (W) in polymers 3a ( (),3b([]),and 3¢ (A ). The W, values were

calculated according to eq. 2.1.
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polymers 3a-c as a function of W . Each of the polymers showed a good linearity of
the plots. This result means that the source of chirality i polymer 3 1s attributable to
the isolated benzoate diad. Here the slope of the plots gives the specific rotation per
isolated benzoate diad. Therefore, the chirality induction efficiency increased in
order of 1a < 1¢ < 1b. Figure 2.5 shows the CD and UV spectra of monomers l1a-c.
The CD spectra exhibit the split Cotton effect with a positive first and a negative
second Cotton effects. According to the CD exciton chirality method®, these CD

spectra indicate that two 4-vinylbenzoyl groups twist clockwise. On the other hand,
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Figure 2.5. CD (upper) and UV (lower) spectra of monomers 1a (solid line), 1b (short

broken line), and 3¢ (broken line), recorded in HFIP at 21 °C using a path length of
Smm.
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the CD spectra of polymers 3a-c show the split Cotton effect with a negative first and

a positive second Cotton effects (Figure 2.6). These CD spectra indicate that the
adjacent two methyl benzoate units twist counterclockwise. On the assumption of
the zigzag conformation under the conditions of CD spectral measurements, one would
expect that polymer 3 favors a segmental distribution with a high contents of (R,R)-
racemo benzoate diads. The templates having (S,5)-configuration, thus, induced the

chirality of the (R,R)-racemo configuration in the main chain as summarized in Scheme

23
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Scheme 2.2

Positive Chirality

S E e

Monomers l1a-c
Negative Chirality

Polymers 3a-c

zigzag conformation ﬂ

(R,R)-racemo

2.3 Conclusions

The cyclocopolymerizations of monomers la-c¢ with styrene proceeded without
crosslinking to yield polymers 2a-c soluble in common organic solvents. Even after
removal of the chiral template, the resulting polymers 3a-c exhibited an optical activity
due to the configurational chirality of the main chain. The optical activity of 3a-c
was attributable to the isolated benzoate diad, and the chirality induction efficiency
of the chiral template increased in the order of a < ¢ < b, namely, 1,2-diol < 1,4-diol
< 1,3-diol. According to the CD exciton chirality method, adjacent two methyl
benzoate units predominately take an (R,R)-racemo configuration in polymers 3a-c.
Hence, the templates in monomer 1 transmitted its chirality to the main chain to form

an enantiomeric (R,R)-racemo configuration in polymers 3a-c.
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2.4 Experimental Section

Measurements. 'H and "C NMR spectra were recorded using JEOL JINM-
EX270 and INM-A400II instruments. Quantitative “C NMR spectra were obtained
at 30 °C in CDCI, (100 mg-mL"'; delay time 7.0 seconds; inverse gated decoupling).
The molecular weight of the resulting polymers was measured by gel permeation
chromatography (GPC) in tetrahydrofuran on a Jasco Intelligent HPLC system (880-
PU pump and 830-RI detector) equipped with three polystyrene columns (Shodex
KF-804L). The number-average molecular weight (M ) was calculated on the basis
of a polystyrene calibration. Optical rotations were measured with a Jasco DIP-140
digital polarimeter. CD spectra were measured in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) with a 5 mm path length using a Jasco J-720 spectropolarimeter.

Materials. Toluene was refluxed over sodium benzophenone ketyl and distilled
just before use. 2,2’-Azobis(2-methylpropionitrile) (AIBN) was recrystallized from
methanol. HFIP was donated by Central Glass Co. and used without further
purification. (25,4S)-2,4-pentanediol was purchased from Kanto Chemical Co. and
used without further purification. (25,35)-2,3-Butanediol and (25,55)-2,5-hexanediol
were synthesized according to literature procedures.”®

(25,35)-2,3-Butanediyl Bis(4-vinylbenzoate) (1a). To a solution of (25,35)-
2,3-butanediol (8.6 g, 95 mmol) in dry pyridine (600 mL) was gradually added 4-
vinylbenzoyl chloride (32.5 g, 195 mmol) at 5 - 10 °C, and then the mixture was
heated at 80 °C with stirring for 4 hr. After dilution of the solution with water on
cooling, the whole was stirred further for 1 hr and extracted with ether. The solvent
was removed, and then the residue was purified by squat column chromatography on
silica gel (Kiesel Gel 60) with hexane/diethyl ether (vol. ratio 3/1) to give la as a
white powder. Yield 24.3 g (69.3 mmol, 73 %). [a],,, = +72.2°, [a], = +30.8°
(CHCl,, 23 °C, ¢ 1.0). '"HNMR (270 MHz, CDCL,): 6 (ppm) = 7.99 (d, °J = 8.25 Hz,
4H, Ar), 7.43 (d, *J = 8.25 Hz, 4H, Ar), 6.74 (dd, *J = 17.8 Hz,J . = 10.9 Hz, 2H,
=CH-), 5.84 (d,*J__ =17.2 Hz, 2H, =CH,), 5.39-5.30 (m, 4H, =CH, and OCH), 1.42
(d,*J=5.9 Hz, 6H, CH,). *C NMR (67.8 MHz, CDCl,): 6 (ppm) =165.6 (C=0),
142.0,129.9, 129.3, 126.0 (Ar), 135.9 (=CH-), 116.4 (=CH,), 72.2 (OCH), 16.3 (CH,).
Anal. Calcd for C,H, 0, (350.4): C75.41; H 6.33. Found: C 67.84; H 6.16.

(25,45)-2,4-Pentanediyl Bis(4-vinylbenzoate) (1b). The same procedure as
that for 1a was applied to a mixture of (25,4S)-2,4-pentanediol (4.2 g, 40 mmol) , 4-
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vinylbenzoyl chloride (14 g, 84 mmol) and 200 mL of pyridine. The crude product
was purified by column chromatography on silica gel (Kiesel Gel 60) with hexane/
ethyl acetate (vol. ratio 15/85) to give 1b as a sticky liquid. Yield 10.4 g (28.6 mmol,
71.5 %). [al,, = +516.5° [a], =+216.8° (CHCL,, 23 °C, ¢ 1.0). 'H NMR (400 MHz,
CDCl,): d (ppm) = 7.92 (d, °J = 8.4 Hz, 4H, Ar), 7.36 (d, 3J =8.3 Hz, 4H, Ar), 6.70
d,3J_=17.6Hz,3J = 10.9 Hz, 2H, =CH-), 5.81 (d,J,, = 17.5 Hz, 2H, =CH),
5.33(d,*J =10.8 Hz, 2H, =CH,), 5.28-5.36 (m, 2H, OCH), 2.08 (t, =t S . 2H.
CH,), 1.40 (d, °J = 6.3 Hz, 6H, CH,). “C NMR (100 MHz, CDCL,): & (ppm) = 165.6
(C=0), 141.7, 129.8, 129.6, 125.9 (Ar), 136.0 (=CH-), 116.3 (=CH,), 68.2 (CH),
42.1 (CH), 20 54CH), Anal. Calcd for C23H34O4 (364.4): C75.79; H 6.64. Found: C
76.21; H6.79.

(2S,55)-2,5-Hexanediyl Bis(4-vinylbenzoate) (1c¢). The same procedure as
that for 1a was applied to a mixture of (25,55)-2,5-hexanediol (4.3 g, 36 mmol) , 4-
vinylbenzoyl chloride (18.3 g, 110 mmol) and 200 mL of pyridine. The crude product
was purified by column chromatography on alumina with hexane/diethyl ether (vol.
ratio 4/1), followed by recrystallization from hexane to give 1c¢ as a white powder.
Yield 8.5 g (22.5 mmol, 62 %). [a] . = +60.2°, [a] ;= +23.6° (CHCL,, 23 °C, ¢ 0.1).
'"HNMR (270 MHz, CDCL,): 8 (ppm) = 7.99 (d, *J = 8.2 Hz, 4H, Ar), 7.45 (d, *J = 8.2
Hz, 4H, Ar), 6.75 (dd, *J__ = 17.5 Hz,*J__= 10.9 Hz, 2H, =CH-), 5.85 (d,*J =
17.5 Hz, 2H, =CH,), 5.37 (d, *J_, = 10.9 Hz, 2H, =CH,), 5.16-5.23 (m, 2H, CH),
1.94-1.66 (m, 4H, CH,), 1.36 (d, *J = 6.3 Hz, 6H, CH,). "C NMR (67.8 MHz, CDCl,):
0 (ppm) = 165.9 (C=0), 141.8, 129.8, 126.0 (Ar), 136.0 (-CH=), 116.4 (=CH,), 71.1
(CH), 31.8 (CH,), 20.0 (CH,). Anal. Calcd. for C,,H, O, (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 removal of the chiral
template from polymers 2 was carried out using methanolic KOH. After neutralization
with hydrochloric acid, the solution was dialyzed using a cellophane tube, and later
concentrated by freeze-drying. The hydrolyzed copolymers were treated with

diazomethane in benzene/ether, whereupon polymers 3 were obtained. The procedures
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of dialysis and freeze-drying lowered the yields of 3 as shown in Table 1.
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Chapter 3

Stereoselectivity in Radical Cyclization of Bis(4-vinylbenzoate)
having a Chiral Template.
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3.1 Introduction

The previous chapter clarified that the chirality induction efficiency depended
on the distance between two chiral centers in the chiral template. However, an unsettled
question is how the distance between two chiral centers concerns with chirality
induction. In order to resolve the question, it is necessary to construct the rational
mechanism for chirality induction on the basis of a stereochemical distribution of the
isolated benzoate diads.

The first report of the analysis of the stereochemical process for the asymmetric
cyclocopolymerization was presented by Wulff and Kiineweg.! The radical
cyclizations of 3,4-O-cyclohexylidene-D-mannitol 1,2:5,6-bis-O-[(4-
vinylphenyl)boronate] and 3,4-O-cyclohexylidene-D-mannitol 1,2:5,6-bis-O-[(4-
vinylnaphthyl-1)boronate] were examined using an excess amount of radical initiator.
However the excessive use of radical initiator induced the primary radical termination,
namely, the recombination between the cyclized radical and the initiator. This reaction
essentially differed from the intermolecular propagation in the radical

cyclocopolymerization. The radical cyclization, therefore, must be designed to produce

Scheme 3.1
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the suitable cyclic compound as the model of the constitutional repeating unit formed
by the cyclopolymerization. The use of an appropriate chain transfer becomes the
first step to solve the subject.

In this chapter, the radical cyclization of bis(4-vinylbenzoate) was examined
using tri-n-butyltin hydride or allyltri-n-butyltin as a chain transfer reagent (Scheme
3.1). The stereoselectivities in the intramolecular cyclization and the intermolecular
addition were discussed on the basis of a distribution of stereoisomers of the obtained

cyclic unimer.

3.2 Results and Discussion

3.2.1 Radical Cyclization using Tri-n-butyltin Hydride

The radical cyclizations of monomers 1a-f were carried out using benzyl bromide,
AIBN, and tri-n-butyltin hydride as a chain transfer reagent (Scheme 3.2). Reaction
profile is described as follows (see Scheme 3.1). (1) An i1sobutyronitrile radical due
to thermal homolysis of AIBN reacts with benzyl bromide to generate the benzyl
radical which 1s a model for a propagating species in the polymerization. (2) The
benzyl radical attacks one of the vinyl groups in the monomer to form an intermediate
radical 4 (The monomer has C, symmetry and the two vinyl groups are equal in

reactivity). (3) Radical 4 attacks the other vinyl groups to form a cyclized radical 5

Scheme 3.2
B e e
15 O DO
+
AIBN (11)
Toluene
O 80 °C O O
\\T/ OMe OMe
1 7
(@
>, (O o o ©° 0 h
/\/'\ M Q><O O><O
a b ¢ d e f

Conditions: (i) KOH / MeOH, reflux, (ii) CH,N, / Ether

29




with a chiral center. (4) Radical 5 leads to form the cyclic compound 6 through the
reaction with tri-n-butyltin hydride. Although radical 5 tends to attack another
monomer to yield the higher oligomers and polymers, tri-n-butyltin hydride as a

chain transfer reagent depress the undesirable tendency.

3.2.2 Structural Elucidation for Stereochemical Analysis

Compound 6a, which consisted of two diastereomers, was isolated from the
reaction mixture using preparative HPLC. Moreover, its diastereomers could be

separate into two parts using chiral HPLC (Figure 3.1). In addition, one of the

| T T 1
0 10 20 30 min

Figure 3.1. Chromatogram of 6a. Column, CHIRALCEL OD; eluent, hexane/2-propanol

= 9/1; flow rate, 0.5 mL-min"'.

diastereomers, which is the first-eluted compound on the chiral HPLC, could be
purified by recrystallization from hexane. Its absolute structure was determined as
(R)-configuration by the single crystal X-ray analysis (Figure 3.2 and Table 3.1).
The figure indicates that the protons pointed are effectively shielded by the ring current
effect of the other benzene ring. These protons showed ring current shifts at 5.8-6.5
ppm in the "H NMR spectra of 6a (region b in Figure 3.3). Compound 6a was
hydrolyzed using methanolic KOH, and then the hydrolyzed compound was treated
with diazomethane to yield compound 7a. The structure of 7a was confirmed as 1,3-
bis(4-methoxycarbonylphenyl)-5-phenylpentane (7) by the FD-MS, and 'H and "*C

NMR spectra as shown in Figure 3.4 as well as the single crystal X-ray analysis of
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(R)-Configuration

Figure 3.2. X-ray structure of first-eluted diastereomer of 6a.

Table 3.1. Crystal data and experimental parameters for X-ray structure determination of first-eluted

diastereomer 6a.

crystal data experimental parameters
molecular formura CisHo 0 radiation CuKo (A =1.54178 A)
molecular weight 442.55 scan type w -26
crystal system orthorhombic scan rate / deg-min’' 8.0 (up to 3 scans)
space group P2,2,2, scan width / deg 1.15 + 0.30tan 6
crystal size / mm 0.40 x 0.50 x 0.40 20 range 47.5 - 60.0°
al A 10.1725(9) no. of unique data 2486 (R;,, =0.029)
bl A 25.615(2) no. of obsd data 2201
cl A 9.257(1) no. of variables 419
VA 2412.2(3) R 0.047
Z 4 R, 0.063
D.cq / g-cm™ 1.219 goodness of fit 1.02
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Figure 3.3. '"H NMR spectra of diastereomeric mixture (a) and first-eluted diastereomer
of 6a (b).
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Figure 3.4. 'H NMR spectrum of 7.

6a. Compound 7a could be separate into two enantiomers using chiral HPLC (Figure
3.5). The first-eluted enantiomer was assigned to (R)-1,3-bis(4-
methoxycarbonylphenyl)-5-phenylpentane ((R)-7) corresponding to (R)-6a. Since
the cyclic compounds 6b-f were converted to an identical compound 7, the
stereoselectivity 1n the intramolecular cyclization could be estimated by application
of the chiral HPLC to 7b-f.

(R)-7

($)-7

ST A T T R TR e e
0 20 40 min

Figure 3.5. Optical resolution of 7a. Column, CHIRALCEL OD; eluent, hexane/2-

propanol = 8/2; flow rate, 0.5 mL-min™'.
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3.2.3 Stereoselectivity in the Intramolecular Cyclization

Compounds 6b-f were confirmed by FD-MS, and 'H and "C NMR spectra
(Figure 3.6). In particular, their 'H NMR spectra showed the characteristic shielded
protons at 5.8-6.5 ppm. For 6c, the broad peaks were found in contrast to other
spectra. Figure 3.7 shows the '"H NMR spectra of 6¢ measured at 213, 298, and 313
K. Because the spectra of 6¢ at lower temperature gives fine peaks as same as those
of other cyclic compounds, 6¢ has more flexible structure than the others. The removal
of the chiral templates from 6b-f were carried out by a way similar to that used for
6a. The 'H NMR spectra of 7b-f were identical with that of 7a. Table 3.2 lists the
results of the radical cyclization using tri-n-butyltin hydride. Monomers 1a, 1b, Ic,
le, and 1f preferentially formed the cyclic compounds 7 with an (R)-configuration
rather than a (S)-configuration. Monomer 1d showed the stereoselectivity opposite
to the other monomers. These results agree with the cyclocopolymerization results.

The extent of stereoselectivity in the intramolecular cyclization was varied from 19
to 39 % d.e.

Table 3.2. Results of radical cyclization using tri-n-butyltin hydride.

Synthesis of 6 Synthesis of 7¢
Monomer Yield” (%) Yield (%) d.e.’ (%) Major Configuration
la 13.9 52.3 34 (R)
1b 19.5 53.7 21 (R)
le 8.6 72.0 24 (R)
1d 13.2 28.0 19 (S)
Le 12.1 62.0 39 (R)
1f 11,2 87.0 27 (R)

“ Solvent, toluene; temp., 80 °C. " Isolated yields. ¢ Alkali hydrolysis of 6 was carried out using KOH in
aqueous MeOH under reflux. The resulting compound was treated with diazomethane in ether to yield 7.
d . p : ' ; ' "

Isolated yields. © The diastereomeric excess was determined by chiral HPCL.
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The chirality induction in the intramolecular cyclization should be attributable
to the chiral twist of two 4-vinylbenzoyl groups. Figure 3.8 shows the CD and UV
spectra of monomers 1a, 1d, 1e, and 1f. The A value, which is characteristics of the
split Cotton effect and defined as A = Ae (first Cotton effect) - Ae (second Cotton

effect), was increased in order of 1d < 1f < 1a < 1e. The order coincided with that of
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Figure 3.8. CD (upper) and UV (lower) spectra of monomers 1a, 1d, 1e, and 1f, recorded
in HFIP at 21 °C using a path length of 5 mm.
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Figure 3.9, Angular dependence of the A value of split Cotton effect (a) with definitions

of the A value on the ordinate (b) and of the dihedral angle 6 on the abscissa (c).
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stereoselectivity for the intramolecular cyclization, 1.e., 1d (19 % d.e.) < 1f (27 %
de)<la(34 % de.)< le (39 % d.e.). Since monomers la, 1d, le, and 1f are the 4-
vinylbenzoates of 1,2-diols, the A value only depends on a dihedral angle between
two 4-vinylbenzoyl groups. The angular dependence of the A value is illustrated in
Figure 3.9. Consequently, the stereoselectivity in the intramolecular cyclization was

improved with an increase in the dihedral angle between two 4-vinylbenzoyl groups.

3.2.4 Radical Cyclization using Allyltri-n-butyltin

The radical cyclizations of bis(4-vinylbenzoate) monomers la-d were carried
out using benzyl bromide, AIBN, and allyltri-n-butyltin as a chain transfer reagent
(Scheme 3.3). Reaction profile is similar to that in the case used tri-n-butyltin hydride
(Scheme 3.1). The structure of cyclic compound 8 consists of four stereoisomeric
forms. The chiral centers are formed in the intermolecular addition of radical S to

allyltri-n-butyltin, in addition to the intramolecular cyclization.

Scheme 3.3
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3.2.5 Structural Elucidation for Stereochemical Analysis

Cyclic compound 8a containing four stereoisomers was obtained from the
reaction mixture using preparative HPLC, and confirmed by the FD-MS, 'H and "*C
NMR spectra (Figure 3.10). The shielded protons characteristically appeared at 5.8-
6.5 ppm in analogy with the case of 6a. The olefinic carbons were found as peaks at
116 and 136 ppm in the *C NMR spectrum. Cyclic compound 8a was hydrolyzed
using methanolic KOH, and then the resulting compound was treated with
diazomethane to yield compound 9a. This compound 9a should consist of four

stereoisomers as shown in Chart 3.1. The chiral HPLC, therefore, was used for the
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Figure 3.10. '"H NMR spectrum of 8a (a) and expanded *C NMR spectra of 8a in the

main chain region (b), in the allyl methylene region (c¢), and in the allyl methine region
(d).
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OMe OMe OMe OMe

(R,S)-9 (S,R)-9 (5,9)-9

separation of these stereoisomers. The resolution in the chromatogram of 9a 1s
satisfactory, as shown in Figure 3.11. The 1solation of each stereotsomer also was
successfully carried out. Figure 3.12 shows their CD and UV spectra. The assignment
of stereoisomers was performed as follows: The CD spectra indicate that 9a consists
of two pairs of enantiomers, i.e., rel-(R,R)-9a and rel-(R,S5)-9a. Figure 3.13 shows
the '"H NMR spectra of rel-(R,R)-9a and rel-(R,S5)-9a. On the assumption that 9a
mainly takes a zigzag conformation, the isomer which exhibits strong split Cotton
effect corresponds to rel-(R,R)-9a, and the other is rel-(R,S)-9a. In addition, the CD
exciton chirality method is useful for assigning (R,R)- and (S5,5)-9a. The results 1s
shown in Figures 3.11 and 3.12. The assignment of (R,S)-9a and (5,R)-9a was
performed on the basis of the ratio of [(R,R)-9a+(R,S)-9a]/[(S,5)-9a+(S,R)-9a]
corresponding to the extent of stereoselectivity in the radical cyclization using tri-n-
butyltin hydride. All assignments were indicated in Figure 3.11 and 3.12. Since the
cyclic compounds 8b-d were converted into an identical compound 9, the extent of
stereoselectivity in the radical cyclization using allyltri-n-butyltin could be estimated
by the chiral HPLC for 9b-f obtained.
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Figure 3.11. Separation of 9a into each stereoisomer. Column, CHIRALCEL OD; eluent,
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3.2.6 Stereoselectivity in the Overall Process

Cyclic compounds 8b-d were confirmed by the FD-MS, 'H and "C NMR spectra
(Figure 3.14). In particular, the characteristic peaks due to shielded protons and the
peaks due to vinyl carbons were observed at 5.8-6.5 ppm in 'H NMR spectra and at
16 and 136 ppm in *C NMR spectra of 8b-d, respectively. For 8¢, the 'H NMR
spectrum shows the broad peaks in analogy with the case of 6¢. Figure 3.15 shows
the '"H NMR spectra of 8¢ measured at 213, 298, and 313 K. Because the measurements
of 8¢ at lower temperature gives more fine signals, the structure of 8¢ is more flexible
than those of 8a, 8b and 8d. The removal of the chiral template from 8b-d were
carried out by the procedure similar to that for 8a. Table 3.3 lists the results of the
radical cyclization using allyltri-n-butyltin. The extremely low contents of (S,5)-9
for 1a-c¢ and (R,R)-9 for 1d are characteristic. The results mean that monomers 1a-c
form the benzoate diad with (R,R)-racemo configuration rather than (§,$)-racemo
configuration, and vise versa for 1d, which fact fairly agrees with the results for
cyclocopolymerization. However, there is little difference in chirality induction
efficiency, which corresponds to the absolute value of (R,R)-9 minus (5,5)-9, among
la-d in contrast to the results for cyclocopolymerization. This disagreement result
between the radical cyclization and cyclocopolymerization is discussed in later

chapters.

Table 3.3. Results of radical cyclization using allyltri-n-butyltin.

Synthesis of 8¢ Synthesis of 9°
Monomer Yield” Yield” (R,R)9° (R,5)9° (S,R)9° (S,5)r9°
(%) (%) (%) (%) (%) (%)
la 2.3 88.1 38.5 21.9 32.8 0.8
1b 5.4 88.3 39.0 16.9 43.8 0.3
lc 4.0 90.2 39.9 22.6 36.7 0.8
1d 3.9 89.3 0.6 36.4 2252 40.8

“ Solvent, toluene; temp., 80 °C. ” Isolated yields. ¢ Alkali hydrolysis of 6 was carried out using KOH in
aqueous MeOH under reflux. The resulting compound was treated with diazomethane in ether to yield 7.
“ Isolated yields. ¢ The composition of stereoisomers was determined by chiral HPCL.
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In the radical cyclization, there are two kinds of stereoisomeric forms in radical
5 One of the forms, which has the (R)-configuration at the chiral center formed
through the cyclization, referred to as “(R)-5"" and the other to “*(5)-5". Table 3.4 lists
the extent of stereoselectivity of each radical 5. For la-c, the (R)-5 exhibited the
lower stereoselectivity in the range of 16 to 40 % d.e. favorable to the formation of
(R.R)-8, whereas the (5)-5 exhibited the excellent stereoselectivity in the range of 95
t0 99 % d.e. favorable to the formation of (S,R)-8. On the other hand, for 1d, the (R)-
5 exhibited that of 97 % d.e., favoring (R.S)-8, whereas the (5)-5 exhibited that of 30
% d.e., favoring (S,5)-8. These results indicate that the stereoselectivity in the reaction
of the radical 5§ with allyltri-n-butyltin significantly depends on the absolute
configuration of the first chiral center formed through the cyclization. The
stereochemical process of the radical cyclization of 1a using allyltri-n-butyltin 1s

outlined in Scheme 3.4.

Table 3 .4. The extent of stereoselectity of radcals (R )5 and (S )-S.

steresoselectivity for (R)»-5  stereoselectivity for (S )5

Monomer Abs[(R,R)9 - (S,5)9]" (R,R)9 (R,S)9 (S,R)»9 S$,5)9
(%) (%) (%) (%) (%)
la 377 58.0 42.0 97.6 2.4
1b 38.7 69.8 30.2 99.3 0.7
lc 29.1 63.8 36.2 97.9 2:1
1d 40.2 1.6 98.4 35.2 64.8
“ The absolute values of content of (R,R )9 minus that of (§,5)9, indicating chirality induction
efficiency .

3.3 Conclusion

The radical cyclizations of monomers la-f using tri-n-butyltin hydride were
carried out to estimate the stereoselectivity in the intramolecular cyclization.
Monomers 1a, 1b, 1c, le, and 1f preferentially forms the chiral center with (R)-
configuration rather than (S)-configuration, while 1d shows the opposite
stereoselectivity. These results agreed with those of cyclocopolymerization. The
stereoselectivity in the cyclization was varied from 19 to 39 % d.e. For the bis(4-
vinylbenzoate)s of 1,2-diols (i.e., 1a, 1d, le, and 1f), the diastereomeric excess
increased with an increase in the A value of the split Cotton effect in the CD spectra,

indicating that the stereoselectivity in the cyclization was improved with an increase
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Scheme 3.4
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in the dihedral angle between two 4-vinylbenzoyl groups.

The radical cyclizations of 1a-d using allyltri-n-butyltin were carried out to
estimate the stereoselectivity in the intermolecular addition of the cyclized radical 5.
The results shows the extremely low content of (S,5)-9 for 1a-c¢ and (R,R)-9 for 1d,
indicating that the second stereoselectivity during the addition of radical § depends
on the absolute configuration of the first chiral center. Therefore, monomers la-c
form the benzoate diad with (R,R)-racemo configuration rather than that with (S,$)-
racemo configuration, and vise versa for 1d, which fact agrees with the results for

cyclocopolymerization.




3.4 Experimental Section

Measurements. 'H and “C NMR spectra were recorded using JEOL INM-EX
270 and INM-A4001I instruments. 500 MHz '"H NMR spectra were recorded using
JEOL ALPHAS500 (High-Resolution NMR Laboratory, Hokkaido University). FD-
MS and FD-HRMS were recorded on a JEOL IMS-SX102A mass spectrometer (GC-
MS & NMR Laboratory, Faculty of Agriculture, Hokkaido University). X-ray data
were collected with a Rigaku AFC7R diffractometer with filtered Cu-Ko radiation
and a rotating anode generator (Laboratory of Bioorganic Chemistry, Institute for
Chemical Research, Kyoto University). The crystal structures were solved by direct
methods (SIR92).2 Optical rotations were measured with a Jasco DIP-1000 digital
polarimeter. CD spectra were measured in acetonitrile with a 5 mm path length using
Jasco J-720 spectropolarimeter. The chiral HPLC analysis was performed using a
Jasco HPLC system (PU-1580 Intelligent HPLC pump and UV-1575 Intelligent UV
detector) equipped with cellulose-tris(3,5-dimethylphenylcarbamate) (Daicel,
CHIRALCEL OD, 0.46 cm¢ x 25 cm) column (hexane/2-propanol (vol. ratio 9/1) as
eluent, flow rate of 0.5 mL-min"' for resolution of 7 and flow rate of 0.2 mL-min"' for
resolution of 9).

Materials. Toluene was purchased from Kanto Chemical Co. and used without
further purification. 2,2’-Azobis(2-methylpropionitrile) (AIBN) was recrystallized
from methanol. Benzyl bromide was distilled before use. Tri-n-butyltin hydride and
allyltri-n-butyltin were purchased from Aldrich and used without further purification.
1,2:5,6-Di-O-isopropylidene-D-mannitol®, (15,25)-1,2-cycloheptanediol”, and (25,35)-
1,4-dimethoxy-2,3-butanediol® were synthesized according to literature procedures.

Separation of the Cyclic Compound. The preparative HPLC for the isolation
of the cyclic compound was performed using Jasco HPLC system (PU-986 Intelligent
preparative pump and UVIDEC-100-111 UV Spectrophotometer) equipped with silica
gel-ODS (Kanto, Mightysil RP-18 250-20) column.

Removal of the Chiral Template. The cyclic compound and 5 wt% methanolic
KOH solution (50 eq. to carboxyl groups) were placed in 50 mL flask and refluxed
for 1 hour. The resulting mixture was neutralized with hydrochloric acid. After
removal of water under reduced pressure, the residue was treated with diazomethane

in ether, whereupon template-free compound.
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1,2:5,6-Di-O-isopropylidene-3,4-bis-O-(4-vinylbenzoyl)-D-mannitol (1d).

The same procedure as that for 1a in chapter 2 was applied to a mixture of 1,2:5,6-di-
0-isopropylidene-D-mannitol (11 g, 43 mmol), 4-vinylbenzoyl chloride (22 g, 130
mmol) and 250 mL of pyridine. The crude product was purified by column
chromatography on alumina with dichloromethane to give 1d as a white solid. Yield
4.1 g (7.8 mmol, 18 %). [a],, =+172.2° [a] ,=+75.1° (CHCL,, 21 °C, ¢ 0.1). 'H
NMR (270 MHz, CDCIl,): 6 (ppm) 8.02 (d, *J = 8.2 Hz, 4H, Ar), 7.48 (d, °J = 8.3
Hz, 4H, Ar), 6.76 (dd, *J _ =17.5Hz,°J_ = 10.9 Hz, 2H, =CH-), 5.88 (d, "/ =
17.5 Hz, 2H, =CH), 5. 70 (d, *J =5.3 Hz, 2H, OCH), 5.41 (d, *J__ = 10.9 Hz, 2H,
=CH,), 4.40-4.34 (m, 2H, CH), 4.04-3.91 (m, 4H, CH,), 1.31 (s, 6H, CH,), 1.30 (s,
6H, CH,). "C NMR (67.8 MHz, CDCl,): 6 (ppm) = 165.6 (C=0), 142.9, 130.5,
128.9, 126.7 (Ar), 136.30 (=CH-), 117.4 (=CH,), 110.0 (C), 75.3 (CH), 72.5 (CH),
66.2 (CH,), 26.9 (CH,), 25.7 (CH,). Anal. Calcd. for C, H, O, (522.6): C 68.95; H
6.56. Found: C 69.93; H 6.53.

(15,25)-1,2-Cycloheptanediyl Bis(4-vinylbenzoate) (1e). The same procedure
as that for 1a in chapter 2 was applied to a mixture of (15,25)-1,2-cycloheptanediol
(1.0 g, 7.7 mmol), 4-vinylbenzoyl chloride (4.4 g, 26.4 mmol) and 100 mL of pyridine.
The crude product was purified by column chromatography on alumina with hexane/
diethyl ether (vol. ratio 4/1) to give le as a white solid. Yield 2.4 g (6.1 mmol, 79.4
%). (o] ., =+579.7°, [a] , = +237.9° (CHCl,, 23 °C, ¢ 0.1). '"H NMR (270 MHz,
CDCL,): B(ppm) 7.92 (d,*J = 8.6 Hz, 4H, Ar), 7.38 (d, °J = 8.6 Hz, 4H, Ar), 6.75
(dd,*J =178 Hz,’J =109 Hz, 2H, =CH-), 5.80 (d,*J__ = 17.5 Hz, 2H, =CH,),
5.44-5.38 (m, 2H, OCH), 5.33 (d, °J_ = 10.9 Hz, 2H, =CH ), 2.07-1.60 (m, 10H,
cyclic-CH,). *C NMR (67.8 MHz, CDCL,): 6 (ppm) = 165.6 (C=0), 141.8, 129.9,
1294, 126.0 (Ar), 136.0 (=CH-), 116.4 (=CH,), 76.5 (OCH), 30.4, 28.2, 22.8 (cyclic-
CH,). Anal. Calcd. for C, H, O, (390.5): C 76.90; H 6.71. Found: C 76.73; H 6.83.

(25,35)-1,4-Dimethoxy-2,3-butanediyl Bis(4-vinylbenzoate) (1f). The same
procedure as that for 1a in chapter 2 was applied to a mixture of (25,35)-1,4-dimethoxy-
2,3-butanediol (2.2 g, 14.6 mmol), 4-vinylbenzoyl chloride (7.2 g, 43.2 mmol) and
120 mL of pyridine. The crude product was purified by column chromatography on
silica gel (Kiesel Gel 60) with hexane/diethyl ether (vol. ratio 1/1) to give 1f as a
sticky liquid. Yield 5.4 g (13.2 mmol, 90.3 %). [o],,.=+67.5° [a],=+23.2° (CHCI,,
23°C, ¢ 1.0). '"HNMR (270 MHz, CDCL): 6 (ppm) = 8.00 (d, °J = 8.5 Hz, 4H, Ar),
143 (d, 3J = 8.5 Hz, 4H, Ar), 6.72 (dd, *J__ = 17.7 Hz, *J__= 10.9 Hz, 2H, =CH-),
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5.84 (d, V. = 17.6 Hz, 2H, =CH)), 5.66 (m, 2H, OCH), 5.36 (d, *J = 11.0 Hz, 2H,
=CH,), 3.72 (m, 4H, CH,), 3.37 (s, 6H, CH,). "C NMR (67.5 MHz, CDCL,): § (ppm)
= 165.6 (C=0), 142.1, 130.0, 128.8, 126.1 (Ar), 135.9 (=CH-), 116.5 (=CH,), 71.4
(OCH), 71.1 (CH,), 59.3 (CH,). Anal. Calcd for C, H, O, (410.5): C 70.23; H 6.38.

24 726

Found: C 70.14; H 6.54.
(65,75)-6,7-Dimethyl-5,8-dioxa-4,9-dioxo-1-(2-phenylethyl)-[3,6]-p-
cyclophane (6a). Dry toluene (800 mL) was placed into I L flask. This solution was
degassed by bubbling nitrogen through for 1 hr and preheated at 80 °C. To this solution,
a solution of (25,35)-2,3-butanediyl bis(4-vinylbenzoate) (1a) (282 mg, 0.8 mmol)
and benzyl bromide (ImL, 8 mmol) were added 5 times at intervals of 24 hrs, and tri-
n-butyltin hydride (220 mL, 0.8 mmol) and a portion of AIBN (ca. 30 mg) were
added a 10 times at intervals of 12 hrs under nitrogen atmosphere. After removal of
the solvent, reaction mixture was roughly purified by column chromatography. Further
purification was performed by preparative HPLC (CH,CN/H O (vol. ratio 9/1) as
eluent, 10 mL/min) to give a diastereomeric mixture 6a as a colorless solid (247 mg,
13.9 %). FD-HRMS m/z for C_ H. O, calcd 442.2144, found 442.2126 (Error -4.1

297730 " 4

ppm, -1.8 mmu).

(65,85)-6,8-Dimethyl-5,9-dioxa-4,10-dioxo-1-(2-phenylethyl)-[3,7]-p-
cyclophane (6b). The same procedure as that for 6a was applied to a mixture of
(25,45)-2,4-pentanediyl bis(4-vinylbenzoate) (1b) (292 mg, 0.8 mmol x 5), benzyl
bromide (ImL, 8 mmol x 5), tri-n-butyltin hydride (220 mL, 0.8 mmol x 10), and
AIBN (ca. 30 mg x 10) in dry toluene (800 mL). The crude product was roughly
purified by column chromatography. Further purification was performed by
preparative HPLC (CH,CN/H,O (vol. ratio 9/1) as eluent, 10 mL/min) to give a
diastereomeric mixture 6b as a colorless solid (356 mg, 19.5 %). FD-HRMS m/z for
C,,H,,0, caled 456.2301, found 456.2319 (Error +4.0 ppm, +1.8 mmu).

(65,95)-6,9-Dimethyl-5,10-dioxa-4,11-dioxo-10-dioxo-1-(2-phenylethyl)-
[3,8]-p-cyclophane (6¢). The same procedure as that for 6a was applied to a mixture
of (25,55)-2,5-hexanediyl bis(4-vinylbenzoate) (1¢) (303 mg, 0.8 mmol x 4), benzyl
bromide (1mL, 8 mmol x 4), tri-n-butyltin hydride (220 mL, 0.8 mmol x 8), and
AIBN (ca. 30 mg x 8) in dry toluene (800 mL). The crude product was roughly
purified by column chromatography. Further purification was performed by
preparative HPLC (CH,CN/H,O (vol. ratio 9/1) as eluent, 10 mL/min) to give a

diastereomeric mixture 6¢ as a colorless solid (130 mg, 8.6 %). FD-HRMS m/z for
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C, H,,0, caled 470.2457, found 470.2470 (Error +2.7 ppm, +1.3 mmu).

34 74

(6R,7R)-6,7-Bis[(4S)-2,2-dimethyl-1,3-dioxolane-4-yl]-7-Dimethyl-5,8-dioxa-
4,9-dioxo-1-(2-phenylethyl)-[3,6]-p-cyclophane (6d). The same procedure as that
for 6a was applied to a mixture of 1,2:5,6-di-O-isopropylidene-3.,4-bis-O-(4-
vinylbenzoyl)-D-mannitol (1d) (418 mg, 0.8 mmol x 5), benzyl bromide (ImL, §
mmol x 5), tri-n-butyltin hydride (220 mL, 0.8 mmol x 10), and AIBN (ca. 30 mg x
10) in dry toluene (800 mL). The crude product was roughly purified by column
chromatography. Further purification was performed by preparative HPLC (CH,CN/
H,O (vol. ratio 9/1) as eluent, 10 mL/min) to give a diastereomeric mixture 6d as a
sticky liquid (326 mg, 13.2 %). FD-HRMS m/z for C_H, O, calcd 614.2880, found
614.2880 (Error 0.0 ppm, 0.0 mmu).

(6S,75)-5,8-Dioxa-4,9-dioxo-6,7-pentamethylene-1-(2-phenylethyl)-[3,6]-p-
cyclophane (6e). The same procedure as that for 6a was applied to a mixture of
(15,25)-1,2-cycloheptanediyl bis(4-vinylbenzoate) (1e) (313 mg, 0.8 mmol x 4), benzyl
bromide (ImL, 8 mmol x 4), tri-n-butyltin hydride (220 mL, 0.8 mmol x 8), and
AIBN (ca. 30 mg x 8) in dry toluene (800 mL). The crude product was roughly
purified by column chromatography. Further purification was performed by
preparative HPLC (CH,CN/H O (vol. ratio 9/1) as eluent, 10 mL/min) to give a
diastereomeric mixture 6e as a sticky liquid (128 mg, 8.5 %). FD-HRMS m/z for
C,H,,0, calcd 482.2457, found 482.2450 (Error -1.5 ppm, -0.7 mmu).

(6S,75)-6,7-Bis(methoxymethyl)-5,8-dioxa-4,9-dioxo-1-(2-phenylethyl)-[3,6]-
p-cyclophane (6f). The same procedure as that for 6a was applied to a mixture of
(18,25)-1,2-bis(methoxymethyl)-1,2-butanediyl bis(4-vinylbenzoate) (1f) (328 mg,
0.8 mmol x 4), benzyl bromide (1mL, 8 mmol x 4), tri-n-butyltin hydride (220 mL,
0.8 mmol x 8), and AIBN (ca. 30 mg x 8) in dry toluene (800 mL). The crude product
was roughly purified by column chromatography. Further purification was performed
by preparative HPLC (CH,CN/H,O (vol. ratio 9/1) as eluent, 10 mL/min) to give a
diastereomeric mixture 6f as a sticky liquid (181 mg, 8.6 %). FD-HRMS m/z for
C3IH3406 caled 502.2355, found 502.2328 (Error -5.5 ppm, -2.8 mmu).

1,3-Bis(4-methoxycarbonylphenyl)-5-phenylpentane (7). 'H NMR (400 MHz,
CDCl,) & (ppm) = 8.03 (d, J = 7.92 Hz, Ar, 2H), 7.91 (d, *J = 7.92 Hz, Ar, 2H), 7.27-
7.05 (m, Ar, 9H), 3.92 (s, OCH.; 3H),°3.89 (s, OCH,; 3H),2.60-2.59:(m;, -CH-, 1H),
2.48-2.40 (m, -CH,-Ph, 4H), 2.06-1.88 (m, -CH_-, 4H). "C NMR (100 MHz, CDCl,)
0 (ppm) = 167.04 (C=0), 167.02 (C=0), 150.37 (C), 147.52 (C), 141.87 (C), 129.92
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(CH, Ar), 129.66 (CH, Ar), 128.42 (C), 128.31 (CH, Ar), 128.26 (CH, Ar), 127.84

(CH, Ar), 127.82 (CH, Ar), 125.80 (CH, Ar), 51.99 (OCH,), 51.92 (OCH,), 45.04 (-
CH-), 38.32°(-CH, - ), 37.95 ¢CH.-); 33,68 CH -Ph); 3359 (-CH-Ph). UV: e . =
32900 cm?mmol! (}‘nm =240.8 nm).

(R)-1,3-Bis(4-methoxycarbonylphenyl)-5-phenylpentane ((R)-7). (o], . = -
33.89% [a],,, =-16.39°, [a],,, =-8.36°, [a]., = -6.97°, [a].,, =-6.90° (CHCL,, 21 °C,
¢ 0.81). CD: A nm (Ae cm*mmol™) = 246.5 (-3.89) (¢ = 7.59 x 10 mol-L!, path
length =5 mm).

(5)-1,3-Bis(4-methoxycarbonylphenyl)-5-phenylpentane ((5)-7). [o], . =
+32.80°, [a] ;s =+15.38°, [a],,, = +9.01°, [a],, = +7.42°, [a],,, = +7.39° (CHC]I,, 21
°C, ¢ 0.74). CD: A nm (Ae cm*mmol!) =245.9 (+4.17) (¢ = 5.84 x 10° mol-L', path
length = 5 mm).

(6S5,75)-1-Allyl-6,7-dimethyl-5,8-dioxa-4,9-dioxo-3-(2-phenylethyl)-[3,6]-p-
cyclophane (8a). Dry toluene (80 mL) and allyltri-n-butyltin (2.2 mL, 7.2 mmol)
were placed into 200 mL flask. This solution was degassed by bubbling nitrogen
through for 1 hr and preheated at 80 °C. To this solution, a solution of (2S,35)-2,3-
butanediyl bis(4-vinylbenzoate) (1a) (63 mg, 0.18 mmol) and benzyl bromide (0.21
mL, 1.8 mmol) in dry toluene (1 mL) and a portion of AIBN (ca. 10 mg) were added
10 times at intervals of 6 hrs under nitrogen atmosphere. After removal of the solvent,
reaction mixture was roughly purified by column chromatography. Further purification
was performed by preparative HPLC (CH,CN/H O (vol ratio 9/1) as eluent, 10 mL/
min) to give a stereoisomeric mixture 8a as a sticky liquid (20.4 mg, 2.3 %).

(65,85)-1-Allyl-6,8-dimethyl-5,9-dioxa-4,10-dioxo-3-(2-phenylethyl)-[3,7]-p-
cyclophane (8b). The same procedure as that for 8a was applied to a mixture of
(25,45)-2,4-pentanediyl bis(4-vinylbenzoate) (1b) (66 mg, 0.18 mmol x 10), benzyl
bromide (0.22 mL, 1.8 mmol x 10), and AIBN (ca. 10 mg x 10) with allyltri-n-butyltin
(2.2 mL, 7 mmol) in dry toluene (90 mL). The crude product was roughly purified by
column chromatography. Further purification was performed by preparative HPLC
(CH3CN/HQO (vol. ratio 9/1) as eluent, 10 mL/min) to give a stereoisomeric mixture
8b as a sticky liquid (49.0 mg, 5.4 %). FD-HRMS m/z for C,,H, O, calcd 496.2614,
found 496.2601 (Error -2.6 ppm, -1.3 mmu).

(65,95)-1-Allyl-6,9-dimethyl-5,10-dioxa-4,11-dioxo-3-(2-phenylethyl)-[ 3,8]-
p-cyclophane (8c). The same procedure as that for 8a was applied to a mixture of
(25.58)-2,4-hexanediyl bis(4-vinylbenzoate) (1¢) (68 mg, 0.18 mmol x 10), benzyl
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bromide (0.22 mL, 1.8 mmol x 10), and AIBN (ca. 10 mg x 10) with allyltri-n-butyltin
(2.2 mL, 7 mmol) in dry toluene (90 mL). The crude product was roughly purified by
column chromatography. Further purification was performed by preparative HPLC
(CH3CN/H20 (vol. ratio 9/1) as eluent, 10 mL/min) to give a stereoisomeric mixture
8c as a sticky liquid (37.2 mg, 4.0 %). FD-HRMS m/z for C, H, O, caled 510.2770,
found 510.2763 (Error -1.4 ppm, -0.7 mmu).
(6R,7R)-1-Allyl-6,7-Bis[(45)-2,2-dimethyl-1,3-dioxolane-4-yl]-7-Dimethyl-
5,8-dioxa-4,9-dioxo-3-(2-phenylethyl)-[3,6]-p-cyclophane (8d). The same
procedure as that for 8a was applied to a mixture of 1,2:5,6-di-O-1sopropylidene-3,4-
bis-O-(4-vinylbenzoyl)-D-mannitol (1d) (79 mg, 0.15 mmol x 10), benzyl bromide
(0.18 mL, 1.5 mmol x 10), and AIBN (ca. 10 mg x 10) with allyltri-n-butyltin (1.9
mL, 6 mmol) in dry toluene (75 mL). The crude product was roughly purified by
column chromatography. Further purification was performed by preparative HPLC
(CH,CN/H,O (vol. ratio 9/1) as eluent, 10 mlL/min) to give a stereoisomeric mixture
8d as a sticky liquid (38.6 mg, 3.9 %). FD-MS (C, H, O,): m/z (relative intensity) =
654 (100), 655 (50.3), and 656 (14.4).
4,6-Bis(4’-methoxycarbonylphenyl)-8-phenylocta-1-ene (9). FD-HRMS m/
z for C30H3,_,O4 calcd 456.2301, found 456.2321 (Error +4.4 ppm, +2.0 mmu).
rel-(4R,6R)-4,6-Bis(4’-methoxycarbonylphenyl)-8-phenylocta-1-ene [rel-
(R,R)-9]. 'HNMR (400 MHz, CDCl,) 6 (ppm) = 7.99 (d, °J = 8.30 Hz, Ar, 2H), 7.96
(d, *J =8.29 Hz, Ar, 2H), 7.20-6.96 (m, Ar, 9H), 5.51-5.41 (m, -CH=, 1H), 4.88-4.83
(m, =CH,, 2H), 3.93(s, OCH,, 6H), 2.39-2.20 (m, 3-CH,, 8-CH,, 4-CH, 6-CH, 6H),
2.09-1.95 (m, 5-CH,, 2H), 1.90-1.75 (m, 7-CH,, 2H). "C NMR (100 MHz, CDCl,) o
(ppm) = 167.10 (C=0), 150.25 (C), 149.94 (C), 141.87 (C), 135.97 (CH), 129.84
(CH), 129.74 (CH), 128.39 (C), 128.30 (C), 128.24 (CH), 128.14 (CH), 127.95 (CH),
127.91 (CH), 125.72 (CH), 116.48 (=CH,), 52.03 (CH,), 52.01 (CH,), 43.25 (CH),
4320 (CH), 41.94 (3-CH,), 41.82 (5-CH,), 39.49 (7-CH,), 33.63 (8-CH,). UV ¢ =
32500 cm™*-mmol™” (A_ = 240.8 nm).
rel-(4R,65)-4,6-Bis(4’-methoxycarbonylphenyl)-8-phenylocta-1-ene [rel-
(R,S)-9]. '"H NMR (400 MHz, CDCl,) 6 (ppm) = 7.96 (d, *J = 8.29 Hz, Ar, 2H), 7.90
(d, °J =8.29 Hz, Ar, 2H), 7.26-7.01 (m, Ar, 9H), 5.57-5.47 (m, -CH=, 1H), 4.90-4.86
(m, =CH,, 2H), 3.913 (s, OCH,, 3H), 3.906 (s, OCH,, 3H), 2.67-2.59 (m, 4-CH, 1H),
2.57-2.49 (m, 6-CH, 1H), 2.43-2.24 (m, 3-CH, and 8-CH,, 4H), 2.07-1.81 (m, 5-CH,
and 7-CH,, 4H). *C NMR (100 MHz, CDCI,) 6 (ppm) = 167.04 (C=0), 150.79 (C),
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150.30 (C), 141.85 (C), 13591(-CH=), 129.88 (CH), 129.70 (CH), 128.31 (CH),
128.26 (CH), 128.13 (C), 127.64 (CH), 127.59 (CH), 125.81 (CH), 116.57 (=CH,),
52,00 (CH.,), 51.97:(CH,), 43.38 (4-CH), 43.00:(3-CH,), 42.73 (6-CH), 40.41 (3-
(L), 0%:32(7-CHL 113844 (@-CH ) UNte b= 30000 cm'-mmol! (X“m = 2404
nm).
(4R,6R)-4,6-Bis(4’-methoxycarbonylphenyl)-8-phenylocta-1-ene [(R,R)-9].
CD: A nm (Ae cm?>mmol ') = 248.0 (-47.8), 229.8 (+14.5).
(45,65)-4,6-Bis(4’-methoxycarbonylphenyl)-8-phenylocta-1-ene [(S,5)-9].
CD: A nm (Ae cm?>mmol ™) = 248.0 (+46.1), 230.4 (-13.6).
(4R,65)-4,6-Bis(4’-methoxycarbonylphenyl)-8-phenylocta-1-ene [(R,S)-9].
CD: A nm (Ae cm?mmol™') = 249.1 (-3.0), 228.9 (+5.6).
(45,6R)-4,6-Bis(4’-methoxycarbonylphenyl)-8-phenylocta-1-ene [(S,R)-9].
CD: A nm (Ae cm?>mmol ') = 249.8 (+3.5), 229.1 (-5.9).
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Chapter 4

Computational Study on the Chirality Induction Mechanism



4.1 Introduction

The previous chapter clarified that the stereoselectivity in the intramolecular
cyclization was depended on the dihedral angle between two 4-vinylbenzoyl groups.
[n addition, the stereoselectivity in the intermolecular addition of the cyclized radical
was affected by the absolute configuration of the first chiral center formed through
the cyclization,

The aims 1n this chapter are to find the driving force of the stereoselectivity and
to construct the rational mechanism for chirality induction according to a numerical

method used for the model reaction (Scheme 4.1).

Scheme 4.1
R . Bk :
e — O — 0
0 0 0 0 ® o ®
T 0 T T
10 12 13

) Q 9 ol
1l A O P S
b ¢

4.2 Results and Discussion

4.2.1 Search for the Minimum Energy Conformations

For the first time, the conformation of the templates must account for the
following calculation. The initial structure for the MM2 calculation was assembled
by specifying the skeletal carbons as all gauche form and the relative direction between
the carbonyl group in ester against the methine proton in neighboring position (the
details are mentioned in the procedure section). In this manner, the initial structures
are numbered in 12 for 1a, 36 for 1b, and 108 for 1¢. The major conformers in each
monomer were estimated using a MM?2 calculation (Figure 4.1). Monomer la

predominately has a counterclockwise gauche form (hereinafter referred to as “g™)
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Figure 4.1. Major conformers of 1a, 1b, and 1¢ estimated using a MM2 calculation.

in the carbon skeletal of the template, and monomer 1b substantially has a combination

(13

of anti form (“a”) and clockwise gauche form (“g*’). For 1c, the conformer is

distributed to “ag*g*”, “g*ag*”, and “aaa” forms because of flexibility.

Having a high tendency for intramolecular cyclization, monomers 1a-¢ should
have a conformation suitable for the cyclization. For this reason, the conformers in
Figure 4.1 can be applied to the conformation for 11a-c in the transition state. The
dissymmetric conformation such as “ag*” and “ag*g*” yields two directions for the
cyclization (Figure 4.2). Therefore, there are 4, 8, and 16 pathways for cyclizations
of 10a, 10b, and 10c, respectively (Scheme 4.2). For the second time, the direction
of the carbonyl groups must be considered, which is controlled by the chiral template.
Monomers 1a-c¢ have the bond vectors of the two carbonyl groups where their Si
faces are directed toward the inside. The “aaa” conformer contains the carbonyl

groups having Re faces.




(a) (b)
addition addition
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Direction | Direction 2 Direction 1 Direction 2

Figure 4.2. Direction of cyclization in the dissymmetric conformers of 1b (a) and l¢

(b).

4.2.2 Simplified Reaction Pathway

For the cyclization of radical 10, there are four transition state structures forming
from the combination of two prochiral faces, i.e., the radial center and the vinyl
group. In addition, as each of the intra- and intermolecular reactions induces new
chirality, the cyclic structure also consists of four stereoisomeric forms as shown in
Scheme 4.2. The cyclized radical (R,R)-12a stacks two benzene rings in the molecule
(Figure 4.3). The orbital of the radical is perpendicular to the benzene ring, which
situation stabilizes the radical. For the cyclized radical, hence, 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 the cyclized radical. Hence,
there is one-to-one correspondence between the cyclized radical 12 and the cyclic
compound 13 on the stereochemistry. In view of cyclized radical structure, Scheme

4.2 is simplified as Scheme 4.3.




Scheme 4.2
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Figure 4.3. The structure of cyclized radical (R,R)-12a optimized using MOPAC6-
UHF-AMI1 method. The atom with a slanted line indicates the radical center.
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Scheme 4.3
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4.2.3 Calculation of the Energy-Minima and the Saddle Point

The heat of formation of the energy-minima (corresponding to 10, 12, and 13)
and the saddle point 11 was estimated using MOPAC6-AM 1 method (Tables 4.1, 4.2,
and 4.3). The energy profiles for the radical reaction of 10a are illustrated in Figure
4.4.

Table 4.1. The calculated heat of formation (kcal-mol™") of initial states 10 and transition states 11 for the
intramolecular cyclization using MOPAC6-UHF-AM 1 method.

initial state transition state

conf.” direction” 10 (R.R)-11 (R,S)>11 (S,R)>11 63,5 140
la g -105.9 -88.0 (+17.9)°  -86.8 (+19.1) -88.8 (+17.1) -86.9 (+19.0)
1b ag’ I -111.4 -97.2 (+14.2) -96.1 (+15.3) -97.5 (+13.9) -95.7 (+15.7)
g'a 2 -111.5 -97.1 (+14.3) -95.8 (+15.6) -97.4 (+14.0) -95.4 (+16.0)
le ag'g" | -119.8 -101.3 (+18.5) -100.2 (+19.6) -101.6 (+18.2) -99.9 (+19.9)
g'g'a 2 -119.7 -100.8 (+18.9) -99.7 (+20.0)  -101.1 (+18.6) -99.1 (+20.6)
g'ag’ -119.1 -105.2 (+13.9) -104.0 (+15.1) -105.7 (+13.4) -103.4 (+15.7)
aaa -118.2 -102.8 (+16.3) -104.1 (+15.0) -103.2 (+15.9) -103.8 (+15.3)

“ The confomations are illustrated in Figure 4.1. ” The direction are defined by Figure 4.2. © The values in parenthesis
were differences to 10, i.e., activation energy for the radical cyclization.

Table 4.2. The calculated heat of formation (kcal-mol™) of radicals 12 using MOPAC6-UHF-AM 1 method.

conf.” direction” (R,R)12 (R,S)12 (S,R)12 (S,S)12
la o -114.4 (-8.5) -114.5 (-8.6) -115.5 (-9.6) -112.8 (-6.9)
1b  ag’ 1 -123.9 (-12.5) -124.0 (-12.6) -125.0 (-13.6) -122.4 (-11.0)

g*a 2 -123.9 (-12.4) ol B -125.0 (-13.5) -122.1 (-10.6)
le  ag'e 1 -127.8 (-8.0) -127.6 (-7.8) -129.1 (-9.3) -126.0 (-6.2)

g'o'a 2 -128.4 (-8.7) -128.9 (-9.2) -129.5 (-9.8) -127.3 (-7.6)

g*ag* -132.1 (-13.0) -132.4 (-13.3) -133.4 (-14.3) -130.7 (-11.6)

aaa -129.9 (-11.7) -132.0 (-13.8) 1315 (-13.3) -130.8 (-12.6)

“ The confomations are illustrated in Figure 4.1. ” The direction are defined by Figure 4.2. © The values in parenthesis

were differences to 10, i.e., heat of reaction for the radical cyclization.




Table 4 .3.

The calculated heat of formation (kcal-mol ") of 13 using MOPAC6-AM | method.

conf.”  direction” (R,Ry»13 (R.S)-13 (S,Ry13 (S.5)-13
la g -139.4 (-33.5) -141.3 (-35.4) -141.2 (-35.3) -139.3 (-33.4)
1b ag’ I -148.7 (-37.3) -150.6 (-39.2) -150.5 (-39.1) -148.6 (-37.2)

g'a 2 -148.7 (-37.2) -150.6 (-39.1) -150.5 (-39.0) -148.6 (-37.1)
lc ag'g’ I -152.2 (-32.4) -154.2 (-34.4) -154.2 (-34.4) -152.3 (-32.5)

g'g'a 2 -151.9 (-32.2) -154.1 (-34.4) -154.2 (-34.5) -152.2 (-32.5)

grag’ -156.4 (-37.3) -158.4 (-39.3) -158.3 (-39.2) -156.5 (-37.4)

aaa -155.4 (-36.3) -157.3 (-38.2) -157.4 (-38.3) -155.4 (-36.3)

were differences to 1 0.

Hf/ kcal-mol-!
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“ The confomations are illustrated in Figure 4.1. " The direction are defined by Figure 4.2. © The values in parenthesis
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Figure 4.4. Energy profile for the radical addition of 10a.




The chirality induction mechanism for intramolecular cyclization can be explain
on the basis of the stereoelectronic effect during the radical addition. Houk et. al.
estimated the theoretical transition structure for the radical addition on the basis of
the ab initio calculation.! According to their study, the angle with which the radical
attacks the carbon-carbon double bond is fairly constant in the range from 102 to

109° (Figure 4.5). For the radical cyclization of monomers la-c¢, only one side of the
o)

H
A
H ‘\
\\‘/1\07.8() H
\‘ /” H
T e

H

Figure 4.5. Calculated geometry of the transition state for the addition of methyl radical

to ethylene.

prochiral faces of the vinyl group, therefore, is accepted for the attack of radical
because of chiral twist of the two 4-vinylbenzoyl groups (Scheme 4.4). In the transition
state of cyclization, the clockwise twist selects (R,S)-11 and/or (S,5)-11, while the
counterclockwise twist selects (R,R)-11 and/or (S,R)-11. Table 4.1 indicated that
(R,S)-11 and (S,R)-11 have a slightly lower energy for the heat of formation than
(5,5)-11 and (R,R)-11, respectively, except for 11a. The differences of the heat of
formation in the transition states should be caused by the differences in position of

the penultimate group, i.e., ethyl group. The transition state in which the ethyl group

Scheme 4.4
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is situated 1n pseudo-equatorial position is more stable than that in pseudo-axial

position (Scheme 4.5). Table 4.4 lists the calculated stereoselectivity in the
intramolecular cyclization on the basis of the heat of formation for the transition state
11. These results indicated that the positive twist of two 4-vinylbenzoyl groups induces
the first chirality with (R)-configuration, and vise versa for the negative twist, which
fairly agree with the results in chapter 2. Hence, the chirality induction in the
intramolecular cyclization 1s arised by the chiral twist of bis(4-vinylbenzoate)
accompanying the stercoelectronic effect of the radical addition and the steric effect

of the penultimate group.

Scheme 4.5
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Table 4.4. The calculated extent of stereoselectivity for the intramolecular cyclization®,

positive chirality negative chirality
conf.” direction”  (R,S)11 (S.5r11 (R.R)11 (S.R)y11
(%) (%) (%) (%)
la g 46.4 53.6 24.2 75.8
1b ag’ I 63.9 36.1 39.5 60.5
g'a 2 63.9 36.1 39.5 60.5
lc ag'g’ I 60.5 39°5 39.5 60.5
g'g’a : 70.2 29.8 39.5 60.5
grag” e iy, 29.8 22,9 67.1
aaa 60.5 395 36.1 63.9

“ The Boltzmann distribution calculated on the basis of the heat of formation of transition state 1 1 at
80 °C. ” The conformations are illustrated in Figure 4.1. < The directions are defined by Figure 4.2.

For the intermolecular addition of the cyclized radical, the stereochemical
distribution of 13 depends on that of cyclized radical 12 because of their one-to-one
correspondence. On the other hand, (R,R)-12 and (5,5)-12 could interconvert to (R,S)-
12 and (S,R)-12, respectively, through ring inversion. Table 4.5 lists the equilibrium
distribution of the conformational transformation calculated from the heat of formation
of the cyclized radical 12. Except for “aaa” conformation of 1c¢, since the heat of
formation of (R,R)-12 was practically equal to that of (R,S)-12 as shown in Table 4.2,
(R,R)-12 equaled (R,S)-12 in the population on the equilibrium of the ring inversion.
However, the heat of formation for (§,5)-12 was significantly higher than that for
(S,R)-12. Thereby, the conformational transformation between (S,5)-12 and (S,R)-12

Table 4.5. The calculated distribution of radicals 1 2 on the equilibrium of the ring inversion®

(R )-cyclized radical (S )-cyclized radical
conf.”  direction® (R,R)»12 (R,S)»12 (S,R)X12 (5,5)112
(%) (%) (%) (%)
la g 46.4 53.6 97.9 2:|
1b ag’ 1 46.4 53.6 97.6 2.4
g'a 2 57l 42.9 98.4 1.6
lc ag'g’ 1 57.1 42.9 98.8 12
g'g'a 2 32.9 67.1 95.8 4.2
gtag’ 395 60.5 97.9 2.1
aaa 4.7 953 73.0 27.0

“ The Boltzmann districution calculated on the basis of the heat of formation of radicals 1 2 at 80 °C
" The conformations are illustrated in Figure 4.1. ¢ The directions are defined by Figure 4.2.
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strongly shifted toward (S,R)-12 to suppress the formation of (5,5)-13. Consequently,

the cyclized radical 12 having the (R)-configuration exhibited the poor stereoselectivity

in intermolecular addition, whereas the cyclized radical 12 having the (S)-configuration

exhibited the excellent stereoselectivity. These results satisfactorily agreed with the
. experimental results in chapter 3.

In order to estimate the stereoelectronic effect on the stability of the cyclized
radical, the heat of formation for (-,R)-14 and (-,5)-14 as shown in Scheme 4.6 was
calculated using the MOPAC6-UHF-AMI1 method (Table 4.6). Because the heat of
formation for (-,R)-14 is lower than that of (-,5)-14 except for “aaa” conformation of

Ic, the stereoelectronic effect of the radical gives a priority to (-,R)-14 over (-,5)-14.

Scheme 4.6
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Table 4.6. The calculated heat of formation (kcal-mol™) and the torsion angle 6 (deg) of 14 using MOPAC6-
UHF-AMI1 method.

heat of formation (kcal-mol™) torsion angle & (deg)
conf.”  direction” (-.R»x14 (-,.5r14 (-,R)»14 -,Sr-14
la g -106.0 -104.5 +22.2 +37.0
1b ag" 1 -115.4 -114.0 +13.7 +33.3
g'a 2 -115.4 -113.8 +20.6 +40.2
3 ag'g” I © -119.5 -117.6 +14.0 +33.7
g'g’a - -119.9 -118.9 3.5 +13.4
grag® -123.7 -122.4 +11.6 +25.3
aaa -121.6 -122.4 -21.6 +3.6

* The conformations are illustrated in Figure 4.1. ” The directions are defined by Figure 4.2. ¢ The torsion angle is
o o o
defined by Figure 4.6.
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The promotive factor in the heat of formation for 14 should become a driving force
of the stereoselectivity in the intermolecular addition. For the cyclized radical 14,
the rotation around a single bond as shown in Figure 4.6 lowers the stabilization
energy based on the conjugation. Table 4.6 lists the torsion angle 0 for cyclized
radical 14. Except for “aaa” conformation of 14, the torsion angle 6 of (-,R)-14 was
smaller than that of (-,5)-14. On the other hand, the reverse took place in the “aaa”
conformer. These results agreed very closely with those obtained by the heat of
formation. The torsional strain in the cyclized radical, which is essentially concerned
with the heat of formation, should be closely connected with the stercoselectivity in
the intermolecular addition of the cyclized radical. Since the orbital of the radical is
perpendicular to the benzene ring, the direction of the benzene ring is controlled by
the direction of the radical orbital as shown in Scheme 4.7. On the other hand, the
direction of the carbonyl group is preferentially faced to form eclipsed conformation
with a hydrogen atom of the chiral center (Scheme 4.8).> For (-,5)-14, the conflict of
direction between the benzene ring and the carbonyl groups had an adverse influence

on the heat of formation of cyclized radical.

Top View

Front View

Figure 4.6. The structures of cyclized radicals (-,R)-14a (a) and (-,5)-14a (b) estimated
using MOPAC6-UHF-AM1 method. The torsion angles 6 are listed in Table 4.6.
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In order to the estimate the effect of the direction of the carbonyl groups, the

heat of formation of 15 and 16 as shown in Chart 4.1 were calculated using MOPAC6-
UHF-AMI method. For both of 15 and 16, the bond vectors of the two carbonyl
groups are opposite in direction. However, 15 takes a conformation where their Si
faces are directed toward the inside similar to that of 12a, and vise versa for 16. The
results are listed in Table 4.7. The calculated distribution of the ring inversion
equilibrium of 15 1s approximately equal to that of 12a, and mirror image to that of
16. These results indicate that the chiral orientation of two carbonyl groups due to
chiral template exhibits the stereoselctivity in the intermolecular addition of the
cyclized radical. The conformer 185, in which the Si face for the carbonyl groups of
the 4-vinylbenzoate face each other, lead to the formation of (R,R)-racemo cyclic

unit rather that (§,5)-racemo one.

Chart 4.1

Re faces directed
toward inside

St faces directed
toward inside

Table 4.7. The calculated heat of formation (kcal-mol ™) of radicals 15 and 16 using MOPAC6-
AM1 method.

(R )-cyclized radical (S)-cyclized radical
(R,R) (R,S ) (S,R) (S,S)
15 -106.0 (46.4 %) -106.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>