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By combining the enantioselective molecular movement from a 
rue-guest to an optically active host in the solid state with a 
distillation procedure, enantiomers of the ruc-guest were separated 
by fractional distillation. When the enantioselective molecular 
movement in the solid state was applied to an optically active host 
and an achiral guest, the inclusion complex of the host and the 
achiral guest in which the latter molecules are arranged in a chiral 
form is obtained. Photoirradiation of the inclusion crystal in the 
solid state gave optically active photocyclization product. 

We found that molecular movement from guest crystal to 
host crystal occurs quite easily in the solid state. For 
example, when a mixture of finely powdered 1,1,6,6- 
tetraphenylhexa-2,4-diyne- 1,6-diol (1) and two molar 
amounts of chalcone (2) was kept at room temperature 
for 6 h, a 1:2 inclusion complex of 1 and 2 was obtained 
in quantitative yield.’ It was further found that the 
molecular movement occurs enantioselectively. For ex- 
ample, a mixture of powdered chiral host compound 

(R,R)-( -)-trans-2,3-bis-(hydroxydiphenylmethyl)- 1,4-di- 
oxaspiro[5.4]decane (3c)* and two molar amounts of 
ruc-p-ionone epoxide (4) was kept at room temperature 
for one day and the mixture was washed with hexane in 
order to remove uncomplexed (-)-enantiomer to leave a 
complex of 3 and (+)-4, from which (+)-4 of 88% ee was 
~bta ined .~  The result clearly shows that enantioselective 
molecular transfer occurs very efficiently in the solid 
state. The enantioselective inclusion complexation can 
be well exemplified by an adaptation between chiral lock 
(host) and chiral key (guest). 

Optical resolution by enantioselective inclusion crys- 
tallization usually are carried out by recrystallization of a 
chiral host and ruc-guest from a ~o lven t .~  For example, 
recrystallization of the chiral (R,R)-(-)-trans-2,3- 
bis(hydroxydiphenylmethy1)- 1,4- dioxaspiro[4.4]nonane 
(3b)’ and an equimolar amount of ruc-2-methylpipen- 
dine (5)  from benzene gave a 2: 1 inclusion crystal of 3b 
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Figure 1 
presence of chiral host compound 3c. 
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Ph-qH-R CH,S;HCH,OH XCHP(?-lCO2R 
OH OH OH 
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Table 1 Optical resolution of alcohols by fractional distillationa 

Dist. times Host Guest Yield (8) (% e.e.) 
Optical p w i o  

2 la 8a 46 96' 
2 la  8b 57 92' 
3 la  fk 17 96b 
2 2 9 49 w 
3 lc 1023 42 94d 
3 lc 10b 51 92d 
3 lc  1Oe 44 od 
"Only the enantiomer which forms an inclusion complex with the host 
used and then distils at a relatively high temperature is indicated. 
'Optical purity was determined by HPLC on Chiralpak AS. 
'Optical purity was determined by HPLC on Chiralcel OJ. 
dOptical purity was determined by cornparision of the [a], value with 
that reported. 

and (+)-5, from which (+)-5 of 100% ee was isolated 
in52% yield.' However, a new optical resolution method 
by distillation was established by combination of the 
enantioselective molecular movement in the solid state 
and distillation procedure.6 For example, when a mixture 
of 3c (1.03 g, 2.03 mmol) and ruc-epoxyketone 6 (0.5 12 
g, 4.06 mmol) was heated at 70W3 mmHg, (+)-6 of 
90% ee (0.23 1 g, 89% yield) was obtained by distillation. 
Further heating of the residue at 150"C/3 mmHg gave 
(-)-6 of 78% ee (0.232 g, 90% yield). Much more 
efficient resolution by the distillation was achieved for 
1-( p-toly1)ethyl alcohol (7). As shown in Fig. I ,  almost 
perfect resolution of 7 by distillation was achieved in the 
presence of the host 3c. By mixing 3c and ruc-7, (-)-7 is 
included with 3c, and uncomplexed (+)-7 distils at a 
relatively low temperature but the complexed (-)-7 distils 
at a relatively high temperature. 

The resolution method by distillation can be applied to 
various kinds of compounds. Secondary alcohols @a+), 
I ,3-butanediol (9), and a-hydroxycarboxylic acid esters 
(10a-b) were resolved efficiently (Table l), although 
methyl 3-chloro-2-hydroxypropionate (1Oc) was not re- 
solved. When the efficiency of the resolution by distilla- 
tion is not perfect, optically pure enantiomers can be 
obtained by repeating the distillation in the presence of 
optically active host. 2-Aminopropanol (ll), 2-hydro- 
xypropylamine (12), phenethylamines (13a-c), and 
2-methylpiperidine (14) were also resolved by this 
method, although efficiency of the resolution of 12, 13a 
and 14 was not very high (Table 2). In Tables 1 and 2, 
only the enantiomer which forms an inclusion complex- 
with the host and then distils at a relatively high tempera- 
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Table 2 Optical resolution of amines by fractional distillation" 

Optical purity 
Dist. times Host Guest field (%) (96 e.e.) 

2 lc 11 33 
2 Id 11 31 
1 lb 12 95 
1 la  13a 3 
3 Id 13b 26 
1 Id 13C 98 
I la  14 98 

~ 

100' 
100' 

95b 
100' 

25' 
62' 

42' 

"Only the enantiomer which forms an inclusion complex with the host 
used and then distils at a relatively hight temperature is indicated. 
boptical purity was determined by measurement of 'H NMR spectrum 
in the presence of chiral shift reagent. 
'Optical purity was determined by comparision of [a], value to that 
reported. 
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ture is summarized. The enantiomer which does not form 
an inclusion complex with the host and then distils at a 
relatively low temperature can also be purified by repeat- 
ing the distillation. 

Previously we have reported that oxoamide 15 forms 
chiral crystal which upon photoirradiation in the solid 
state gives optically active (3-lactam 17 of 93-95% ee in 
quantitative yield.',' X-ray structure analysis of the 
chiral crystal of 15 showed that oxoamide molecules are 
arranged in a chiral form as shown in Scheme 1 .9 This is 
a typical example of generation of chirality in the solid 
state, and is valuable as an absolute asymmetric synthe- 
sis. Of the oxoamides 15a-h, only the 1% and 15d 
formed chiral crystals and 15f-h formed achiral crystals. 
1%-b and 15e are oily materials. Of the oxoamides 
18a-k, 18a-e formed chiral crystals and 18f-k formed 
achiral crystals, and photoirradiation of the former and 
latter in the solid state gave optically active and ruc-(3- 
lactams, respectively.* Both 19a and 19b formed achiral 

,iPr host 3 

R adstate 
PKOCON, ____) InClUSlOnCWnpkX - 

1 5  

Table 3 Photoreaction of oxoamides in inclusion complex 

product 17 
a-oxoamide host optical purity (% ee) 

15 3 (1)  (-) 

(-1-h 94" 
(+)-2b 59 

c R=Et mp 61-63 "C (+)-2b 100 

b R = M e  oil (+)-b 64" 

(-)-2b 61 

(-)-2b 16 

(-)-2b 80 
e R=nPr oil (+)-2b 56 

y - ( R  )-(+)- 

hv 

solid state 
r. t. 5 h 

769'0 ee 
72% yield 

crystal and their photoirradiation in the solid state gave 
the corresponding ruc-p-lactam.' 

Recently, we found very interesting inclusion com- 
plexation of 3 with ruc-15 in the solid state accompanied 
with enantiomerization of the latter. For example, when 
a mixture of finely powdered 1:2 methanol complex of 
3c and ruc-1% was kept at room temperature for 4 h, a 
1:l inclusion complex of 3c with (-)-15c was formed. 
Photoirradiation of the complex in the solid state for 5 h 
gave (R)-(-)-20 of 76% ee in 72% yield. The same result 
was obtained by using (+)-15c or (-)-15c crystal instead 
of the ruc-15c crystal (Scheme 2). These data show that 
15c molecules enantiomerize during the complexation 
with 3c in the solid state. This suggests that an intercon- 
version between (+)-15c and (-):15c occurs easily in the 
solid state. When (S,S)-(+)-host is used instead of the 

/ enant i -r irat ion 

-67 

a '  m 5  
0 iPr 

achlral key 

Figure 2 "lock and key" illustration of enantio-selective inclusion 
complexation of a chiral host with an achiral guest accompanied by 
enantiomerization of the iatnr in the solid state. 
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I Solid State 
r. t .  4 h 

3c 

0 e N % l  

2 + (-)-15c 
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Figure 3 Measurements of inclusion complexation by IR spectra in the solid state (Nujol mull): 3c + (+)-1%. 

(R,R)-(-)-host 3c in the complexation with 1 5 ,  a 1:l 
inclusion complex of the host with (+)-15c was formed 
and its photoreaction gave (S)-(-)-20. Inclusion complex- 
ation of oily oxoamides such as 15b and 15e with 3c are 
also accompanied by enantiomenzation in the solid state. 
For example, complexation of ruc-15e with 3c and its 
(S,S)-(+)-enantiomer gave 1: 1 complexes of (+)-15e with 
3c and of (-)-Ue with (S,S)-(+)-host, respectively, and 
their photoreaction gave (+)- and (-)-p-lactams, respec- 
tively (Table 3). These interesting solid state inclusion 
complexation which are accompanied by enantiomeriza- 
tion are well exemplified by the chiral lock and chiral 
key shown in Fig. 2. 

Complexation of 3c with crystalline 15 in the solid 
state proceeds very slowly, for example, complexation of 
3c with 1% at room temperature takes 20 h. However, 
the complexation is complete within 4 h, when the 
MeOH complex of 3c is used. Complexation of 3c with 
oily 15, however, proceeds much more easily. 

Complexation of 3c with 1% in the solid state was 
followed by measurement of IR spectra. As shown in 
Fig. 3, the 2: 1 complex of 3c with MeOH shows two OH 
absorptions, uA at 3550 cm-' which is attributed to 
intermolecularly hydrogen bonded OH of 3c to MeOH 
and vB at 3380 cm-' which is attributed to intramolecu- 
larly hydrogen bonded OH of 3c. By mixing the MeOH 

complex of 3c with (+)-15c, the uA decreases and a new 
OH absorption uc at 3250 cm-' which is attributed to 
intermolecularly hydrogen bonded OH of 3c to (-)-15c 
appears, and vA finally disappeared after 4 h. 

15 
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