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Abstract

Homochiral crown ether§S)-1 containing 1-naphthyl groups as chiral barriers together with the phenol moiety
was prepared by using)-3 as a chiral subunit which was resolved in enantiomerically pure form by lipase-
catalyzed enantioselective acylation af){3. Homochiral phenolic crown etheg,§)-2, containing phenyl groups
as chiral barriers, was also prepared fro8-% which was derived from§)-mandelic acid. The association
constants for their complexes with chiral amines in CH®kre determined at various temperatures by the
UV-visible spectroscopic method demonstrating that the crown etl&3s1 and §S)-2 displayed the large
Ar_sAG values of 6.2 and 6.4 kJ mol, respectively, towards the ami@é at 15°C. Thermodynamic parameters
for complex formation were also determined and a linear correlation befWdgnsASandAr-sAH values was
observed. © 1998 Elsevier Science Ltd. All rights reserved.

A large number of homochiral crown ethers have been prepared by using various types of homochiral
compounds as chiral subunttdn regard to their chiral recognition on complexation, it is a generally
accepted view that an increase in the size of substituents at stereogenic centers usually increases the
degree of enantiomeric recognition. On the other hand, large repulsive interactions between host and
guest molecules may reduce the stability of the complex. Recently, in order to seek information on how
the size of the substituents at stereogenic centers might affect the enantioselectivity in complexation with
amines, we have prepared homochiral azophenolic crown ethers possessing the alkyl substituents as chiral
barriers and examined the temperature dependent enantioselectivity and thermodynamic parameters for
complexatior? In this paper, we report the preparation of homochiral crown etl&8-1 and §9)-2
containing the 1-naphthyl substituents and the phenyl substituents, respectively, as chiral barriers together
with the p-(2,4-dinitrophenylazo)phenol moiety and the association constants of their complexes with
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neutral amines determined on the basis of the UV-visible spectrum of the complexes collected4n CHCI
at various temperatures. Further, thermodynamic parameters for complex formation were also determined
from the van't Hoff plots of theKa values.
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1. Results and discussion

The enantioselective acylation of )-3 with isopropenyl acetate as an acylating agent was carried out
using lipase QL fromAlcaligenessp. In order to prepare directly homochiBabf high e.e., the reaction
was terminated at the esterification point of >50%. Silica gel chromatography of the products gave (+)-
of 96% e.e. (by HPLC) in 33% yield together with the mixture of the monoacetates. Recrystallization of
(+)-3 of 96% e.e. from diethyl ether gave the partially resolved3-6f-48% e.e. as a sparingly soluble
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solid and enantiomerically pure (8)-[«]p +75.8 (10! deg cn? g1) (CHCL), was isolated in 31%
yield based on+)-3 from the mother liquor. The absolute configuration of 8Hvas determined by
chemical correlation witi8 of known absolute configuratiohThe primary hydroxy group of (+3-was
selectively tosylated to give (#); [&]p +123 (CHC}), in 60% yield. Treatment of (+J-with LiAIH 4
gave R)-(+)-8, [a]p +81.6 (MeOH), in 81% vyield leading to the assignment{f(+)-3.

Our previous resulfsdemonstrated that location of the phenyl substituents near the diethylene glycol
bridge resulted in a higher degree of enantiomeric recognition than is the case when the substituents
are located near the phenol moiety; in the phenolic crown ether having stereogenic centers at C-4 and
C-14 positions, the substituent at the stereogenic center and ‘ethyleneoxy baedexjnize opposite
enantiomers of the amine resulting in a reduction of the degree of enantiomeric recognition in the
complexation of amines. In order to prepare the phenolic crown ether exhibiting a higher degree of
chiral recognition, the aryl substituents of the crown eth&S){1L and §9-2 were located at the C-5
and C-13 positions.

Treatment of §-3 with triphenylmethyl chloride gave regioselectivel®4, [«]p +50.0 (CHC}), in
72% yield. Condensation of two molar equivalents®)f4 with diethylene glycol big¢-toluenesulfonate)
in the presence of NaH in THF gav89)-9, [«]p +39.6 (CHC}), which was deprotected with methanol
andp-toluenesulfonic acid to givesS)-10, [x]p +102 (CHCE4), in 57% overall yield for the two steps.

Ring closure of §95)-10 with 1,3-bis(bromomethyl)-2,5-dimethoxybenzene in the presence of NaH in
THF under high-dilution conditions gav&,8)-13, [«]p +133 (CHC}), in 78% yield. Treatment 0f§S)-

13 with sodium ethanethiolate in DMF cleaved selectively the inner methoxy group to §8el{,

[a]p +139 (CHCB), in 94% vyield. Oxidation of $S)-14 with cerium(lV) ammonium nitrate (CAN) in
acetonitrile gave$9-17, which was immediately treated with 2,4-dinitrophenylhydrazine in a mixture
of ethanol, chloroform and conc.,80; to give (SS)-1 in 69% overall yield for the two steps.

Next, (§9-2 containing §-5 as a chiral subunit was prepared. Two molar equivalentsSpé,(
which was derived fromS)-mandelic acid according to the reported proceduvegre reacted with
1,3-bis(bromomethyl)-2,5-dimethoxybenzene in the presence of NaH to §®el(l, deprotection of
which with pyridinium p-toluenesulfonate and ethanol ga®g-12, [x]p +34.2 (CHCS4), in 80%
overall yield for the two steps. High-dilution condensation §f5-12 with diethylene glycol bigg-
toluenesulfonate) in the presence of NaH and KBFTHF gave §9)-15, [&x]p +104 (CHCS), in 42%
yield. Demethylation of §9)-15 gave §9-16, [«]p +109 (CHCE}), in 77% vyield, oxidation of which
followed by treatment with 2,4-dinitrophenylhydrazine afford§@)-2 in 32% overall yieldvia (SS)-18.

The association constant&,, of the complexes of the crown ether§9)-1 and §S)-2 with chi-
ral amines; 2-aminopropan-1-dl9, 2-amino-3-methylbutan-1-a20, 2-amino-2-phenylethand1, 1-
aminopropan-2-o22 and 1-phenylethylaming23 were determined by the Rose-Drago method the
basis of the UV-visible spectrum of the complexes in Ciilllected at various temperatures and the
observedK, values are summarized in Table 1. The thermodynamic paramatdts)hS and AG, for
complex formation were determined from the van't Hoff plots ofihgvalues and are listed in Table 2.

Table 2 shows that large repulsive interactions between host and guest molecules slightly reduced the
stability of the complex; all complexes 08)-1 with the amines, except th&§)-1: (9-21 complex,
showed a little less negativeG value at 298 K than did the corresponding complexe$S&){2 with the
amines.

In Figs 1 and 2, we ploAr_sAG (FAGRr—AGs) values for complexation of the crown ethe&S}-

1 and §9-2, respectively, with the amines as a function of temperature. The plots indicate that the
enantioselectivities of the crown ethe&9)-1 and §9-2 towards the amines; th&)-selectivities of

both crown ethers towards the amirk$; 20, 21 and 22 and the §)-selectivities of both crown ethers
towards23 were substantially contributed to liyr-sAH. In Fig. 3, using the data in Table 2, plotting
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Table 1

The association constants for the complexes of the crown et8&sl(and §9)-2 with amines in

chloroform

Crown Amine

ether

Ka (C)
mol*

1

1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2

(R)-19
(5)-19
(R)-20
(5)-20
(R)-21
(8)-21
(R)-22
(85)-22
(R)-23
(5)-23
(R)-19°*
(5)-19*
(R)-20
(5)-20
(R)-21
(5)-21
(R)-22°
(5)-22°
(R-23
(5)-23

(4.57+0.60)x10*(16)
(8.53+0.79)x10%(16)
(1.31x0.14)x10*(14)
(2.77£0.27)x10°(14)
(5.03+£0.27)x10*(15)
(3.77£0.34)x10%(15)
(3.05+0.34)x10*(17)
(1.11x0.04)x10*(17)
(1.31£0.18)x10%(15)
(3.41+0.39)x10%(15)
(1.66+0.16)x10°(14)
(2.84+0.25)x10*(14)
(1.93+0.07)x10*(17)
(3.32+0.33)x10%(17)
(5.31+0.59)x10*(16)
(3.68+0.14)x10°(16)
(8.37+£0.57)x10°(14)
(3.0620.16)x10°(14)
(1.21+0.08)x10°(17)
(4.08+0.36)x10°(17)

(1.780.09)x10*(26)
(4.68+0.45)x10° (26)
(4.16£0.36)x10%(26)
(9.01:0.64)x10(26)
(1.7420.25)x10*(25)
(1.41£0.19)x10°(25)
(1.19£0.13)x10*(26)
(4.66+0.58)x10(26)
(5.3220.47)x10*(26)
(1.3420.11)x10°(26)
(3.82+0.22)x10*(25)
(7.77£0.64)x10° (25)
(7.53+0.66)x10° (25)
(1.69+0.35)x10°(25)
(1.95£0.13)x10*(26)
(1.6620.09)x10° (26)
(1.79+0.22)x10*(26)
(6.78+0.39)x10° (26)
(7.64+0.62)x10*(25)
(2.39+0.07)x10°(25)

(5.04+0.23)x10%(34)
(1.96£0.07)x10° (34)
(1.94+0.19)x10°(35)
(4.6220.58)x10%(35)
(5.87+0.25)x10%(35)
(6.09+0.45)x10*(35)
(3.93+0.29)x10°*(35)
(2.050.15)x10%(35)
(2.23+0.08)x10*(35)
(5.48+0.13)x10*(35)
(1.03£0.07)x10*(34)
(2.44+0.23)x10° (34)
(2.58+0.12)x10° (36)
(6.12+0.29)x10%(36)
(7.1520.32)x10% (36)
(6.5620.07)x10*(36)
(6.60+0.34)x10°(34)
(2.9420.14)x10% (34)
(2.81£0.14)x10*(35)
(7.64+0.45)x10*(35)

(2.09+0.38)x107 (43}
(9.22+0.44)x10%(43)
(9.14+0.90)x 10 (43)
(2.18+0.20)x10%(43)
(2.34+0.35)x10%(43)
(3.02=0.15)x10*(43)
(2.12+0.12)x10°(43)
(1.18+0.07)x10%(43)
(1.30+0.17)x10% (43}
(2.87+0.37)x10% (43}
(4.32+0.33)x10° (44)
(1.12+0.10)x10° (44)
(1.07+0.11)x10% (44)
(2.85+0.24)x 10 (44)
(2.83=0.18)x 107 (44
(3.12+0.30)x10°(44)
(1.36x0.11)x10%(45)
(7.04£0.61)x107(45;
(1.5420.13)x10% (44
(3.49+0.16)x10*(44)

* Part of the data have been reported in our previous communication.®

TAS at 298 K againsiAH affords two types of linear correlation$AS=0.73NH +1.54,R=0.897 for

the complexations 0f39)-1 andTAS=0.757AH +2.12,R=0.959 for those of$%S)-2. Judging from the
slopes of the plot ofx=0.739 andx=0.757, we infer that the processes of complexation of the crown
ethers §9-1 and §9)-2 with the amines were accompanied with the same extent of conformational
change$.

In Fig. 4, we plotTAR-sAS values at 298 K againshr_sAH values giving a linear correlation;
TAR-sAS=0.742Ar-sAH—-0.459,R=0.915. The data demonstrate that the complexation showing the
larger AgR-sAH value is accompanied by the largig-sAS value and the largef\r_sAS value results
in the greater slope of the plot afr_-sAG against temperature. Therefore, relative merits of the
enantioselectivity in the complexation may reverse at a certain temperature. For instance, on the basis
of the observed thermodynamic parameters, it is predictable thatigheAG value for the §9)-1:21
complexation is larger below ca40°C than that for theS)-2:21 complexation. The enantioselectivity
observed at 15°C for the©S)-1:21 complexation Ar_sAG=-6.2 kJ mot 1) was lower than that for the
(S9)-2:21 complexation Ar_sAG=—6.4 kJ mot1). Thus §9)-1 having the larger substituents showed
a larger Ar-sAH value for the complexation witR1 than did §9-2 but the largeAr-sAH value
was compensated for by the large_sAS value sharply reducing itAr-_sAG value with increasing
temperature.

We have previously described that the more stable complex show3thevalue at a shorter
wavelength than the less stable diastereomeric confplerong the present data, the largest difference
in the Apmax Value between diastereomeric complexes was found forSige 1:21 complexes. The more
stable complex with)-21 showedAnhax at a shorter wavelength; 553 nm (at 15°C) and 552 nm (at
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Table 2
Thermodynamic parameters for complexation of the crown etl&8s1 and §S)-2 with amines in
chloroform

Crown Amine AH AS AG (at 298K) A AH? A ASP
ether kJ mol™ Jmol' K" kJ mol kJ mol’ Jmol' K!

1 (R)-19 -88.6+4.0 -217+13 -239 -25.1 -73

1 (5)-19 -63.5+5.8 -144+19 -20.6

1 (R)-20 -69.8+6.4 -164+21 -20.9 -3.6 +1

1 (5)-20 -66.2+6.1 -165+20 -17.0

1 (R)-21 -85.7+5.0 -207+17 -238 -15.6 -32

1 (5)-21 -70.1+£3.8 -175+13 -17.9

1 (R)-22 -83.1£7.4 -200+25 235 -143 -40

1 (5)-22 -68.8+3.9 -160+13 21.1

1 (R)-23 -62.4+1.2 -157+4 -15.6 +3.9 +5

1 $)-23 -66.3+4.4 -162+15 -18.0

2 (R)-19 -89.2+2.4 21148 -26.3 -10.2 -20

2 5)-19 -79.0+2.1 -191+7 221

2 (R)-20 -80.6+3.4 -196+11 222 -12.1 -27

2 $-20 -68.5+3.4 -169+11 -18.1

2 (R)-21 -80.3+4.1 -187+28 -24.6 -12.1 -17

2 $-21 -68.2+4.9 -170+£7 -17.2

2 (R)-22 -01.4+7.6 -225+25 -243 -8.0 -20

2 (5)-22 -83.4+2.1 -205+7 -223

2 (R)-23 -58.9+8.5 -144+14 -16.0 +10.9 +23

2 (5)-23 -69.8+2.2 -167+16 -20.0

A AH=AH,-AH, °A AS=AS,- AS,
6

AAG /kJmol”!
[CIEEN

280 290 300 310 320 TK

Fig. 1. Temperature dependent enantioselectivity for the complexatidd¥1 with amines;19 (m), 20 (a), 21 (o), 22 (#)
and23(e)

42°C) in CHC} than did the less stable complex wit§-21 showingAmax at 566 nm (at 15°C) and 563
nm (at 42°C). Similar correlations betweék_sAG and Ar-sAmax values were observed for all other
diastereomeric complexes.

As mentioned above, the present results demonstrate that the combination of the crown ether and the
amine showing the largefir_sAH value does not always display the higher degree of enantiomeric
recognition at any temperature than the combination having the smalleAH value because the large
Ar-sAH value is usually accompanied by a lafyg_sASvalue.
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Fig. 2. Temperature dependent enantioselectivity for the complexatiddS}Z with amines;19 (m), 20 (a), 21 (o), 22 (#)
and23(e)
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Fig. 3. Enthalpy—entropy compensation plot for complexatiorS8)(1 (¢) and §S)-2 (@) with amines. Th& ASterms were
evaluated aT=298 K
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Fig. 4. TAr-sAS—Agr_sH compensation plot for complexation &§)-1 (¢) and §9)-2 (@) with amines. Thd Ag_sASterms
were evaluated at=298 K
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2. Experimental section
2.1. General

1H NMR spectra were recorded at 270 MHz on a JEOL JNM-MH-270 spectrometer for solutions in
CDCl3 with SiMe4 as an internal standard addsalues are given in hertz. Mass spectra were recorded
with 3-nitrobenzyl alcohol as a matrix on a JEOL-DX-303-HF spectrometer. IR spectra were measured
on a JASCO FT-IR-410 spectrometer. UV and visible spectra were measured on a HITACHI 260-10
spectrometer. Optical rotations were measured using a JASCO DIP-40 polarimeted gnvallies are
given in units of 101 deg cn¥ g~1. HPLC analyses were carried out on a Shimadzu LC-6A using
a chiral column CHIRAL PAK AD (25&4.6 mm) (DAICEL). Elemental analysis data were collected
with a Perkin-Elmer 2400 Il CHNS. All melting points are uncorrected. Lipase QL was supplied by Meito
Sangyo and used without further purification. The homochiral amines were purchased from the Aldrich
Chemical Company, Inc. The amin§){21 was used after recrystallization from benzene—heXaaad
the other amines were used without further purification.

2.2. (+)-1-(1-Naphthyl)ethane-1,2-did

A solution of 1-ethenylnaphthaletle(5.02 g, 32.4 mmol) was added dropwise to a mixturéNef
methylmorpholineN-oxide (5.30 g, 45.3 mmol) and osmiumtetroxide (106 mg, 0.417 mmol) in 1,1-
dimethylethanol (80 cd) and water (8 ci¥) and the resulting mixture was then stirred for 4 h at
room temperature. After 0.2 M ag. sodium hydrogen sulfite (58)dmd been added to the reaction
mixture with ice-cooling, the solvent was removed under reduced pressure. The residue was extracted
with chloroform and the combined extracts were washed with water and dried over Mg&&poration
of the solvent under reduced pressure gave3 (4.98 g, 83% yield); mp 145-146°C (recrystallized
from hexane—ethyl acetate) (it.mp 146-147°C); IR (KBr) 3230, 2942, 2856, 1653, 1595, 1109, 1067,
1030, 905, 865, 802 and 777 ¢y 8y (CDCl), 3.45-3.54 (1H, m, C}h), 3.60-3.68 (1H, m, Ch), 4.79
(1H, t, J=5.2, primary OH), 5.28-5.35 (1H, m, CH), 5.37 (1H,J2.0, secondary OH) and 7.43-8.16
(7H, m, ArH).

2.3. Resolution of£)-3

A mixture of (+)-3 (10.0 g, 53.1 mmol), lipase QL (frorAlcaligenessp.) (5.3 g) and isopropenyl
acetate (15.7 g, 0.157 mol) in acetonitrile (100Cymas stirred for 4 days at 30°C. The reaction was ter-
minated at the esterification point of 65% (by GLC) by filtration of the enzyme and volatile materials were
evaporated under reduced pressure. Silica gel chromatography of the residue (hexane:ethyl acetate=4:1
as eluent) gave a mixture of monoacetates (7.86 g, 64%)3a(327 g, 33%) (96% e.e. by HPLC,
hexane:ethyl acetate=4:1). Recrystallization3dfom diethyl ether gave the partially resolved dl
(48% e.e. by HPLC) (0.156 g, 1.6%) as a sparingly soluble solid and removal of the solvent gave (+)-
(>99% e.e. by HPLC) (3.10 g, 31%); mp 79-81°C (recrystallized from hexane—ethyl acetdi?’ |
+75.8 (c 0.225, CHOH); spectral data were in accord with those @){3. Anal. Calcd for G2H120z:

C, 76.57%; H, 6.43%. Found: C, 76.45%; H, 6.55%.
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2.4. (S)-(+)-1-(1-Naphthyl)-2-(triphenylmethoxy)ethanél

To a solution of triethylamine (900 mg, 8.84 mmol) in dry DMF were added successively triphenyl-
methyl chloride (820 mg, 2.94 mmol), 4-(dimethylamino)pyridine (16 mg, 0.13 mmol) and (*$9%
e.e.) (500 mg, 2.65 mmol) and the resulting mixture was then stirred for 15 h at room temperature.
After water had been added to the reaction mixture, the reaction mixture was extracted with chloroform.
Customary work-up, followed by silica gel chromatography of the products (hexane:ethyl acetate=4:1)
gave (+)4 (820 mg, 72%); mp 187-189°C (recrystallized from hexane—ethyl acetatl)?]+50.0 (c
0.095, CHOH); IR (KBr) 3581, 3061, 2923, 2869, 1951, 1489, 1447, 1201, 1167, 1055, 981, 899, 775
and 699 cm?; 5y (CDCl), 2.95 (1H, dJ=2.5, OH), 3.45 (1H, dd)=8.7 and 10.3, Ch), 3.62 (1H, dd,
J=3.2 and 10.3, Ch), 5.57-5.64 (1H, m, CH) and 7.19-7.82 [22H, meld; and C(GHs)3]; MS (FAB)
m/z (relative intensity) 430 (M, 10) and 115 (100). Anal. Calcd fors@H2602: C, 86.48%; H, 6.09%.
Found: C, 86.39%; H, 5.89%.

2.5. (5)-(+)-1-(1-Naphthyl)-2-p-toluenesulfonyloxy)ethandl

To a solution of (+)3 (>99% e.e.) (1.02 g, 5.31 mmol) in pyridine (7 &mvas addeg-toluenesulfonyl
chloride (810 mg, 4.25 mmol) and the mixture was then stirred for 5 h at 0-5°C. The reaction mixture was
poured onto ice—water, acidified (pH 2) with hydrochloric acid and extracted with chloroform. Customary
work-up, followed by silica gel chromatography of the products (hexane:ethyl acetate=4:1) gake (+)-
(1.09 g, 60%); mp 84-85 (recrystallized from hexane—ethyl acetat§y?[ +123 (c 0.944, CHG); IR
(KBr) 3531, 3062, 2986, 2949, 2924, 1932, 1595, 1509, 1351, 1174, 967, 912, 877, 818 and #54 cm
on (CDCl3), 2.43 (3H, s, CH), 2.72 (1H, dJ=2.9, OH), 4.13 (1H, ddJ=8.8 and 10.7, Ch), 4.38 (1H,
dd,J=2.4 and 10.7, Ch), 5.79 (1H, dddJ=2.4, 2.9 and 8.7, CH), 7.29 (2H, 88.3, tosyl moiety ArH),
7.44—7.52 (3H, m, tosyl moiety ArH andigH;), 7.69 (1H, d,J=7.3, GoH7) and 7.76-7.91 (5H, m,
CioH7). Anal. Calcd for GgH1g04S: C, 66.65%; H, 5.30%. Found: C, 66.62%; H, 5.19%.

2.6. R)-(+)-1-(1-Naphthyl)ethanoB

To a suspension of LiAl (110 mg, 2.92 mmol) in dry THF (10 cthwas added a solution of (4)-
(500 mg, 1.46 mmol) in dry THF (5 cthand the mixture was then stirred for 2 h at room temperature. To
the reaction mixture was carefully added ag. ammonium chloride with ice-cooling. The deposited solids
were removed by filtration and the solvent was evaporated under reduced pressure. The residue was
chromatographed on silica gel (hexane:ethyl acetate=9:1) to giv@ (@05 mg, 81%) as an oil{]p2’
+81.6 (c 0.303, CHEOH); IR (neat film) 3374, 3049, 2973, 1596, 1509, 1371, 1169, 1109, 1066, 1011,
800 and 778 cmt; 8 (CDCl), 1.68 (3H, dJ=6.4, CH), 1.89 (1H, dJ=2.9, OH), 5.68 (1H, dg)=3.2
and 12.7, CH) and 7.46-8.16 (7H, my¢87). HPLC analysis of (+8 showed a single peak ofi®2.4
min [CHIRAL PAK AD (250x4.6 mm) hexane:ethanol=98:2 (0.5¢min~1)] for the (R)-enantiomet3
A peak of R=39.0 min for the §)-enantiomel® was not found.

2.7. (5,109)-(+)-2,10-Di(1-naphthyl)-1,11-bis(triphenylmethoxy)-3,6,9-trioxaundecane

A solution of (§-4 (1.02 g, 2.32 mmol) in dry THF (10 cth was added slowly to a suspension
of NaH (223 mg, 9.29 mmol) in dry THF (30 cdihand the resulting mixture was then refluxed for
1.5 h. After the reaction mixture had been cooled to room temperature, a solution of diethylene glycol
bis(p-toluenesulfonate) (790 mg, 1.71 mmol) in dry THF (20%mwas added dropwise to the mixture
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and then the reaction mixture was gently refluxed for 6 days under a nitrogen atmosphere. After a small
amount of chilled water had been carefully added to the reaction mixture with ice-cooling, the solvent was
removed under reduced pressure. The residue was extracted with chloroform and the combined extracts
were washed with water, dried over Mg$@nd evaporated under reduced pressure. The residue was
chromatographed on silica gel (hexane:ethyl acetate=19:1) to §8e9 (687 mg, 64%); mp 72—73°C
(recrystallized from hexane—ethyl acetatey]$2* +39.6 (c 0.716, CHG); IR (KBr) 3056, 2868, 1596,

1489, 1448, 1223, 1073, 776 and 705¢mdy (CDCl) 3.34 (2H, ddJ=4.8 and 9.7, CHOPl), 3.53

(2H, dd,J=7.1 and 9.7, CHOPh), 3.57—4.14 (8H, m, OCKCH,0), 5.20 (2H, dd,J=4.8 and 7.1, CH),
6.99-7.91 [44H, m, @H7 and C(GHs)3]; MS (FAB) mvz (relative intensity) 929 [(M—1), 3] and 73

(100). Anal. Calcd for gHsgOs: C, 85.13%; H, 6.28%. Found: C, 84.80%; H, 6.43%.

2.8. (25,109)-(+)-2,10-Di(1-naphthyl)-3,6,9-trioxaundecane-1,11-did)

A solution of §9-9 (502 mg, 0.537 mmol) ang-toluenesulfonic acid (410 mg, 2.15 mmol) in
methanol (20 crf) was stirred for 6 h at room temperature. After ag. sodium hydrogen carbonate had
been added to the reaction mixture, the volatile materials were removed under reduced pressure and the
residue was extracted with chloroform. Customary work-up, followed by silica gel chromatography of
the products (ethyl acetate) ga®9)-10 (217 mg, 94%) as an oil;of]p%® +102 (c 0.853, CHG); IR
(neat film) 3434, 3049, 2869, 1644, 1595, 1112, 1000, 803 and 73¥;&n (CDCl), 3.67-3.93 (12H,

m, CH), 4.54 (2H, ddJ=2.9 and 9.3, OH), 5.35 (2H, dd=3.3 and 8.2, CH) and 7.47-8.19 (14H, m,
Ci0H7). The high-resolution mass spectrum could not be recorded because of the very weak molecular
ion peak. MS (FABz (relative intensity) 469 [(M+N3), 4], 447 [(M*+1), 5] and 90 (100).

2.9. (+)-1,3-Bis[(45)-4-hydroxy-4-phenyl-2-oxabutyl]-2,5-dimethoxybenz&pe

A solution of (§)-6° (10.0 g, 45.0 mmol) in dry THF (150 cthwas added to a suspension of NaH
(2.16 g, 90.0 mmol) in dry THF (150 ctpand the resulting mixture was then stirred for 1.5 h at 60°C.
The reaction mixture was cooled to room temperature and to the mixture was slowly added a solution
of 1,3-bis(bromomethyl)-2,5-dimethoxybenzene (7.30 g, 22.5 mmol) in dry THF (250 édfier the
reaction mixture had been refluxed for 15 h, a similar work-up to that described for the prepar&ion of
gavell as an oil, which was stirred with pyridiniumtoluenesulfonate (1.13 g, 4.50 mmol) in ethanol
(350 cn?) for 12 h at 60°C. Customary work-up, followed by silica gel chromatography of the products
(chloroform) gave $9-12 (7.90 mg, 80%) as an oilp{]p2° +34.2 (c 1.98, CHG); IR (neat film) 3443,
2904, 1650, 1482, 1359, 1321, 1213, 1174, 1151, 1108, 1005, 903, 760 and 7§15egn{CDCl),

3.78 (2H, s, OH), 3.71 (3H, s, OGH 3.78 (3H, s, OCH), 4.56 (2H, br s, benzylic C}J, 4.65 (2H,
br s, benzylic CH), 4.74 (4H, ddJ=3.2 and 9.9, Ch), 4.94 (2H, ddJ=3.2 and 8.7, CH), 6.89 [2H, s,
(MeO)ArH] and 7.28-7.40 (10H, m, §s); MS (FAB) m/z (relative intensity) 438 (M, 18) and 136
(100).

2.10. (55,139)-(+)-19,21-Dimethoxy-5,13-di(1-naphthyl)-3,6,9,12,15-pentaoxabicyclo[15.3.1]-
henicosane-1(21),17,19-trieris

A solution of §9)-10(2.36 g, 5.29 mmol) and 1,3-bis(bromomethyl)-2,5-dimethoxybenzene (1.72 g,
5.30 mmol) in dry THF (500 cH) was slowly added to a suspension of NaH (127 mg, 5.28 mmol) in dry
THF (300 cn?) over a 26 h period under reflux and the mixture was refluxed for a further 18 h under a
nitrogen atmosphere. After a small amount of chilled water had been added to the reaction mixture with
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ice-cooling, the solvent was removed under reduced pressure. The residue was extracted with chloroform
and the combined extracts were washed with water, dried over M@®@ evaporated under reduced
pressure. Silica gel chromatography of the products (hexane:ethyl acetate=4:1 548 (1.96 g,

78%); mp 155-156°C (recrystallized from hexane—ethyl acetatéy?P +133 (c 1.04, CHG); IR (KBr)

3047, 2863, 1595, 1510, 1483, 1352, 1245, 1227, 1097, 1003, 955, 866, 801 and 745,¢(CDCls)
3.45-3.59 (8H, m, Ch), 3.71-3.88 (4H, m, C}), 3.75 (3H, s, C-19 OC}j, 4.36 (3H, s, C-21 OCHJ,

4.53 (2H, d,J=10.9, benzylic CH), 4.78 (2H, d,J=10.9, benzylic CH), 5.37 (2H, ddJ=2.2 and 8.7,

CH), 6.85 [2H, s, (MeQ)ArH] and 7.43-8.13 (14H, m, gH7); MS (FAB) n/z (relative intensity) 647
[(M+K ™), 3], 631 [(M+N4d), 8], 447 (MF, 29) and 107 (100).

2.11. (55,135)-(+)-21-Hydroxy-19-methoxy-5,13-di(1-naphthyl)-3,6,9,12,15-pentaoxabicyclo[15.3.1]-
henicosane-1(21),17,19-trierig

To a suspension of NaH (150 mg, 6.25 mmol) in dry DMF (£¥mas slowly added ethanethiol (480
mg, 7.80 mmol) and then a solution &$)-13 (190 mg, 312 mmol) in dry DMF (7 cf) was added to
the resulting clear solution. The reaction mixture was stirred for 4 h at 90°C and cooled to 0-5°C. After a
small amount of hydrochloric acid had been added to the chilled reaction mixture, the volatile materials
were evaporated under reduced pressure and the residue was extracted with chloroform. The combined
extracts were washed with water, dried over MgSfDd evaporated under reduced pressure. Silica gel
chromatography of the products (hexane:ethyl acetate=1:1) &®eld (174 mg, 94%); mp 70-71°C
(recrystallized from hexane—ethyl acetatey]f2° +139 (c 1.04, CHG); IR (KBr) 3388, 3049, 2865,
1486, 1354, 1249, 1098, 870, 802 and 780 éndy (CDCls), 3.67-3.89 (13H, m, CHand OH), 3.75
(3H, s, OCH), 4.79 (2H, d,J=10.9, benzylic CH), 4.91 (2H, d,J=10.9, benzylic CH), 5.47 (2H, dd,
J=4.2 and 7.1, CH), 6.77 [2H, s, (HO)ArH] and 7.41-8.12 (14H, myH3); MS (FAB) m/z (relative
intensity) 647 [(M+K), 3], 631 [(M+Na), 10], 447 (M, 21) and 91 (100).

2.12. (55,139)-(+)-19,21-Dimethoxy-5,13-diphenyl-3,6,9,12,15-pentaoxabicyclo[15.3.1]henicosane-
1(21),17,19-trienel5

A solution of §9)-12(3.95 g, 9.01 mmol) and diethylene glycol lpgpluenesulfonate) (3.73 g, 9.01
mmol) in dry THF (500 crd) was slowly added to a mixture of NaH (864 mg, 36.0 mmol) and KBF
(1.13 mg, 9.01 mmol) in dry THF (200 cihover a 9 h period under reflux and the mixture was refluxed
for further 20 h under a nitrogen atmosphere. After a similar work-up to that described above, silica gel
chromatography of the products (chloroform) ga@s)-15 (1.90 g, 42%); mp 83-85°Cp{|p2® +104
(c 0.615, CHG); IR (KBr) 3030, 2893, 2857, 1611, 1487, 1357, 1243, 1230, 1170, 1099, 1053, 1023,
957, 923, 849, 763, 704, 666 and 579 ¢mdy (CDCL), 3.40-3.74 (12H, m, C}J, 3.79 (3H, s, C-19
OCHs), 4.19 (3H, s, C-21 OC}), 4.52 (2H, ddJ=2.6 and 8.5, CH), 4.48 (2H, d=10.8, benzylic CHl),

4.71 (2H, dJ=10.8, benzylic CH), 6.84 [2H, s, (MeOQyArH] and 7.27-7.37 (10H, m, §Hs); MS (FAB)
n/z (relative intensity) 531 [(M+N8), 4], 508 (M*, 35) and 165 (100). Anal. Calcd forsgHzsO7: C,
70.84%; H, 7.14%. Found: C, 70.64%; H, 7.06%.

2.13. (55,139)-(+)-21-Hydroxy-19-methoxy-5,13-diphenyl-3,6,9,12,15-pentaoxabicyclo[15.3.1]-
henicosane-1(21),17,19-trieri

In a similar manner to that described above, demethylatio8,8f-(5 (1.00 g, 1.97 mmol) was carried
out using NaH (943 mg, 0.393 mmol) and ethanethiol (2.90 g, 0.472 mmol). Silica gel chromatography
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of the products (hexane:ethyl acetate=1:1) g&®){16 (751 mg, 77%) as an oilpf]p2® +109 (c 0.850,
CHCL); IR (neat film) 3372, 2850, 1600, 1492, 1358, 1320, 1248, 1200, 1100, 1028, 950, 860, 762, 735
and 700 cm?; 8 (CDClg), 3.58-3.81 (12H, m, C}J, 3.75 (3H, s, OCH), 4.68 (2H, dd,J=2.9 and 8.6,

CH), 4.73 (2H, dJ=11.1, benzylic CH), 4.76 (2H, dJ=11.1, benzylic CH), 6.73 [2H, s, (HO)ArH],
7.28-7.36 (10H, m, gHs) and 7.66 (1H, s OH); MS (FABz (relative intensity) 517 [(M+N8), 4],

494 (M*, 49) and 121 (100).

2.14. (55,139)-5,13-Di(1-naphthyl)-3,6,9,12,15-pentaoxabicyclo[15.3.1]-henicosane-17,20-diene-19,
21-dionel7

A solution of §9-14 (101 mg, 0.168 mmol) in acetonitrile (7 énwas added to a solution of
CAN (180 mg, 0.328 mmol) in acetonitrile (10 é&nand then the resulting mixture was stirred for 1
h at room temperature. After the reaction mixture had been cooled to 0-5°C, water was added to the
reaction mixture and the solvent was evaporated under reduced pressure. The residue was extracted with
chloroform and customary work-up followed by silica gel chromatography of the products (hexane:ethyl
acetate=4:1) gaves(9)-17 (94 mg, 96%) as a yellow solidiy (CDCls), 3.54-3.87 (12H, m, C}), 4.68
(2H, d,J=14.8, benzylic CH), 4.81 (2H, d,J=14.8, benzylic CH), 5.39 (2H, ddJ=3.2 and 7.4, CH),
6.85 (2H, s, quinone moiety CH) and 7.44-8.16 (14H, nyH3). This was used for the next reaction
without further purification.

2.15. (5%5,139)-5,13-Diphenyl-3,6,9,12,15-pentaoxabicyclo[15.3.1]-henicosane-17,20-diene-19,21-
dione18

In a similar manner to that described abow&S)-16 (500 mg, 1.01 mmol) was oxidized with CAN
(2.10 g, 2.00 mmol). Silica gel chromatography of the products (chloroform) ¢a@e 18 (474 mg,
98%) as a yellow soliddy (CDCls), 3.42-3.79 (12H, m, C}), 4.60 (2H, d,J=14.8, benzylic CH), 4.61
(2H, dd,J=2.8 and 7.5, CH), 4.69 (2H, d=14.8, benzylic CH), 6.78 (2H, s, quinone moiety CH) and
7.28-7.38 (10H, m, gHs). This was used for the next reaction without further purification.

2.16. (55,139)-21-Hydroxy-19-(2 4 -dinitrophenylazo)-5,13-di(1-naphthyl)-3,6,9,12,15-
pentaoxabicyclo[15.3.1]-henicosane-1(21),17,19-triéne

A solution of 2,4-dinitrophenylhydrazine (1.90 g, 9.60 mmol) in ethanol (108) @ontaining conc.
H,S0Oy (8.4 cn?) was added to a solution 088)-17 (1.10 g, 1.90 mmol) in a mixture of chloroform (50
cm®) and ethanol (50 cA) and the resulting mixture was stirred for 1 h at room temperature. The reaction
mixture was diluted with water and extracted with chloroform. Customary work-up, followed by silica
gel chromatography of the products (hexane:ethyl acetate=1:1) §8yel((1.09 g, 76%) as a red glass;
Amax (CHCI3) 403 nm € 2.34x10%); IR (KBr) 3291, 3059, 2866, 1597, 1532, 1466, 1430, 1344, 1292,
1113, 906, 832, 802, 780 and 745 thmédy (CDCl), 3.68-3.96 (12H, m, CpJ, 4.92 (2H, d,J=11.1,
benzylic CH), 4.98 (2H, d,J=11.1, benzylic CH), 5.39 (2H, ddJ=4.3 and 6.6, CH), 7.46—7.55 (6H,

m, CioH7), 7.67 (2H, d,J=7.1, GoH7), 7.80-7.82 [3H, m, @H7 and (NQ),ArH], 7.88-7.90 [4H, m,
CioH7 and (HO)ArH], 8.14 (2H, dJ=7.9, GoH7), 8.48 [1H, dd,J=2.3 and 8.9, (N©)2ArH], 8.75 [1H,

d, J=2.2, (NO)2ArH] and 9.28 (1H, s, OH). The high-resolution mass spectrum could not be recorded
because of the very weak molecular ion peak. MS (FA®) (relative intensity) 797 [(M+K), 3], 781
[(M+Na®), 7], 766 [(M+Li*), 3], 756 [(M*+1), 4] and 245 (100).
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2.17. (55,139)-21-Hydroxy-19-(2,4' -dinitrophenylazo)-5,13-diphenyl-3,6,9,12,15-pentaoxabicyclo-
[15.3.1]-henicosane-1(21),17,19-triee

In a similar manner to that described abovgS)(-18 (484 mg, 1.01 mmol) was treated with 2,4-
dinitrophenylhydrazine (1.00 g, 5.05 mmol) and the product was purified by silica gel chromatography
(chloroform) followed by preparative recycling HPLC (JAIGEL 1H and 2H column, chloroform) to give
(S9-2 (210 mg, 32%) as a red solid; mp 73-75%G;ax (CHCl) 402 nm € 2.29x10%); IR (KBr)

3292, 2867, 1600, 1534, 1466, 1430, 1345, 1290, 758 and 70%;dp (CDCl), 3.58-3.81 (12H,

m, CHp), 4.70 (2H, br s, CH), 4.85 (4H, br s, benzylic @H7.28-7.40 (10H, m, §Hs), 7.84 [2H, s,
(HO)ArH], 7.85 [1H, d,J=8.8, (NG),ArH], 8.47 [1H, dd,J=2.5 and 8.8, (N©),ArH], 8.74 [1H, d,
J=2.5, (NO)2ArH] and 9.16 (1H, s, OH). The high-resolution mass spectrum could not be recorded
because of the very weak molecular ion peak. MS (FAR) (relative intensity) 697 [(M+K), 2], 681
[(M+Na*), 15], 659 [(M"+1), 20] and 135 (100).
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