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Naphthamides derived from L-proline, which exist as a mixture

of several diastereomers in solution, converged to single

diastereomer by crystallization, and the conformational trans-

formation was controlled after the crystals were dissolved in the

solvent at low temperature, where the frozen conformation was

retained long enough for subsequent asymmetric reaction.

Recently we have reported a new methodology of asymmetric

synthesis under homogeneous conditions by using a frozen

molecular conformation derived from spontaneous crystallization

of achiral materials.1,2 We have now investigated a wide

application of this methodology to diastereoselective reactions.

Two stereogenic units in one molecule lead to diastereoisomer-

ism, and a valuable method of getting one pure diastereomer is

achieved when these units can be epimerized during crystal-

lization.3,4 We explored the idea and undertook the separation of

diastereomers of naphthamides possessing a chiral center and axial

chirality by crystallization. Furthermore, a highly controlled

stereoselective reaction was also performed using the frozen

molecular conformation after dissolving the crystals at low

temperature.

2-Alkoxy-1-naphthamides, 1a,b, possessing proline methyl ester

as the chiral handle were chosen to perform this reaction (Fig. 1).

These amides were easily prepared from L-proline methyl ester and

2-alkoxy-1-naphthoyl chloride. The 1H NMR spectrum showed

that 1a existed as a mixture of three diastereomers owing to the

bond rotation between naphthalene and carbonyl and the

E,Z-isomerization of the amide group at room temperature as

shown in Fig. 1 and Fig. 2(a). The amide 1b also existed as a

mixture of diastereomers. The energy barrier for the bond rotation

was low; therefore, diastereomers were not separable.

When the naphthamides were recrystallized from a mixed

solvent of CHCl3–hexane they gave single crystals. These were

subjected to X-ray crystallographic analysis, and the crystal

structure and molecular conformation were revealed on the basis

of the configuration of the (S)-proline group. By the effect of a

chiral proline group, amides 1a and 1b clearly crystallized in a

chiral space group P21 and formed the (S,aR)-conformation in the

crystals.5

Next, we studied whether the chiral molecular conformation in

the crystals can be retained in solution after the single crystals were

dissolved in a solvent. The 1H NMR spectrum of amide 1a

immediately after dissolving the crystals into CDCl3 at room

temperature clearly showed that the crystals were composed of a

single diastereomer as shown in Fig. 2(b). The diastereotopic

signals derived from several diastereomers gradually formed and

increased with time. Finally, the same spectrum before crystal-

lization was obtained. The same phenomena were observed in the

case of 1b.

The convergence of diastereomers to a single isomer by

crystallization was also performed by stirred crystallization at

high temperature,3 by which the completely melted sample of 1a

in the absence of solvent at 120 uC (mp 109–110 uC) was

cooled and solidified by lowering the temperature to 100 uC with

stirring. In the case of 1b (mp 133–135 uC), the solid was melted

over 140 uC at once, then solidified at 120 uC with stirring. The

bulk crystals obtained from the melt were also composed of a

single diastereomer and showed the same behavior for NMR

measurement as in the case of the single crystals described above.
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Fig. 1 Epimerization in solution of the amides 1 and convergence by

crystallization.

Fig. 2 1H NMR spectra of 1a in CDCl3. (a) Before crystallization; (b)

measured immediately after dissolving the crystals in CDCl3 at room

temperature.
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Then the crystals were used for subsequent diastereoselective

reactions.

Photocycloaddition reaction of amides 1a,b with 9-cyanoan-

thracene was examined. An argon-purged THF solution contain-

ing 0.05 M of amide 1a and 0.05 M 9-cyanoanthracene

(9-CNAN), which was prepared at room temperature, was

irradiated with a high-pressure mercury lamp for 30 min at

220 uC.1,6 The photocycloaddition reaction occurred effectively

and 4 + 4 cycloadduct 2a was obtained in 100% chemical yield

where the diastereomeric excess (de) of 2a was 63% (Scheme 1 and

Table 1, entry 1). When 1b was irradiated under the same

conditions, 53% de of 2b was isolated in 100% chemical yield

(Table 1, entry 6). Since the epimerization did not occur at 220 uC,

it seems that the de value of the photoproducts should be

attributed to the ratio of diastereomers in solution.

To study the energy barriers of the conformational transforma-

tion owing to the axial chirality, we measured the changes in 1H

NMR and calculated both the activation free energy (DG?) and

the half-life of epimerization (t1/2). The half-life of 1a was 11.0 min

when the crystals were dissolved in CD3OD–CDCl3 (1 : 1) at 30 uC,

and the value increased upon lowering the temperature; t1/2 values

of 18.0 and 32.3 min were determined at 25 and 20 uC. The free

energy of activation was calculated as DG? = 22.2–22.3 kcal mol21

from the temperature dependence of the kinetic constant.7,8 The

activation free energy for epimerization of 1b was slightly larger

than that of 1a, because of an increase of the steric factor by the

change from the methoxy to an ethoxy group. The half-life of 1b in

CD3OD–CDCl3 (1 : 1) was 40.3, 25.2 and 16.6 min at 30, 35 and

40 uC. These facts indicate that both amides 1a and 1b can retain

the molecular conformation long enough for a subsequent

stereoselective reaction after dissolving the crystals in the solvent.

Next, we tried a diastereoselective photocycloaddition reaction

using the molecular conformation converged by crystallization.

The crystals were composed of a single diastereomer of (S,aR)-

conformation, and the epimerization in solution caused by the

bond rotation between naphthalene and the carbonyl group can be

highly controlled by the temperature. In other words, the

conformation in the crystals may be retained as frozen after

dissolving the crystals in the solvent at low temperature, and the

molecular chirality can be effectively transferred to the products.

Crystals of 1a (1.0 eq.) were dissolved in a cooled 0.05 M solution

containing 9-cyanoanthracene, and was irradiated with a high-

pressure mercury lamp for 30 min. When the reaction was

performed at 220 uC using THF as a solvent (Table 1, entry 2),

100% yield of the 4 + 4 adduct 2a was obtained. As expected,

epimerization was strongly controlled at this temperature, and a

high de of 96% was achieved. Surprisingly, the reaction in a 1 : 1

mixed solvent of MeOH–THF gave 100% de (entry 4), because the

energy barrier for epimerization in a protic solvent is greater than

that in an aprotic solvent, which is explainable by the effect of the

hydrogen bond between the carbonyl oxygen and methanol.3 Even

at 20 uC, high de values were still obtained (entries 3 and 5). When

the photoreaction was carried out using crystals of 1b, photo-

adduct 2b was obtained in 100% de in both THF and MeOH–

THF at 220 uC (entries 7, 9). The diastereoselectivity slightly

decreased to 75% de (in THF) and 90% de (in MeOH–THF) in the

reaction at 20 uC (entries 8 and 10), because competitive

epimerization occurred at this temperature.

Though the 4 + 4 adduct 2a did not afford single crystals for

X-ray crystallographic analysis, the crystal structure of the

photoadduct 2b could be analyzed, and the absolute configuration

was determined on the basis of the configuration of the (S)-proline

group.5 By comparing the absolute structure of both 1b and 2b, the

reaction course became clear in that the excited 9-cyanoanthracene

approached naphthamide 1 from the side of the carbonyl group to

avoid the bulky proline group.

In conclusion, naphthamides 1 derived from L-proline methyl

ester, which exists as a mixture of several diastereomers in solution,

converged to a single diastereomer by crystallization with

epimerization. The epimerization was controlled after the crystals

were dissolved in solvent at low temperature, and the frozen

conformation was retained long enough for a subsequent chemical

reaction. The axial chirality evoked by crystallization directed the

course of approach of the reacting molecules, and a fully

controlled diastereoselective intermolecular photocycloaddition

reaction was performed.9 This reaction provides a new methodol-

ogy for highly controlled stereoselective reaction using the property

of a process of crystallization and the memory effect of molecular

chirality.
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Scheme 1 Photocycloaddition reaction of amide 1a with 9-CNAN.

Table 1 Photocycloaddition reaction of amides 1a,b with 9-CNAN
using the frozen molecular conformation

Entrya Amide Temp./uC Solv.
Conv. (%)
of 1d

de (%)
of 2e

1b 1a 220 THF 60 63
2 220 THF 62 96
3 20 THF 56 78
4 220 MeOHc 50 100
5 20 MeOHc 58 84
6b 1b 220 THF 70 53
7 220 THF 70 100
8 20 THF 71 75
9 220 MeOHc 49 100
10 20 MeOHc 61 90
a A 0.05 M solution of 9-cyanoanthracene was cooled to the stated
temperature, and then powdered crystals of 1 (1.0 eq.) were added.
b Naphthamides 1 before crystallization were used. c A 1 : 1 mixture
of MeOH–THF was used. d Determined on the basis of the
consumed amount of the amide 1. e De value was determined by 1H
NMR spectroscopy.
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Sports, Science and Technology (MEXT) of the Japanese

Government.
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