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Chapter 1

                                           General Introduction

1.1 Back. ground of this thesis

1.1.1 Mstoryofcrownethers

   Since the first synthetic crown ethers 1 and 2, which have been simply called l8-

crown-6 (l8C6) and dibenzo-18-crown-6 (DB18C6), respectively, were described by
Pedersen in 1967,' the specific abilities of crown ethers and their derivatives, namely,

bicyclic type cryptands and open chain type podands, have been extensively studied. A

             '
                                                           '                   r'NoA rNcn>
                 eg g) c(g g)Q
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                       12
representative ability of crown ethers,cryptands, and podands is inciusion of aikaii 7+
l:"./a,.a/l'gii.i//',kegalll/lsS.,lmlia',/il,i8,1'"',xi:Y,i,o,,g,-axbiV.lg]/i ,i"-/cfN-X,s",:

18C6 form stable complexes with organic
cations, such as primary ammonium ions Figurel.IComplexatoinof18-crown-6
(RNH3").2 18C6 binds primary ammonium withprimaryammoniumion.
cations through three-point hydrogen bonds,

as illustrated in Figure l.1.

1.1.2 Chiralrecognitionabilityofcrownethers

   The study of enantiomeric recognition of amine and protonated amine compounds is

of significance since these compounds are basic building blocks of biological molecules.

                                    1



Moreover, chital recognition is a fundarnental property of' biological molecules and a

better understanding of the interactions operating in chiral recognition is essential to

developing new methods of asymmetric synthesis and chromatographic resolution of

enanuomers.
   Usefu1 applications of chiral macrocyclic compounds in enantiomeric separations have

been demonstrated by chiral gas and liquid chromatographies, capillary zone
eledctrophoresis, and other approaches.3 Among several types of compounds studied as

chiral stationary phases, chiral crown ethers have been recognized as one of the successful

selectors for the resolution for amine-containing compounds.`

   The first example of molecular recognition by chiral crown ethers was published in

1973.S Compounds 3 and 4 having 1,1'-binaphthyl as the chiral moiety were prepared by
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Cram and co-workers.6 Since Cram's report appeared, a variety of chiral macrocycles have

been synthesized and their enantiomeric recognition abi}ities were studied in detail.

Representative examples 5 and 6 are shown belovv. Bradshaw and Izatt prepared 5

containing a pyridine ring which formed stable complexes with (R)- and (S)-1-(l-
naphthyl)ethy}amine with high degree of enantiomer selectivity.' Chiral aza-erown ether 6

was reported to form more stable complex with (R)-1-phenylethylammonium salt than
with the (S)-enantiomer.8
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Scheme 1.1 The basic structures of pseudo -18--crown-6 type hosts.

   Naemura, Hirose, and Tobe prepared a number of chiral phenolic crown ethers which

have a pseudo-18-crown-6 type framework and investigated their complexation ability and

enantiomer selectivity toward chiral amines.9 Two representative basic structures are

shown in Scheme 1.1. These crovvn ethers have following characteristic features. First,

since the phenol group of these crown ethers are relatively acidic (pKa = 7.3) owing to the

strongly electron-withdrawing 2,4-dinitrophenylazo group,iO they can bind neutral amines

to form salt complexes, called saltex.ii Second, these molecules have two or four chiral

centers in the macrocyclic framework, keeping C2 symmetry of the molecule. Therefore,

they bind each enantiomer of amines to form diastereomeric complexes, whose stability

difference leads enantiomer selectivity. Third, various substituents R, ranging from small

methyl group to bulky adamantyl group, can be introduced to the macrocyclic framewerk

as a chiral barrier. The phenolic crown ethers }ike 7 and 8 showed high binding ability and

chiral recognition ability toward primary ethanolamine derivatives.9b'9d For example, 7

binds 2-amino-2-phenylethanol with K,=(4.6Å}O.4)Å~103 and K,=(4.1Å}O.1)Å~102 leading to

KVKs==l 1. In addition, because of the high enantiomer selectivity of 8 toward 2-amino-2-

phenylgthanol, the chirality of,2-amino-2-phenylethanol can be identified from the

dramatic color difference of the'solutions.i2

   The author expected that the excellent propenies of these hosts could be exploited to

develop host molecules for different purpose by modifying the basic structure of7 and 8.
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1.1.3 Application of optically active crown ethers to chiral stationary

liquid chromategrapy

phase for

   The liquid chromatographic separation of enantiomers based on chiral stationary

phases (CSPs) has emerged as an effective and convenient method for determining the

enantiomeric cornposition of many chiral compounds. This method has also been appljed

to the preparative-scale separation of enantiomers in an industrial scale. CSPs based on

chirai crown ethers have been shown to be effective in resolving the enantiomers of chiral

compounds that contain a primary amine functional group. In the pioneering work during

the late 1970s, Cram and co-workers reported bis(1,1'-binaphthyl)-22-crown-6
immobilized on polysryrene or silica gel showed reasonable resolution of the enantiomers

of ct-amino acids and their derivatives.3fi'3 In 1987, Shinbo and co-workers reported the

separation of chiral amines and amino acids by using CSP in which a hydrophobic chiral

crown ether was dynamically coated on a reversed stationary phase.i4 This type of CSP

was commercialized as CROWNPAK CRQ and until a few years ago, this had been the

only commercially ayailable chiral column containing a chiral crown ether as CSP.iS The

CSP showed excellent enantiomer selectiyity toward amino acids and amines. However, it

has a serious disadvantage due to the fact that only reversed rnobile phase can be used.

   Recently, since the demand on chiral columns that can be used under a variety of

conditions, i.e., normal and reversed mobile phases, has been increasing, chiral columns

containing covalently bound chiral crown ethers have been developed. Namely, Machida

et al.`6 and Hyun et al.i' reported about CSPs prepared by covalently binding (+)-(18-

crown-6)-2,3,ll,l2-tetracarboxylic acid to silica gel. Hyun a}so reported a covalently

bound binaphthyl-based chiral selector.'8 Hirose, Tobe, and Nishioka developed CSPs

based on chjra1 pseudo-18-crown-6 type hosts having a OMe or OH group in the crown

     AcA,
Ph,.. (O • Ph

lil[I i

o pt"Xv'Asi({[llEIi silicaget

                       R=OMe, OH

Scheme 1.2 Chiral stationary phase consisting of a silica gel cova}ently bound with
chiral pseudo-18-crown-6 type host.
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cavity which are coValently bound to silica gel by an amide }inkage (Scheme 1.2).}9 These

CSPs exhibit good enantiomer separation of lipophilic ammonium salts and amines and

one of them is produced on a commercial basis as SUMICHIRAL OA-8000@. Because of

the versatility of the basic framework of pseudo-18-crown-6s, this type of chiral selector

should be applied to the related CSPs.

1.2 Chiral recognition of secondary amines

   There exist many biologically actiye secondary amines as with primary amines for

which many biologicaliy actiye compounds are known. Biologically active secondary
amines having sympathomimetic property are illustrated in Figure 1.2 and those having B-

blocking property are illustrated in Figure 1.3.20 Ephedrine and epinephrine, which are

famous for their property as pressor agents, are representative sympathomimetic amines

and propranolol, which possesses arrhythmias property, is representative of P-adrenergic

blocking agent. As can be seen from Figures 1.1 and 1.2, many biologically active

secondary amines have a phenylglycinol structure.

                                  -H     Ho iK l * N-cH3 Ho illl[[ l * .Hjll.cH3 lIl . .Hft.cH,

               oHH oHH oHH
         Phenylephrine ct-Methylphenylephrine a-Methylsynephrine

7
kt

lH3  " * NiCH3
      H  OH

Ephedrine

H

HO

,7 l
           .CH3x*          N
          H     OH

Epinephrine

,7 l
"x . .CH3     cH3 l>l

Phenpromethamine

                   . !CH3 H3crv•-Å~?/hx>I-CH3

            OCH3                                             CH3

             Methoxyphenamine Methyiaminoheptane

Figure 1.2 List of chiral secondary amines possessing sympathomimetics property.
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Figure 1.3 List of chiral secondary amines possessing B-receptor antagonists activity.

   It has been reported that the biological activities of secondary amines are frequently

different from the corresponding enantiomers.2' For example, in the case of B-adrenergic

blocking agents (Figure 1.3), (-)-type compounds always possess stronger activity than
the corresponding (+)-isomers.20 In the case ofpropranolol, the (-)- isomer was reported to

exhibit different activity from that of the (+)Åínantiomer; namely, (-)-enantiomer is a P-

blocker and an arrhythmias whi}e (+)-enantiorner is a contraceptive.

  Because of these differences between the biological activities of secondary amines, the

separation of their enantiomers is a critical issue in pharmaceutical and analytical

chemistry. Chiral HPLC is one of important methods to obtain enantiomerically pure

compounds besides asymmetric synthesis, kinetic resolution, and recrystallizatjon. In

addition, among the methods for determination of optical purity of chiral compounds,

HPLC performed by chiral columns has been widely used because of its convenience and

quantitativeness. As described in Section 1.1.2, chiral discrimination of primary amines

has been we}l studied, and excellent host molecules for primary amines have been

prepared. Moreover, they are applied to selectors of chiral stationary phases for HPLC as

described in Section 1.1.3. By contrast, little has been reported for chiral recognition of

            'tsecondary amines. To the best knowledge, there are only two reports regarding chiral
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recognition 6f'secondary amine derivatives, one with chiral'binaphthyl derivatives22 and

the other with a liquid chromatography stationary phase based on a chiral 18--crown-6.23

Accordingly, the development of host molecules with chiral recognitjon ability toward

secondary amines has been keenly desired.

  On the basis of these background, the author embarked a project to prepare host

molecules capable of not on}y binding secondary amines but also recognizing their

chirality by modifying the structures of 7 and 8 which haye been shown to exhibit
excellent binding ability and chiral recognition ability toward primary amines. In Chapter

2, the design of host molecules for chiral recognition of secondary amines and their

synthesis are described. In Chapter 3, the binding and chiral recognition abilities of the

host molecules described in Chapter 2 toward secondary amines are described.
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                                                   '

Synthesis of Optically Active Crown Ethers

2.1 Intreductien

  2.1.1 Designofhostmolecules

   As described in Section 1.2, the author planned to

ig,"g2.:S,lie,f.R•iti,2•3,9a,P,iP,Z`.giL",Eg2eO,8,e:8.nlll,2[,,,1•gil,:e,Z,ag.dp"t•e

pseudo-18-crown-6 derivatives such as (S,S)-7 which have

been shown to exhibit not only excellent enantiomer

selectiyity toward primary ethanolamine derivatives but also

distinct difference between the color developed by

complexation with each guest enantiomer,i as described in

Section 1.1. The salient features of the basic structure of the

hosts (Figure 2.1) involye (i) a phenolic hydroxy group which bin

                                         T:l',' -i
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                                     tr
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                      Figure 2.1 Design for our host molecules.
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salt complex, (ii> para-substituent X which not only can control the acidity of the phenot

               ..group thereby changing the binding ability toward neutral ttmines but also can be transt'ormed

into a covalent linkage between the chiral crown ether and a stationaty phase for chiral

chromatography, (iii) various chiral barrier groups that can be introduced to appropriate

positions of the macrocyclic frarnework, and (iv) the ring size of crown ether that can be ifi

principle adjusted by changing the length of bridge or endcapping moiety.

                                       '   With these features in mind, the author designed host moleculet for chiral recognition of

secondary a.mines as follows: <i) The hosts should possess a phenolic hydroxy group. (ii) As

the para substituent X, they possess a strong electron-withdrawing nitro group or a carboxy

group. Nitro group was selected because of the complexity observed in a podand having a

dinirrophenylazo .u..roup as descrjbed in the subgequent section. The carboxy group can be

covalently bound to arninopropyl t ilica commonly used for chiral stationary phase (CSP) for

liquid chromatography. (iii) Phenyl groups are introduced as chiral barriers because their

building block can readily be prepared from commercially available mande}ic acid. In

addition, among. chiral pseudo-18-crown-6 derivatives, those having phenyl groups exhibit

relatively high enantiomer selectivities toward primary amines.' (iv) The design of the

endcapping group suitable for secondary amines i.g most critical, as described below.

   Although the ring size of the 18-crown-6-ether is suitable for binding primary

alkylamrnonium ions (RNH."), secondary dialkyl- (R,NH,') and tertiary {rialkyl- (R3NH')

arnmontum ions do not bind to 18-crown-6-ether." Concemmg the binding ability of crown

ethers with secondary ammonium salts, Stoddart et al. reported that 24-crown-8 derivatives

formed stable complexes with secondary ammonium ions.3 The two different solid state

structures of the complex of dibenzo•-24-crown-8 (DB24C8) with dibenzylammonium

hexatluorophosphate are shovvn in Figure 2.2.`

                                                           N

,L•

h

Figure 2:2 The different crystal structures of cornplex of dibenzo--24-crown-8 and

dibenzylamrnonium ion. The anion is not shown for clarity.
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   Taking the fhcts described above into account, the macroeyclic framework should have

almost the same size as that of DB24C8 to achieve sufficient binding with secondary amines.

Accordingly, as a first candidate, the author designed (S,S)-10 having a pseudo--24-crown-8

frarnework. Since the binding site of (S,S)-10 is supposed to be smaller than that of dibenzo-

24-crown-8, the author also planned to prepare pseudo-27-crown-9 (S,S)-11 possessing a

larger binding site. The author considered that open chain type podands possessing more

fiexible structure than those of pseudo-24-crown-8 (S,S)-10 and pseudo•-27-crown-9 (S,S)-11

can also be possible candidates, although the binding ability may be smaller than the crown

ethers because of the absence of the additional donor atom. As open chain hosts, the author

designed (R,R)--12 and its methyl ether (R,R)-13. In order to compare the binding abilities of

these hosts with that of a standard primary amine binder, nitro-substituted pseudo-18-crown-6

(S,S)-9 pessessing the same ring size as that of (S,S)-7 was also prepared. Moreoyer, in order

to apply to the chiral stationary phase for secondary amines, (S,S)-14 having a carboxyl group

at the para position of the methoxy group was prepared.
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2.1•.2 Synthesis of phenolic podand possessing a 2,4-dinitrophenylazo group

   Before the author fixed the para substituent of the phenol
:i:gi,;.O,"2e.,?gg.gr8."S'.P.O,9;ee,ffi,8'g',g,2ogss,s2i:.g,,3.•tPhX(9MeXeO)'

                                                        f71however, turned out to exist in both azophenol and hydrazone                                                             N02                                                        kt
forms in solution, its complexation behavior was not'
                                                         N=N kt ,ff
inyestigated. Moreover, because of this possible complexity

due to tautomerization, nitro group was chosen as the para

substituent, which has similar electron-withdrawing property

as that of dinitrophenylazo group.5 Podand (R,R)-15 was prepared by

..Ph

N02

                                                         (R,A)-15

                                                       combining the chiral

ethylene glycol unit (R)-16 derived from (R)-mandelic acid and m-xylylene dibromide 17.

   The chiral subunits (R)-16 was prepared from (R)-mande}ic acid according to the

published route6 depicted in Scheme 2.1. Thus, (R)-mandelic acid was converted to the methyl

ester and the hydroxy group was protected as a THP ether. LiAIH, reduction of the ester gave

   Htwg:-----L-.M.Åéo oP:." M.Åéo oP\H-" HoKg\Hp

(M-mandelic acid (iCi)-16
 Scherne 2.1 Reagents: (i) SOC12, MeOH; (ii) DHP, pyridinium p-toluenesulfonate;

 (iii) LiAIH4, 949o for three steps.
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(R)-16 in 949o oVerall'

   The m-xylylene subunit 17 was prepared from p-methoxyphenol according to the

published method (Scheme 2.2).S Thus hydroxymethylation ofp-rnethoxyphenol gave triol 18.

The phenolic hydroxy group of 18 was methylated and the remaining hydroxy groups were

transformed into bromo to gjve 17.

                   H HHH Br Mer
                   N i N": " x"                 l.c - l. - IA
                  OMe OMe OMe
                                     18 17
  Scheme 22 Reagents: (i) HCHO, NaOH, 939e; (ii) 1. (MeO) IS02, K2C03, 869o 2. PBr3, 739o,

PreparatiOn ofpotland (R,R)-15

   As shown in Scheme 2.3, for the synthesis of (R,R)-15, condensatjon of 2 equiv. of (R)-16

with 17 in the presence of NaH followed by deprotection with pyridiniurn p-toluenesulfonate

in methanol gave (R,R)-19 in 51 9o oyerall yield. Methylation of the hydroxy groups of (R.R)-

19 with iodomethane in the presence of NaH was first carried out to furnish (R,R)-20 in 719e

yield. In order to facilitate the transformation of the dimethoxybenzene moiety to the p-

benzequinone moiety, the inner methoxy group of (R,R)-20 was selectively cleayed by

treatment with sodium ethanethiolate in DMF,' giving phenol (R,R)-21. 0xidation of (R,R)-21

with ceric (IV) ammonium njtrate in acetonitrile followed by treatment with 2,4--

dinitrophenylhydrazine furnished (R,R)-15 in 229o overal] yield via quinone (R,R)-22.

14
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Scheme 2.3 Reagents: (i) 1.

steps; (ii) CH3I, NaH, 719o;

dinitrophenylhydrazine, H2SO

Tautomerization of (R,R)-15

phxeMeMeO)

dZ I

"
o

..Ph P

    v
  ------.-.--

                                           N02

       < R, i9)-22

NaH, 2. pyridinium p-toluenesulfonate, methanol, 51 9e for two

  (iii) EtSNa; (iv) ceric (IV) ammonium nitrate; (v) 2,4-

4, 229o for three steps from (R,R)--20.

          ..PhOMe MeO     H)

   lll(l No,

    N=N         kt J

   <R,,Ci)-15

   It was found that podand type host (R,R)-15 having 2,4-dinitrophenylazo group existed as

both azophenol ((R,R)-15) and its tautomeric hydrazone form ((R,R)-23). As shovvn in Figure

2.3, iH NMR spectrum of (R,R)-15 in CDCI, at 30 OC exhibits signals due to (R,R)--23 in

addition to those of (R,R)-15 which are exchanging slowly on the NMR time scale. The low

field resonance (12.2 ppm) for Hf presents a strong support for the structure of (R,R)-23. The

ratio of (R,R)-15 and (R,R)-23 estimated from the intensity of Ha and Ha' js 5: 1 .

   In the case of pseudo-crown ethers having 2,4-dinitrophenylazo group such as (S,S)-7, the

hydrazone forrn is not observed, presumably because the orientation of the oxygen atoms are

restricted inside of the macrocycle, thereby stabilizing phenolic hydroxy group by hydrogen

bonding. On the other hand, in the case of podand (R,R)-15, since the orientation of the

            {oxygen atoms is not restricted, hydrogen bonding with the phenolic hydroxyl group is weaker

                                   15



than that of psetido-crown ether (S,S)-7.

and hydrazone forms.

        oMe MeO)."Ph PhxOMe Me9)"sPh    ,Y
       .,i}(ISI(i., ==t ..[l)I( ll(l,.

        z2.rt)lll>(:: .TkS2::2

             N02 N02
         (R, e-15 (a fb-23

Hfi

For this reason, (R,R)-15 exists as both azophenol

Ha'

l

Ha

Hf

Hb, Hb'

A
Hct

h

Hd

Hc

Hd'

         12 11 •tO 9 8 7
Figure 2.3 'H NMR spectrum (270 MHz) of (R,R)-15 and its tautmeric form (R,R)--23 in

CDC13 at 30 Oc.

2.13 Strategiesforsynthesizinghostmolecules

   A retrosynthetic analysis for the basic structure of the crown ethers and podands is shown

in Scheme 2.4. Crown ethers of 18-crown-6 type (S,S)-29, 24-crown-8 type (S,S)-30, and 27-

crown-9 type (S,S)--31 would be obtained by cyclization of (S,S)-25, which would be prepared

by coupling of (S-16 and 24, with the corresponding oligoethylene glycol ditosylates, 26, 27,

and 28, respectively. The bromo group of these crown ethers can be transformed into vanous

functional groups, such as a nitro group of (S,S)-9, (S,S-10, and (S,S)-11 and a carboxy group

of (S,S)-14, which can be used as a covalent link to silica gel to produce CSP for liqujd

chromatography. The podands (R,R)-12 and (R,R)-13 would be obtained by way of (R,R)-25

which can be prepared by employing (R)-16. the enantiomer of (S)-16. (R)-16 was employed
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                         N02
                    (A,iCi)-12: R=H
                    (R,lb-13: R=Me

     Scheme 2.4 Retrosynthetic analysis for synthesis of crown ethers and podands.

2.2 Synthesis of optically active crown ethers

  The crown ethers (S,S)-9-(S,S)-11 were prepared by combining the oligoethylene glycol

units 26, 27, and 28, monoprotected chiral ethylene glycol unit (S)-16 derived from (S)-

mandelic acid, and m-xylylene dibromide 24.

                                            coAors
                          Ao!Å~)
                                          <o %                       (o 05         Ao-
                      TsO OTs TsO -       TsO OTs                                                       OTs
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(S-16

r  Me Br

"
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Br

24

   Di-, tetra-, and pentaethylene glycol ditosylates 26, 27, and 28 were prepared by

tosylation of the commercially available corresponding diols. Chiral subunit (S)-16 was

prepared by essentially the same procedure6 as that of (R)--16 except for using (S)-mandelic

acid as starting material in 959o overall yield. The atomatic subunit 24 was prepared from p-

bromophenol according to the published rnethod (Scheme 2.5).5 Hydroxymethylation of p-

bromophenol gave the triol 32. The phenolic hydroxy group of 32 was methylated and the

remaining hydroxy groups were transforrned into bromo to give 24.

H

l X,

 -
 Br

    i
....-..-----.--------

H   H
l N"t,

  ti

 Br

 32

H
    ii

r   Me r

1"
 ti
 Br

 24 .

Scheme 2.5 Reagents: (i) HCHO, NaOH; (ii) 1. (MeO)2S02, K2C03,

steps.

2. HBr, 739o for three

Preparatibn ofcrown ethers (S,S)-9, (S,S)-10, and (S,S)-11

   The synthesis of pseudo-crown ethers (S,S)-9, (S,S)-10, and (S,S)-11 was carried out as

outlined in Scheme 2.6. Condensation of 2 equiv. of monoprotected chiral ethylene glycol

unit (S)-16 with m-xylylene dibromide 24 in the presence of NaH followed by deprotection

with pyridinium p-toluenesulfonate in ethanol gaye (S,S)-25 in 959o overall yield, which was

used as a common precursor for preparation of phenolic crown ethers (S,S)-9, (S,S)-10, and

(S,S)-11. Synthesis of (S,S)-9 was initiated from ring closure of (S,S)-25 with 26 in the

presence of NaH in THF under high, dilution conditions to give (S,S)-29 in 449o yield•

Reaction of (S,S)-29 with n-BuLi followed by quenching with water at -78 OC afforded (S,S)-

18



33 in 629o yield. The intra-annular methyl ether of (S,S)--33- was selectively cleayed with

sodium ethanetiolate in DMF' to furnish (S,S)-34 in 919o yield. By reaction with HN03 and

NaNO,,8 the para position of the hydroxy group of (S,S)-3kl was selectively nitrated to gjve

(S,S)-9 in 589o yield. Pseudo-24-crown-8 (S,S)-10 and pseudo-27-crown-9 (S,S)-11 were

prepared by essentially the sarne procedure as that for the preparation of (S, S)-9. In the case of

(S,S)-lO, ring closure of (S,S)-25 with 27 gaye (S,S)-3e in 369o yield, which was transformed

to (S,S)-10 in 189o yield (for three steps) via (S,S)-35 and (S,S)-36. Pseudo-27-crown--9 (S,S)-

11 (through (S,S)-31, (S,S)-37, and (S,S)-38) was prepared from (S,S)-25 and 28 in 2.19e

overali yield.

   The yields for each step of the synthesis of (S,S)-9, (S,S)-le, and (S,S)-11 are summarized

in Table 2.I. As can be seen from Table 2.I, the yields of the cyclization step (ii) drop with

increasing the ring size of the resulting macrocycles. The low oyerall yie}d of (S,S)-11 is

mainly due to the Iow yield of the demethylation step (iv). The reason for this is not

understood.

Table 2.1 Products and yields for each step of preparation of crown ethers (S,S)-9, (S,S)-10,

and (S, S)-11.

Ring size Synthetic step in Scheme 2.6

ii iii iy v

n==1

n=3

n=4

29: 449o

30: 369o

31: 259o

33: 62 9o

35: 629o

37: 68 9o

34: 9l9o

36: 869o

38: 309o

9: 589e

10: 349o

ll: 42 9o

Preparation ofcrown ether (S,S)-14

   The pseudo-crown ether (S,S)--14 was obtained by lithiation of the para position of the

inner methoxy group of (S,S)-30j followed by the treatment with gaseous C02 then with

aqueous HCI in 329o yield (Scheme 2.7).
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Scheme 2.6 Reagents and conditions: (i) 1. NaH, 2. pyridinium p-toluenesulfonate,

ethanol, 959e for two steps; (ii) 26, NaH, 449o (n=1), 27, NaH, 369o (n=3), 28, NaH, 259o

(n=4); (iii) n-BuLi, then H,O, 629o (n=1), 629o (n= 3), 689o (n=4); (iv) EtSNa, 919o (n=1),

869o (n=3), 309o (n=4); (v) HNO,, NaNO,, 589o (n=1), 349o (n=3), 429o (n=4).
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Scheme 2.7 Reagents: 1 . n-BuLi, 2. gaseous C02, 3. aqueous HCI, 329o.

2.3 Synthesis of optically active podands

  The podands (R,R)-12 and (R,R)-13 were prepared by combining rnonoprotected chira}

ethylene glycol unit (R)-16 derived frorn (R)-mandelic acid and m-xylylene dibromide 24.

  The synthesis of podands (R,R)-12 and (R,R)-13 was carried out as outlined in Scheme 2.8.

Condensation of 2 equiv. of (R)-16 with 24 in the presence of NaH followed by deprotection

with pyridjnium p-toluenesulfonate in ethanol gave (R,R)-25 in 949e overall yield, which was

used as a common precursor for preparation of phenolic podands (R,R)-12 and (R,R)-13. For

the synthesis of (R,R)-12 the hydroxy groups of (R,R)-25 were protected. Treatment of (R,R)-

25 with LiBr, TsOH and formaldehyde dimethyl acetal gave MOM ether (R,R)-39 in 509o

yield. Debromination of (R,R)-39 afforded (R,R)-40 in 719o yield and subsequent deprotection

with hydrochloric acid gave (R,R)-41 in 729o yield. Demethylation' of (R,R)-41 followed by

nitration at the para position of the hydroxy group8 of the resulting (R,R)-42 furnished (R,R)-

12 in 199o yield for two steps. For the preparation of (R,R)-13, methylation of the hydroxy

groups of (R,R)-25 was first canied out to give (R,R)-43 in 869o yield. Subsequent reduction,

demethylation7 and njtration8 via (R,R)-44 and (R,R)-45 afforded (R,R)-13 in 329o yield for

three steps.
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Scheme 2.8 Reagents and conditions: (i) 1. NaH, 2. pyridinium p-toluenesulfonate, ethanQl,

949o for two steps; (ii) (CH,O),CH,, LiBr, TsOH. 509o; (iii) n-•BuLi, then H,O, 719o; (iy) 6 N

HCI, 729o; (v) EtSNa, 769o; (vi) HNO,, NaNO,, 259e; (vii) CH,I, NaH. 869o; (viii) n-BuLi,

then H,O, 759o; (ix) EtSNa, 749o; (x) HNO,, NaNO,, 589e.

2.4 Experimentalsection

General procedure

  'H NMR spectra were recorded at 270, 3oo or 400 MHz and iiC NMR spectra at 67.8

MHz on a JEOL JNM-GSX-270, a Varian lvlercury 300 or a JMN-AL-4oo in CDC13 and with

Me4Si or residual solvent as an internal standard at 30 OC unless otherwise stated. IR spectra

were recorded as a KBr disk or a neat film with a JASCO FI'IR-41O spectrometer. UV spectra

were recorded on a Hitachi 220A or a U-3310 spectrometer. Mass spectral analyses were

                               `performed on a JEOL JMS-DX303HF spectrorneter or a JEOL JMS-700 spectrometer by EI
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and FAB ionization. Elemental analyses were perforrned on a Perkin-Elmer 24ooII analyzer.

Melting points were measured with a hot-stage apparatus and are uncorrected. Optical

rotations were measured using a JASCO DIP-40 polarimeter at ambient temperature and [ct]D

values are given in units of IOHi deg cm2 g-i. Column chromatography and 'ILC were

performed with Merck silica gel 60 (70-230 mesh ASTM) and Merck si]ica gel 60 F,.,

respectively. Preparative HPLC separation was undertaken vvith a JAI LC-908 chromatograph

using 600-mm Å~ 20-mm JAIGEL-•IH and 2H GPC columns with CHC13 as an eluent. All

reagents were obtained from commercial suppliers and used as received. Solvents were dried

(drying agent in parentheses) and distilled prior to use: CDC13 (P,O,o), DMF (CaH2) and THF

(CaH, followed by sodium benzophenone ketyl).

1,3-Bis[(4R)-hydroxy-4-phenyl-2-oxabutyl]-2,5-dimethoxybenzene (R,R)-19

     A solution of (R)-(-)-16 (9.10 g, 410 mmol) in dry THF (1oo mL) was slow}y added to

a suspension of sodium hydride (609o in mineral oil, 4.69 g, 117 mmol) in dry THF (loo mL)

at room temperature. After being refluxed for 2 h, a solution of 17 (6.oo g, 185 mmol) in dry

THF (150 mL) was added slowly. After additional reflux for 6 h, 20 mL of water was

carefu11y added to the reaction mixture with ice-cooling. Then the solvent was removed under

reduced pressure. The residue was extracted with a mixed solvent containing hexane and ethyl

acetate, the cornbined extracts were washed with water and dried over anhydrous MgS04, and

then the solvent was removed under reduced pressure. The residue was stirred with

pyridinium p-toluenesulfonate (O.462 g, l.8 mmol) in methanol (200 mL) for 3 h at 50 OC.

After the solvent was removed under reduced pressure, the residue was dissolved in CHC13,

washed with water, and dried oyer anhydrous MgS04. The solyent was removed under

reduced pressure and the residue was chromatographed on silica gel (hexane:ethyl acetate) to

give (R,R)-19 (4.1 g, 51 9e) as ayellow oil: [ct].2S=-37.3 (ccO.35, CHCI.3); IR (neat) 3450, 2900,

1480, 1250, 11 10, 1069, 760, 705 cm-i; 6 2.87 (2H, d, J= 2.3 Hz, OH), 3.56 (2H, dd, J = 9.8,

8.9 Hz, OCH(Ph)CH,), 3.70 (2H, dd, J = 9.8, 3.1 Hz, OCH(Ph)CH,), 3.71 (3H, s, ArOCH3),

3.78 (3H, s, ArOCH3.), 4.63 (4H,'s, benzylic CH,), 4.94 (2H, ddd, J = 8.9, 3.1, 2.3 Hz,

OCH(Ph)CH,), 6.89 (2H, s, (MeO),ArH), 7.27-7.40 (10H, m, C,H,); MS (FAB) m/z 438 (M').

Anal. Calcd for C22H3o06: C, 71.21; H, 6.90. Found: C, 70.88; H, 7.09.
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25-dimethoxy-1,3-bis[(4R)-methoxy-4-phenyl-Z-oxabutyl]benzene (R,R)-20

   A soluti6n of (R,R)-19 (2.50 g, 5.70 mmol) in dry THF (20 mL) was added dropwise to a

suspension of sodium hydride (609o in rnineral oil, 7oo mg, 17 mmol) in dry THF (40 mL)

over a 2 h period at 60 OC. After the mixture was cooled to room temperature, iodomethane

(2.80 ml, 46.0 mmol) was added dropwise te the reaction mixture. After all the starting

material (R.R)-19 had been vanished as indicated by 'ILC, the reaction mixture was

neutralized with water and 6 N HCI with ice cooling. After excess iodomethane and the

solvent were rernoved under reduced pressure, the resjdue was extracted with ethyl acetate:

The extract was dried over anhydrous MgSO, and the solvent was removed under reduced

pressure. Chromatography on silica gel (hexane:ethyl acetate) of the residue gave (R.R)-20

(1.9 g, 719o yield) as a yellow oil: IR (neat) 2950, 1460, 1360, 1220, 1105, loo5, 870, 760,

701 cm-"i; iH NMR (CDCI,, 270 MHz) 6 3.29 (s, 6H, OCH,), 3.55 (dd, J=7.5, IO.3 Hz, 2H,

OCH(Ph)CH,), 3.61 (3H, s, ArocH,), 3.70 (dd, J=3.8, 1O.3 Hz, 2H, ocH(Ph)CH,), 3.73 (3H,

s, ArocH3), 4.41 (dd, J=3.8, 7.5 Hz, 2H,ocH(Ph)CH,), 4.58 (s, 4H, benzylic CH,), 6.86 (s,

2H, (MeO),ArH), 7.25-7.40 (m, 10H, C,H,); MS (FAB) m/z 515 (M+H)'.

2-Hydroxy-5-(2,4-dinitrophenylazo)-IP-bis[(4R)-methoxy-4-phenyl-2-oxabutyl]benzene

(R,R)-15

   To a suspension of sodium hydride (609o in mineral oil, 860 mg, 21 mmol) in dry DMF

(30 mL) was added slowly ethanethiol (1.9mL, IO mmol) with ice-cooling. After hydrogen

evolution ceased, a solution of (R,R)-20 (5oo mg, 1.1 mmol) in dry DMF (10 mL) was added

to the resulting clear solution. The reaction mixture was stirred for 1.5 h at 80 OC, cooled to

5 OC, neutralized with hydrochloric acid and extracted with CHC13. The combined extract was

washed with aqueous solution of sodium hypochorite, washed with water, and dried over

anhydrous MgS04. The solyent was removed under reduced pressure, and the residue was

chromatographed on silica gel (hexane:ethyl acetate) to giye crude (R,R)-21 (150 mg) as a

yellow oil.

   A solution of crude (R,R)-21 in CH,CN (15 mL) was added to a solution of ceric (IV)

ammonium nitrate (363 mg, 660 'mmol) in CH,CN (IO mL). The mixture was stirred for 1 .5 h

at room temperature and then cooled to O-5 OC, when it was diluted with water and extracted

with diethylether. The combined extracts were washed with water then, dried over anhydrous

MgS04. The solyent was evaporated under reduced pressure to giye crude (R.R)-22 (124 mg)
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as a yellow'oil'
.

   To a solution of crude (R,R)-22 (112 mg) in a mixture of CH,Cl, (4.5 mL) and EtOH (3

mL) was added a solution of 2,4-dinitrophenylhydrazine (415 mg, l.oo mmo}) dissolved in a

mixture of ethanol (2 mL) and concentrated H,SO, (2 mL). The mixture was stirred for 1.5 h

at room temperature, after which it was diluted with water and extracted with CHC13. The

combined extracts were washed with aqueous sodium hydrogen carbonate, then with water,

dried over anhydrous MgS04. The solyent of extracts was evaporated under reduced pressure.

The residue was chromatographed on silica gel (hexane:ethyl acetate) to give a solid followed

by preparative recycling HPLC to give (R,R)-15 (145 mg, 229o) as a red solid: 'H NMR

(CDCI,, 3oo MH) 6 3.34 (s, 6H, OCH,), 3.69 (dd, J=7.9, IO.7 Hz, 2H, ocH(Ph)CH,), 3.76

(dd, JÅ}4.0, 10.7 Hz, 2H, OCH(Ph)CH,), 4.49 (dd, Jti4.0, 7.9 Hz, 2H,OCH(Ph)CH,), 4.78 (s,

4H, benzylic CH,), 7.20-7.40 (m, IOH, C,H,), 7.82 (d, J = 8.9 Hz, IH, (NO,),ArH),7.83 (s,

2H, phenol ring CH), 8.49 (dd, J = 2.5, 8.9 Hz, IH, (NO,),ArH), 8.76 (d, J = 2.5 Hz, IH,

(N02)2ArH), 8.81 (s, IH, phenolic OH).

5-Bremo-1,3-bis((4S)-hydroxy-4-phenyl-2-oxabutyl]-2-methoxybenzene (S,S)-25

   A solution of (S)--(+)-16 (18.6 g, 83.7 mmol) in dry THF (150 mL) was slowly added to a

suspension of sodium hydride (609o in mineral oil, 4.69 g, 1 17 mmol) in dry THF (3oo mL) at

room temperature. After being refluxed for 1.5 h, a so}ution of 24 (l2.0 g, 32.2 mmol) in dry

THF (150 mL) vvas added slowly. After additional reflux for 6 h, 35 mL of water was

carefully added to the reaction mixture with ice-cooling. Then the solyent was removed under

reduced pressure. The residue was extracted with a mixed solvent containing hexane and ethyl

acetate, the combined extracts were washed with water and dried over anhydrous MgS04, and

then the solvent was removed under reduced pressure. The residue was stirred with

pyridiniurn p-toluenesulfonate (O.966 g, 3.84 mmol) in ethanol (125 mL) for 12 h at 50 OC.

After the solvent was removed under reduced pressure, the residue was dissolved in CHCI3,

and washed with water, and dried over anhydrous MgS04. The solvent was removed under

reduced pressure and the residue was chromatographed on silica gel (hexane:ethyl acetate) to

give (S,S)-25 (14.9 g, 959o) as a yellow oil: [ct].25=+25.l (c l.03, CHCI,); IR (neat) 3431,

2871, 1454, 1211, 1105, 757, 701 cm--i; 'H NMR (CDCI,, 3oo MHz): 6 2.78 (2H, br s, OH),

3.53-3.71 (m, 4H, CH,), 3.73 (3H, s, OCH,), 4.60 (s, 4H, benzylic CH,), 4.94 (dd, J=2.9, 8.7

Hz, 2H, OCH(Ph)CH,), 7.27-7.41 (m, 10H, C,H,), 7.48 (s, 2H, MeOArH ). MS (FAB) m/z
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487 (M+H)'. Andl. Caicd for C.H,,OsBr: C, 61.61; H, 558; Br, l6.39. Found: C, 61.44; H,

5.51;Br, l6.12.

(5S,13S)-19-Bromo-21-methoxy-5,13-diphenyl-3,6S,l2,15-pentaoxabicyclo-

IIS3.1]henicosa-1(20),17(21),18-•triene (S.S-Z9

   A solution of (S,S)-25 (1.01 g, 2.06 mmol) and 26 (O.858 g, 2.07 mmol) in dry THF (125

mL) was added dropwise to a suspension of sodium hydride (609e in mineral oil, O.349 g,

8.73 mmol) in dry THF (85 mL) over a 9 h period at 60 aC. After being stirred for 18 h, 20

mL of water was added carefu11y with ice-cooling and then the solvent was removed under

reduced pressure. The residue was extracted with a so}vent containing hexane and ethyl

acetate, the cornbined extracts were washed with water and dried over anhydrous MgS04. The

solvent was removed under reduced pressure and the residue was chromatographed on silica

gel (hexane:ethyl acetate) to give (S,S)-29 (O.5oo g, 449o yield) as colorless powder: mp

99--1oo OC; [ct].28=+92.3 (c l.24, CHCI,); IR <KBr) 2864, 1470, 1430, 1359, 1227, 1096,

IO03, 761, 703 cm-i; iH NMR (CDCI,, 300 MHz) 6 3.39---3.71 (m, 12H, CHI,), 4.25 (3H, s,

ocH3), 4.52 (dd, J=2.5, 8.3 Hz, 2H, OCH(Ph>CH,), 4.45, 4.69 (AB, J :7.4 Hz, Av=65.6 Hz,

4H, benzylic CH,), 7.28--7.37 (m, 10H, C,H,), 7.42 (s, 2H, MeOArH); MS (FAB) m/z 558

(M+H)'. Anal. Calcd for C,,H,,O,Br: C, 62.48; H, 5.97. Found: Ci 62.69; H, 6.I2.

(5S,13S)-21-Methoxy-5,13diphenyl-3,6S,12,15-pentaoxabicyclo(15.3.1]henicosa-

1(20),17(21),18-triene (S,S)-33

   A l.6 M solution of n-BuLi (3.7 mL, 6.1 mmol) in hexanes was added to a solution of

(S,S)-29 (2.85 g, 5.11 mmoi) in dry THF (40 mL) over a 15 min period at -78 OC under

nitrogen. After being stirr.ed for 1.5 h at the same temperature, 3 mL of water was added

dropwise to the reaction mixture at -78 OC and the mixture was stirred for an additional 1 h at

the same temperature. The reaction mixture was warmed to rcom temperature and extracted

with a solvent containing hexane and ethyl acetate. The combined extracts were washed with

water and dried over anhydrous .MgSO,. The solvent was removed under reduced pressure

and the residue was chromatographed on silica gel (hexane:ethyl acetate) to give (S,S)-33

(1.52 g, 629o yield) as colorless powder: mp 129-130 OC; [ct].2` +147.l (c O.54, CHCI,); IR

(KBr) 2859, 1596, 1453, 1360, 1232, I095, 995, 955, 790, 762, 703 cm"i; iH NMR (CDCI3,

4oo MHz) 6 3.39-3.72 (m, 12H, CH,), 4.29 (3H, s, OCH,), 4.52 (dd, J=2.4, 8.2 Hz, 2H,
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OCH(Ph)CH,), 4.5l, 4.74 (AB, J=7.1 Hz, Av=61.6 Hz, 4H, be' nzylic CH,), 7.06 (t, J=7.4 Hz,

IH, MeOArH), 7.25-7.36 (m, 12H, MeOArH and C,H,); MS (FAB) m/z 479 (M+H)'.

(5S,13S)-21-Hydroxy-5,13-diphenyl-3,6,9,12,15-pentaoxabicyclo[15.3.1]henicosa-

1(20),17(21),18-triene (S,S)-34

   To a suspension of sodium hydride (609o in mineral oil, 2.79 g, 69.8 mmol) in dry DMF

(70 rnL) was added slowly ethanethiol (6.4 mL, 84 mmol) with ice-cooling. After hydrogen

evolution ceased, a solution of (S,S)-33 (1.66 g, 3.46 mmol) in dry DMF (150 mL) was added

!o the resulting clear solution. The reaction mixture was stirred for 2 h at 80 OC, cooled to

5 OC, neutralized with hydrochloric acid and extracted with CHC13. The combined extract was

washed with aqueous solution of sodium hypochorite, washed with water, and dried over

anhydrous MgS04. The solvent was removed under reduced pressure, and the residue was

chromatographed on silica gel (hexane:ethyl acetate) followed by recrystallization from

hexane to give (S,S)-34 (1.47 g, 9l 9o yield) as colorless powder: mp 92--94 OC; [ct].2'=+117.1

(c O.34, CHC13); IR (KBr) 3366, 2867, 1600, 1467, 1360, 1244, l097, 754, 703 cm'-'; 'H NMR

(CDCI,, 400 )vllIz) 6 3.60-3.80 (m, l2H, CH,), 4.67 (dd, J=2.8, 8.3 Hz, 2H, OCH(Ph)CH,),

4.76 (s, 4H, benzylic CH,), 6.81 (t, J=7.4 Hz, IH, phenol ring CH), 7.l3 (d, 1=7.4 Hz, 2H,

phenol ring CH), 7.27-7.35 (m, 10H, C,H,), 8.l4 (s, IH, phenolic OH); MS (FAB) m/z 465

(M+H)'. Anal. Calcd for C,,H.,,O,Br: C, 72.39; H, 6.94. Found: C, 72.15; H, 7.01.

(5S,13S)-21-Hydroxy-19-nitro-5,13-diphenyl-3,6,9,12,15-pentaoxabicyclo{153.1]-

henicosa-1(20),17(21),18-triene (S,S-9

   A solution of sodium nitrite (O.590 g, 8.55 mmol) in water (120 mL) and O.3 N nitric acid

(34 mL) was added to a solution of (S,S)--34 (1.00 g, 2.15 mmol) in CHC13 (80 mL)

successively. The mixture was then stirred vigorously for 4 h at room temperature. The

reaction mixture was neutralized with saturated aqueous solution of sodium

hydrogencarbonate and the CHCIi layer was separated. The organic phase was washed with

water and dried oyer anhydrous,'MgS04. After the solvent was removed under reduced

pressure, the residue was purified by chromatography on alumina (hexane:ethyl acetate then

ethanol) to give (S,S)-9 (O.636 g, 589o yield) as yellow powder: mp 52-54 OC; [ct]D2i=+97.2 (c

O.61, CHCI3); IR (KBr) 3319, 2871, 1600, l520, 1452, 1339, 1091, 749, 703 cm-i; iH NMR

(CDCI,, 400 MHz) 5 3.5zF3.78 (m, 12H, CH,), 4.66,(dd, J=3.7, 7.2 Hz, 2H, OCH(Ph)CH,),
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4.83 (s, 4H; ben2ylic CH,), 7.30-7.38 (m, 10H, C,H,), 8.10 (s, 2H, phenol ring CH), 9.20 (s,

IH, OH); i3C NMR (CDCI,, 67.8 Hz) 6 69.0, 70.0, 70.6, 75.2, 76.5, l25.1, I25.2, l26.8, 128.1,

l28.5,, 138.0, 139.9, 161.2; MS (FAB) mlz 510 (M+H)'; HRMS (FAB) calcd for C!sH32NOs

(M+H)' 5 1O.21 28; found 51O.2 1 02.

(5S,19S)-25-Bromo-27-methoxy-5,19-diphenyl-3,6S,12,15,1821-heptaoxabicyclo-

[213.1]heptacosa-1(26),23(27),24-triene (S.S-3e

   A solution of (S,S)-25 (656 g, 13.5 mrnol) and 27 (8.12 g, 16.1 mmol) in dry THF (125

mL) was added dropwise to a suspension of sodium hydride (609o in mineral oil, 4.93 g, 123

mmol) in dry THF (600 mL) over a 1O h period at 60 OC.After being stirred for 5 h, 50 mL of

water was added carefully with ice-cooling and then the solvent was removed under reduced

pressure. The residue was extracted with a solvent containing hexane and ethyl acetate, the

combined extracts were washed with water and dried over anhydrous MgS04. The solvent

was removed under reduced pressure and the residue was chromatographed on silica ge}

(hexane:ethyl acetate) followed by alumina (CHCI,) to give (S,S)--30 (3.14 g, 369e yield) as a

colorless oil: [ct]D29=+56.9 (c 1.oo, CHCI,); IR (neat) 2867, 1453, 1346, 1216, 1107, IO04,

757, 702 cm-i; iH NMR (CDCI,, 270 MHz) 6 3.46--3.77 (m, 20H, CH2), 3.93 (3H, s, OCH3),

4.63 (dd, J=3.3, 8.0 Hz, 2H, ocH(Ph)CH,), 4.65, 4.70 (AB, J=11.6 Hz, Av=13.2 Hz, 4H,

benzylic CH2), 7.27-7.36 (m, 10H, C,H,), 7.51 (s, 2H, MeOArH); '3C NMR (Cocl,, 67.8

MHz) 5 63.13, 67.95, 68.84, 70.60, 70.67. 70.70, 75.33, 82.31, l16.71, 126.75, }27.82,

128.35, 132.25, 133.91, 138.90, 155.66; MS (FAB) m/z 645 (M+H)', 667 (M+Na)'; HRMS

(FAB) calcd for C33H,20sBr (M+H)' 642.2043; found 642.2032.

(5S,19S)-27-Methoxy-5,19-diphenyl-3,6S,12,15,1821-heptaoxabicyclo[21.3.1]heptacosa-

1(26)23(27),M-trie"e (S,S-35

   A 1.6 M solution of n-BuLi (1.2 mL, 1.84 mmol) in hexanes was added to a solution of

(S,S)--30 (541 mg, O.838 mmol) in dry THF (7 mL) over a l5 min period at -78 OC under

nitrogen. After being stirred for 1.5 h at the shme temperature, 2 mL of water was added

dropwise to the reaction mixture at -78 OC and the mixture was stirred for an additional 2 h at

the same temperature. The reaction mixture was warmed to room temperature and extracted

with a solvent containing hexane and ethyl acetate. The combined extracts were washed with

water and dried over anhydrous MgSO,. The solvent was remoyed under reduced pressure
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and the residue'was ehromatographed on silica gel (hexane:ethyl acetate) to give (S,S)-35

(294 mg, O.519 mmol, 629o yield) as a qolor}ess oil: [ct]D30=+70.7 (c O.43, CHCI3); IR (neat)

2866, 1452, 1346, 1215, 1100, 1oo7, 760, 702 cm-:; iH NMR (CDCI,, 270 MHz) 6 3A5-3.79

(m, 20H, CH,), 3.97 (3H, s, OCH,), 4.62 (dd, J=3.0, 8.2 Hz, 2H, OCH(Ph)CH,), 4.68, 4.72

(AB, J=11.4 Hz, Av=10.7 Hz, 4H, benzylic CH,), 7.1O (t, J=7.5 Hz, 1H, MeOArH), 7.27-7.39

(m, 12H, MeOArH and C,H,); i3C NMR (CDCI,, 67.8 MHz) 6 63.32, 68.61, 68.93, 70.67,

70.75, 70.76, 75.28, 82.27, 123.82, 126.80, 127.75, }28.32, 130.13, 131.57, 139.19, 157.IO;

MS (FAB) m/z 567 (M+H)', 589 (M+Na)"; HRMS (FAB) calcd for C33H420sNa (M+Na)'

589.2778; found 589.2786.

(5S,19S)-27-Hydroxy-5,19-diphenyl-3,6,9,12,15,18,21-heptaoxabicyclo(21.3.1]heptacosa-

1(26),23(27),24-triene (S,S)-36

   To a suspension of sodium hydride (609o in minera} oil, 1,41 g, 35.3 mmol) in dry DMF

(50 mL) was added slowly ethanethiol (3.3 rnL, 44 mmol) with ice-cooling. After hydrogen

evolution ceased, a solution of (S,S)-35 (1.0e g, 1.77 mmol) in dry DMF (30 mL) was added

to the resulting c}ear solution. The reaction mixture was stirred for 2 h at 80 OC, cooled to

5 OC, neutralized with hydrochloric acid and extracted with CHCI,. The combined extract was

washed with aqueous solution of sodiurn hypochorite, washed with water, and dried over

anhydrous MgSO,. The solvent was removed under reduced pressure, and the residue was

chromatographed on silica gel (hexane:ethyl acetate) to give (S,S)-36 (O.838 g, 869o yie}d) as

a colorless oil: [ct].26=+72.1 (c O.839, CHCI,); IR (neat) 3361, 2866, l598, 1453, 1347, 1225,

11oo, 758, 703 cm"; iH NMR (CDCI,, 270 MHz) 6 3.51-3.78 (m, 20H, OCH,), 4.69 (dd,

J=3.7, 8.6 Hz, 2H, OCH(Ph)CH,), 4.74, 4.81 (AB, J=11.9 Hz, Av=17.7 Hz, 4H, benzylic

CH,), 6.80 (t, J=7.7 Hz, IH, phenol ring CH), 7.12 (d, J=7.7 Hz, 2H, phenol ring CH),

7.27-7.36 (m, IOH, C,Hs), 8.05 (s, IH, phenolic OH); i3C NMR (CDCI,, 67.8 Hz) 6 68.75,

70.52, 70.74, 70.76, 70.98, 75.21, 81.64, 119.25, 124.33, 126.89, 127.90, 128.23, l28.38,

138.76, 154.15; MS (FAB) nz/z 553 (M+H)', 575 (M+Na)', HRMS (FAB) calcd for

Cf 2HcoOsNa (M+Na)' 575.2621 ; found 575.2623.

(5S,19S)-27-Hydroxy-25-nitro-5,19-diphenyl-3,6,9,12,15,1811-heptaoxabicyclo-

[213.1]heptacosa-1(26),23(27)24-triene (S,S-10

   A solution of sodium nitrite (338 mg,4.90 mmol) in water (1OO mL) and 1.0 N nitric acid
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(IO rnk) was added 'to a solution of (S,S)-36 (660 mg, l.19 mmol) in CHCI, (180 mL)

successively. The mixture was then stirred vigorously for 2 h at room temperature. The

reaction mixture was neutralized with saturated aqueous solution of sodium

hydrogencarbonate and the CHC}3 layer was separated. The organic phase was washed with

water and dried over anhydrous MgS04. After the solyent was removed under reduced

pressure, the residue was purified by on silica gel (hexane:ethyl acetate) followed by alumina

(CHCI,) to give (S,S)-10 (240 mg, 349o yield) as a yellow oil: [ct]."=+53.3 (c 1.06, CHCI,);

IR (neat) 3277, 2867, 1596, 1521, 1452, 1339, 1097, 751, 702 cm-'; iH NMR (CDCI,, 270

MHz) 5 3.45-3.87 (m, 20H, CH,), 4.70 (dd, J=5.8, 5.8 Hz, 2H, ocH(Ph)CH,), 4.81, 4.85 (AB,

J=12.9 Hz, Av=17.9 Hz, 4H, benzylic CH,), 7.26L7.40 (m, 10H, C,H,). 8.08 (s, 2H, phenol

ring CH), 9.13 (1H, s, OH); '3C NMR (CDCI,, 67.8 MHz) 6 68.76, 69.86, 69.87, 70.73, 70.90,

7550, 81.67, 123.63, 125.26, 126.82, 128.11, 128.49, 138.17, l`ro22, 159.56; MS (FAB) m/z

598 (M+H)+, 620 (M+Na)'; HRMS (FAB) calcd for CnH,oNO,o (M+H)' 598.2652; found

598.2671.

(5S,22S)-8-Bromo-30-methoxy-S22-diphenyl-3,6S,12,15,1821,24-

octaoxabicyclo[24.3.1]triaconta-1(29),26(30)27-triene (S,S-31

  A solution of (S,S)-25 (9.30 g, 19.1 mrnol) and 28 (IO.4 g, 19.1 mmol) in dry THF (500

mL) was added dropwise to a suspension of sodium hydride (609o 'in mineral oil, 6.42 g, 96.0

mmol) in dry THF (750 mL) over a 17 h period at 60 OC. After being stirred for 30 h, loo mL

of water was added carefully with ice-cooling and then the solvent was removed under

reduced pressure. The residue was extracted with a solvent containing hexane and ethyl

acetate, the combined extracts were washed with water and dried oyer anhydrous MgS04. The

solvent was removed under reduced pressure and the residue was chromato.qraphed on silica

gel (hexane:ethyl acetate) followed by alumina (CHCI,) to giye (S,S)--31 (3.32 g, 259o yield)

as acolorless oil: [oc].26=+S6.9 (c l.10, CHCI,); IR (neat) 2867, 1453, 1347, 1246, l105, 1003,

857, 759, 703 cm"i; iH NMR (CDCI,, 270 MHz) 6 3.46--3.76 (m, 24H, CH2), 3.82 (s, 3H,

OCH3), 4.61-4.71 (m, 6H, OCH(Ph)CH, and benzylic CH,), 7.27-7.37 (m, 10H, C6Hs), 7.51
(s, 2H, MeOArH); i3C NMR (CDel,, 67.8 MHz) 6 62.71, 67.75, 68.79, 70.56, 70.58, 70.69,

70.71, 75.29, 82.14, 116.90, 126.83, l27.84, 128.36, 131.94, 133.87, 139.oo, l55.26; MS

(FAB) m/z 689 (M+H)', 711 (M+Na)'; HRMS (FAB) calcd for C3.,H4sOgBrNa (M+Na)'

7ll.2145' found 711.2158.
       '
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(5S22S)-30-Methoxy-522-diphenyl-3,6S,12,15,1821,24-ectaoxabicyclo[243.1]-

triaconta-1(29),26(30),27-triene (S,S)-37

   A 1.6 M solution of n-BuLi (3.4 mL. 5.57 mmol) in hexanes was added to a solution of

(S,S)-31 (2.40 g, 3.48 mmol) in dry THF (1oo mL) over a 25 min period at -78 eC under

nitrogen. After being stirred for 2 h at the same temperature, 10 mL of water was added

dropwise to the reaction mixture at -78 OC and the mixture was stirred for an additional 1 h at

the same temperature. The reaction rnixture was warmed to room temperature and extracted

with a solvent containing hexane and ethyl acetate. The combined extracts were washed with

water and dried over anhydrous MgS04. The solyent was removed under reduced pressure

and the residue was chromatographed on silica gel (hexane:ethyl acetate) to give (S,S)-37

(1.44 g, 689o yield) as a colorless oil: [a].26=+60.0 (c 1.03, CHCI,); IR (neat) 2866, 1594,

1453, 1347, 1249, 1105, loo6, 950, 788, 760, 703 crn-i; iH NMR (CDCI,, 270 ,MH) 6

3.49-3.78 (m, 24H, CH,), 3.85 (s, 3H, OCH,), 4.63 (dd, J=3.2, 8.2 Hz, 2H, OCH(Ph)CH,),

4.68 (s, 4H, benzylic CH,), 7.IO (t, J=7.2 Hz, IH, MeOArH), 7.28-7.41 (m, 12H, C6Hs and

MeOArH); i3C NMR (CDCI,, 67.8 MHz) 6 62.79, 68.31, 68.88, 70.62, 70.63, 70.74, 70.75,

75.22, 82.l2, 123.98, 126.85, 127.75, 128.31, 129.65, 131.47, 139.23, 156.53; MS (FAB) m/z

611 (M+H)', 633 (M+Na)'; HRMS (FAB) calcd for C,,H,,,O,Na (M+Na)' 633.3040; found

633.302l.

(5S22S)-30-Hydroxy-5,22-diphenyl-3,6,9,12,15,18,2124-octaoxabicyclo(24.3.1]-

triaconta-1(29),26(30)27-triene (S,S)-38

   To a suspension of sodium hydride (609o in mineral oil, 3.05 g, 35.3 mmol) in dry DMF

(100 mL) was added slowly ethanethiol (4.2 mL, 57 mrnol) with ice-cooling. After hydrogen

evolution ceased, a solution of (S,S)-37 (1.40 g, 2.29 mmol) in dry DMF (50 mL) was added

to the resu}ting clear solution. The reaction mixture was stirred for 2 h at 80 OC, cooled to

5 OC, neutralized with hydrochloric acid and extracted with CHC13. The combined extract was

washed with aqueous solution of'sodium hypochorite, washed with water, and dried over

anhydrous MgS04. The solvent was removed under reduced pressure, and the residue was

chromatographed on silica gel (hexane:ethyl acetate) to give (S,S)-38 (O.409 g, 3e9e yield) as

a colorless oil: [ct].26=+55.8 (c l.06, CHCI,); IR (neat) 3361, 2866, 1598, 1453, 1348, 1223,

1 104, 758, 703 cm'i; iH NMR (CDCI.,, 270 MHz) 6 350-3.77 (m, 24H, CH,), 4.65 (dd, J=4.0,
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8.2 Hz, 2H, OCH(Ph)CH,), 4.72, 4.76 (AB, J=12.1 Hz, Av=12.4 Hz, 2H, benzylic CH,), 6.80

(t, J= 7.7 Hz, IH, phenol ring CH), 7.10 (d, J= 7.7 Hz, 2H, phenol ring CH), 7.28-7.35 (m,

10H, C,H,), 8.oo (s, IH, phenolic OH); i3C NMR (CDC13, 67.8 MHz) 6 68.67, 70.39, 70.59,

70.66, 70.75, 70.81, 75.08, 81.57, l19.25, 124.23, l26.91, 127.88, 128.33, l28.36, 138.83,

154. 17; MS (FAB) m/z 597 (M+H)', 619 (M+Na)'; HRMS (FAB) calcd for CssH4sOg (M+1)'

597.3064; found 597.3047.

(5S,22S)-30-Hydroxy-8-nitre-512-diphenyl-3,6,9,12,15,18,2124-ectaoxabicyclo-

[243.1]triaconta-1(29>26(30),27-triene (S,S-11

   A solution of sodium nitrite (160 mg, 2.27 mmol) in water (1oo mL) and 1.0 N nitric acid

(5 mL) was added to a solution of (S,S)-38 (330 mg, O.553 mmol) in CHCI, (80 mL)

successively. The mixture was then stirred vigorously for 1 h at room temperature. The

reaction mixture was neutralized with saturated aqueous solution of sodiurn

hydrogencarbonate and the CHC13 layer was separated. The organic phase was washed with

water and dried over anhydrous MgS04. After the solvent was removed under reduced

pressure, the residue was purified by on silica gel (hexane:ethyl acetate) followed by alumina

(CHC],) to gl've (S,S)--11 (149 rng, 429o yield) as a yel}ovv oil: [ct]i7=+50.5 (c O.84, CHCI,);

IR (neat) 3282, 2868, 1595, 1520, 1453, 1338, 1100, 751, 703 cm-i; iH NMR (CDCI3, 270

MHz) 6 3.49-3.79 (m, 24H, CH,), 4.67 (dd, J=4.7, 6.7 Hz, 2H, OCH(Ph)CH,), 4.75, 4.82 (AB,

J=12.7 Hz, Av=l9.3 Hz, 4H, benzylic CH,), 7.27-7.41 (m, 10H, C,H,), 8.08 (s, 2H, phenol

ring CH), 9.24 (IH, s, OH); '3C NMR (CDCI,, 67.8 MHz) 6 68.52, 69.60. 70.55, 70.61, 70.68,

75.36, 81.67, 123.91, 125.29, 126.83, 128.08, 128.46, 138.25, 140.18, 159.56; MS (FAB) m/z

642 (M+H)', 664 (M+Na)'; HRMS (FAB) calcd for C,,H.NO,, (M+H)' 642.2914; found

642.2908.

(5S,19S)-27-Methoxy-5,19riiphenyl-3,6,9,12,15,1821-heptaoxabicycl"

[21.3.1]heptacosa-1(26)23(27),24triene-2S-carboxylic acid (S,S)-14

   A 1.6 M solutjon of n-BuLi (4.7 tnL, 7.56 mmol) in hexanes was added to a solution of

(S,S)-30 (1.28 g, l.99 mmol) in dry THF (80 mL) over a 20 min period at -86 OC under

nitrogen. After being stirred for 1.5 h at the same temperature, gaseous CO, was introduced to

the reaction vessel by bubbling through a glass tube. After an additional 5 h stirring, 5 mL of

1N HCI was added dropwisg to the reaction mixture at --86 OC and the mixture was stirred for
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an additional 2' h at the same temperature. The reaction niixture was warmed to room

temperature and extracted with CHC13. The combined extracts were washed with water and

dried over anhydrous MgS04. The solvent was removed under reduced pressure and the

residue was chromatographed on silica gel (hexane:ethyl acetate) to give (S,S)-14 (O.384 g,

329o yield) as a colorless oil: [a].23=+48.5 (c 1.02, CHCI3); IR (neat) 2856, 17l4, l461, 1376,

1203, l116, 1002, 760, 703 cm-'i; iH NMR (CDCI,, 270 MHz) 6 3.45-3.80 (m, 20H, CH,),

4.05 (3H, s, OCH,), 4.65 (dd, J=3.0, 8.2 Hz, 2H, OCH(Ph)CH,), 4.71, 4.77 (AB, J= 11.5 Hz,

Av=17.2 Hz, 4H, benzylic CH,), 7.27-7.39 (m, IOH, C,H,), 8.13 (s, 2H, MeOArH); i3C NMR

(CDCI,, 67.8 MHz) 5 63.45, 68.45, 68.74, 70.60, 70.62, 70.70, 75.33, 82.33, 124.94, 126.73,

127.76, 128.31, 131.99 132.31, 138.86, 161.64, 170.29; MS (FAB) mlz 611 (M+H)', 633

(M+Na)'.

5-Bromo-1,3-bis[(4R)-hydroxy-4-phenyl-2-oxabutyl]-2-methoxybenzene (R,R)-25

   In a manner similar to that described for the preparation of (S,S)--25, treatment of (R)-(-)-•

16 (18.3 g, 91.5 mmol) with 24 (14.0 g, 41.6 mmol) and sodium hydride (609e in mineral oi},

4.87 g, O.122 mol) followed by deprotection gave (R,R)-25 (l7.2 g, 949e) as a yellow oil after

chromatography on silica gel (hexane:ethyl acetate): [or].26=-26.3 (c l.Ol, CHCI,); IR (neat)

3437, 2903, 1454, 1358, 1212, 1119, 10on, 760, 701 cm-i; iH NMR (CDCI,, 270 MHz) 6 2.91

(bs, 2H, OH), 3.53-3.71 (m, 4H, CHD, 3.70 (3H, s, OCH3), 4.58 (s, 4H, benzylic CH2), 4.92

(dd, J=3.2, 8.5 Hz, 2H, OCH(Ph)CH,), 7.24-7.38(m, C,H,), 7.47 (s, 2H, OMeArH); MS

(FAB) m,(z 487 (M+H)'.

5-Bromo-2-methoxy-1,3-bis((4R)-(methoxymethoxy)4-phenyl-2-oxabutyl]benzene (R,R)-

39

   LiBr•H,O (4.40 g, 24.6 mmol) and TsOHeH,O (3.10 g, 30.7 mmol) were added

successively to a solution of (R,R)--25 in formaidehyde dirnethyl aceta1 (70 mL). After stining

for 2 days at room temperature, the reaction mixture was extracted with ethyl acetate, and

combined extracts were washed with water and dried over anhydrous MgS04. After the

solvent was removed under reduced pressure, the residue was chromatographed on si}ica gel

(hexane:ethyl acetate) to give (R,R)-39 (3.39 g, 509o yield) as a yellow oil: [ct].26=-95.1 (c

O`98, CHC13); IR (neat) 2890, 1455, 1359, 1212, 1IS2, 1104, 1035, 919, 760, 702 cm-'; 'H

NMR (CDCI,, 3oo MHz) 53.32 (dd, J=7.7, 10.4 Hz, 2H, OCH(Ph)CH,), 3.37 (s, 6H,
              (
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ocH,OCH,), 3.61 (3H, s, ocH,), 3.76 (dd, JÅ} 4.0, 10.4 Hz, 2H. OCH(Ph)CH,), 4.55 (s, 4H,

benzylic CH,), 4.60, 4.65 (AB, J=6.2 Hz, Av= 1 1.7 Hz, 4H. ocH,OCH,), 4.86 (dd, J=4.0, 7.7

Hz, 2H, OCH(Ph)CH,), 7.23-7.36 (m, 10H, C,H,), 7.44 (s, 2H, MeOArH); MS (FAB) mifz

575 (M+H)'.

2-Methoxy-1,3-bis((4R)-(methoxymethoxy)-4-phenyl-2-oxabutyl]benzene(R,R)-40

   A 1.6 M solution of n-BuLi (O.43 mL, O.65 mmol) in hexanes was added to a solution of

(R,R)-39 (248,mg, O.43 mmol) in dry THF (5 mL) over a5 min period at -78 eC under

nitrogen. After being stirred for 20 min at the same temperature, 1 mL of water was added

dropwise to the reaction mixture at -78 OC and the mixture was stirred for an additional 1 h at

the same temperature. The reaction mixture was warmed to rcom temperature and extracted

with a solvent containing hexane and ethyl acetate. The combined extracts were washed with

water and dried over anhydrous MgS04. The solvent was removed under reduced pressure

and the residue was chromatographed on silica gel (hexane:ethyl acetate) to give (R,R)-40

(153 mg, 719e yield) as a yellow oil: [ct].26= -I03.2 (c O.64, CHCI,); IR (neat) 2888, 1594,

l455, 1366, 1213, 1l52, 1104, I037, 919, 759, 701 cm-'t; iH NMR (CDCI,, 270 MHz) 6 3.35

(s, 6H, ocH,OCH,), 3.62 (dd, J=7.8, 10.4 Hz, 2H, ocH(Ph)CH,), 3.65 (3H, s, OCH,), 3.77

(dd, J=4.0, IO.4 Hz, 2H, OCH(Ph)CH,), 4.59-4.68 (m, 8H, benzylic CH2 and OCH2ocH3),

4.86 (dd, J=4.0, 7.8 Hz, 2H, OCH(Ph)CH,), 7.06 (t, J=7.5 Hz, 1H, MeOArH), 7.24-7.34 (m,

l2H, OMeArH and C,H,); MS (FAB) mlz 519 (M+Na)'.

1,3-Bis[(4R)-hydroxy-4-phenyl-2-oxabutyl]-2-methoxybenzene (R,R)-41

   A O.1 mL of 6 N HCI was added to a solution of (R,R)-40 (898 mg, l.80 mmol) in

methanol with ice-cooling. After being stirred for 2 days at room temperature, an aqueous

solution of sodium hydrogencarbonate was added to the reaction mixture. After extraction

with ethyl acetate, the extract was washed with water and dried over anhydrous MgS04. The

solvent was removed under reduced pressure and the residue was chromatographed on silica

gel (hexane:ethyl acetate) to give (R;R)-41 (535 mg, 729o yield) as a yellow oil: [oc]D26=-38.5

(c 1•08, CHCI3); IR (neat) 3443, 2863, l595, 1455, 1359, 1212, ll02, 903, 761, 701 cm-'; iH

NMR (CDCI,. 3oo MHz) 52.93 (s, 2H, OH), 3.55 (dd, J=8.6, 9.8 Hz, 2H, ocH(Ph)CH,),

3.69 (dd, J=3.2, 9.8 Hz, 2H, OCH(Ph)CH,), 3.77 (3H, s, OCH,), 4.65 (s, 4H, benzylic CH2),

4.92 (dd, J=3.2, 8.6 Hz, 2H, OCH(Ph)CH,), 7.13 (t, J=7.4 Hz, IH. MeOArH), 7.24-7.40 (m,
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12H, MeOArH dnd C,H,); MS (FAB) m/z 409 (M+1)'.

2-Hydroxy-1,3-bis[(4R)-hydroxy-4-phenyl-2-oxabutyl]benzene (R,R)-42

   To a suspension of sodium hydride (609o in mineral oil, 546 mg, 13.7 mmol) in dry DMF

(30 mL) was added slowly ethanethiol (2.0 mL, 27 mmol) with ice-cooling. After hydrogen

evolution ceased, a solution of (R,R)-41 (465 mg, 1.1O mmol) in dry DMF (50 mL) was added

to the resulting clear solution. The reaction mixture was stirred for 2 h at 80 OC, cooled to

5 OC, neutralized with hydrochloric acid and extracted with CHCI,. The combined extract was

washed with aqueous solution of sodium hypochorite, washed with water, and dried over

anhydrous MgSO,. The solvent was removed under reduced pressure, and the residue was

chromatographed on silica gel (hexane:ethyl acetate) to giye (R,R)-42 (341 mg, 769o yield) as

a colorless oil: (ct].26=-73.1 (c 1.01, CHCI,); IR (neat) 3376, 2864, 1598, 1464, 1358, 1219,

ll03, 901, 756, 701 cm-i; iH NMR (CDCI,, 3oo MHz) 6 3.50 (dd, J=8.8, 10.3 Hz, 2H,

OCH(Ph)CH,). 3.56 (s, 2H, OH), 3.63 (dd, J=3.2, IO.3 Hz, 2H, OCH(Ph)CH,), 4.62, 4.63

(AB, J=12.4 Hz, Av =2.3 Hz, 4H, benzylic CH,), 4.84 (dd, J=3.2, 8.8 Hz, 2H, ocH(Ph)CH2),

7.07 (d, J--7.7, Hz, 2H, pheno{ ring CH), 7.40 (t, J=7.7 Hz, IH, phenol ring CH), 7.{8-7.30

(m, 10H, C6Hs), 7.94 (s, 1H, phenolic OH); MS (FAB) m/z 395 (M+1)'.

2-Hydroxy-1,3-bis[(4R)-hydroxy-4-phenyl-2-oxabutyl]-5-nitrobenzene (R,R)-12

   A solution of sodium nitrite (538 mg, 7.80 mmol) in water (120 mL) and O.3 N nitric acid

(30 mL) was added to a solution of (R,R)-42 (750 mg, 1.9 mmol) in CHCI3 (60 mL)

successively. The mixture was then stirred vigorously for 3 days at room temperature. The

reaction mixture was neutralized with saturated aqueous solution of sodium

hydrogencarbonate and the CHCI3 layer was separated. The organic phase was washed with

water and dried over anhydrous MgS04. After the solvent was removed under reduced

pressure, the residue was chromatographed on silica gel (hexane:ethyl acetate) followed by

preparative recycling HPLC (CHCI,) to give (R,R)-12 (212 mg, 259o yield) as yellow: mp

52---53 OC; [ct].26=-29.3 (c 1.01, CHCI,); IR (KBr) 3306, 2868, 1597, 1520, l454, 1338, 1198,

1099, 909, 750, 701 cm-i; iH NMR (CDC},, 270 MHz) 6 2.74 (s, 2H, OH), 3.65 (dd, J=8.6,

10.l Hz, 2H, OCH(Ph)CH,), 3.78 (dd, J=3.2, 10.1 Hz, 2H, OCH(Ph)CH,), 4.77 (s, 4H,

benzylic CH,), 5.00 (dd, J=3.2, 8.6 Hz, 2H, OCH(Ph)CH,), 7.25-7.40 (m, 10H, C6H.,), 8.09 (s,

2H, phenol ring CH), 8.93 (s, IH, phenolic OH); MS (FAB) mlz 440 (M+1)'.
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5-Bromo-2-methoxy-IP-bis[(4R)-methoxy-4-phenyl-2-oxabatyl]benzene (R,R)-43

   A so}ution of (R,R)-25 (2.50 g, 5.10 mmol) in dry THF (50 mL) was added dropwise to a

suspension of sodium hydride (609o in mineral oil, O.620 g, l55 mmol) in dry THF (50 mL)

oyer a 3 h period at 60 eC. After the mixture was cooled to rcom temperature, iodomethane

(250 ml, 41.0 mmol) was added dropwise to the reaction mixture. After all the starting

material (R,R)-25 had been vanished as indicated by TLC, the reaction mixture was

neutralized with water and 6 N HCI with ice cooling. After excess iodomethane and the

so}vent were removed under reduced pressure, the residue was extracted with ethyl acetate.

The extract was dried over anhydrous MgS04 and the solvent was removed under reduced

pressure. Chromatography on silica gel (hexane:ethyl acetate) of the residue gave (RJ?)-43

(2.30 g, 869o yield) as a yellovv oil: [oe].26=-34.7 (c O.94, CHC},); IR (neat) 2930, 1455, 1357,

1210, 1106, IOCM•, 873, 759, 701 cm-'t; :H NMR (CDCI,, 4oo MHz) 6 3.30 (s, 6H, ocH,),

3.56 (dd, J=7.7, 10.4 Hz, 2H, OCH(Ph)CH,), 3.63 (3H, s, ArocH,), 3.70 (dd, J=3.8, 10.4 Hz,

2H, OCH(Ph)CH.), 4.41 (dd, J=3.8, 7.7 Hz. 2H.OCH(Ph)CH,), 4.51, 4.59 (AB, J=8.4 Hz,

Av=20.6 Hz. 4H, benzylic CH,), 7.25-7.40 (m, 10H, C,Hr,), 7.43 (s, 2H, MeOArH); MS

(FAB) nw(z 515 (M+H)'.

2-Methoxy-IP-bis[(4R)-methoxy-4-phenyl-2-oxabutyl]benzene (R.R)-44

   A 1.6 M solution of n-BuLi (O.90 mL, 1.44 mmol) in hexanes was added to a solution of

(R,R)-43 (5oo mg, O.970 mmol) in dry THF (10 mL) oyer a 15 min period at -78 OC under

nitrogen. After being stirred for 15 min at the same temperature, 3 mL of water was added

dropwise to the reaction mixture at -78 OC and the mixture was stirred for an additional 1 h at

the same temperature. The reaction mixture was warrned to rcom temperature and extracted

with a solvent containing hexane and ethyl acetate. The combined extracts were washed with

water and dried over anhydrous MgS04. The solvent was removed under reduced pressure

and the residue was chromatographed on silica gel (hexane:ethyl acetate) to give (R,R)-44

(290 mg, 759o yield) as a yellow oil: [ct],26=-50.4 (c O.52, CHCI,); IR (neat) 2931, l455,

1358, l245, 1103, 1oo6, 760, 701 cm'i; !H NMR (CDCI,, 4oo MHz) 6 3.29 (s, 6H, OCH,),

3.54 (dd, J=7.8, 10.3 Hz. 2H, OCri(Ph)CH,), 3.67 (3H, s, ArOCH,), 3.70 (dd, J=3.9, 10.3 Hz.

2H, ocH(Ph)CH,), 4.41 (dd, J=3.9, 7.8 Hz, 2H,OCH(Ph)CH,), 4.57, 4.65 (AB, J=7.9 Hz.

Av=20.6 Hz, 4H, benzylic CH,), 7.06 (t, J=7.6 Hz, MeOArH), 7.23----7.35 (m, 12H,

OMeArH and C,H,); MS (FAB) mlz 43S (M'-H).

36



2-Hydroxy-1,3-bis[(4R)-methoxy-4-phenyl-2-oxabutyl]benzene (R,R)-45

   To a suspension of sodiurn hydride (609o in mineral oil, 367 mg, 9.IO mmol) in dry DMF

(15 mL) was added slowly ethanethiol (O.8 mL, 10 mmol) with ice-cooling. After hydrogen

evolution ceased, a solution of (R,R)-44 (2oo mg, O.46 mmol) in dry DMF (5 mL) was added

to the resulting clear solution. The reaction mixture was stjrred for 3 h at 80 OC, cooled to

5 OC, neutralized with hydrochloric acid and extracted with CHC13. The combined extract was

washed with aqueous solution of sodium hypochorite, washed with water, and dried over

anhydrous MgS04. The solvent was removed under reduced pressure, and the residue was

chromatographed on silica gel (hexane:ethyl acetate) to giye (R,R)-45 (l44 mg, 749o yield) as

a colorless oil: [oc].26.535 (c O.2, CHCI,); IR (neat) 3361, 2865. 2825, 1597, 1492, l454,

1356, l223, 1095, 869, 759, 701 cm-C; iH NMR (CDCI,., 400 MHz) 5 3.30 (s, 6H, OCH,),

3.61 (dd, J=7.9, 10.6 Hz, 2H, OCH(Ph)CH,), 3.70 (dd, J--3.7, 10.6 Hz, 2H, OCH(Ph)CH,),

4.44 (dd, J=3.7, 7.9 Hz. 2H,OCH(Ph)CH,), 4.68, 4.72 (AB, J=12.4 Hz, Av=l2.1 Hz, 4H,

benzylic CH,), 6.80 (t, J=7.4 Hz, phenol ring CH), 7.11 (d, J=7.7 Hz, 2H, phenol ring CH),

7.25--7.38 (m, 10H, C,H,), 7.76 (s, IH, phenolic OH); MS (FAB) m/z 423 (M+H)'.

2-Hydrexy-1,3-bis[(4R)-methoxy-4-phenyl-2-oxabutyl]-5-nitrobenzene (R,R)-13

   A solution of sodiurn nitrite (ll6 mg, 1.68 mmol) in water (20 mL) and O.3 N nitric acid

(5 mL) was added to a solution of (R,R)-45 (l73 mg, O.409 mmol) in CHCI, (20 mL)

successively. The mixture was then stirred vigorously for 3 days at room temperature. The

reaction mixture was neutralized with saturated aqueous solution of sodium

hydrogencarbonate and the CHCI, layer was separated. The organic phase was washed with

water and dried over anhydrous MgSO,. After the solvent was removed under reduced

pressure, the residue was chromatographed on silica gel (hexane:ethyl acetate) followed by

preparative recycling HPLC (CHCI,) to give (R,R)-13 (1l1 mg, 589o yield) as a yellow oil:

[ct].28=-71.0 (c 1.07, CHCI,); IR (neat) 3289, 2864, 1597, 1522, 1454, l338, 1274, 1201,

1090, 869, 816, 760, 701 cm-'t; iH NMR (CDCI,, 270 MH) 6 3.33 (s, 6H, OCH,), 3.69 (dd,

J=7.9, 10.7 Hz, 2H, OCH(Ph)CHD, 3.73 (dd, J=3.8, 10.7 Hz, 2H, OCH(Ph)CH,), 4.47 (dd,

J=3.8, 7.9 Hz, 2H,OCH(Ph)CH,), 4.72 (s, 4H, benzylic CH,), 7.32-7.57 (m, 10H, CfrHs), 8.10

(s, 2H, phenol ring CH), 8.86 (s, 1H, phenolic OH); MS (FAB) m/z 468 (M+H)'. Anal. Calcd

fOr C26H2gN07: C, 66.80; H, 6.25; N, 3.00. Found: C, 66.66; H, 6.31; N, 2.78.
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Chapter 3

Enantiomer selectivities in complexation of phenolic

crown ethers and podands with amines

3.1 Determination of association constants for complexation of crown

       ethers and pedands with amines

   In this chapter, the author describes the complexation abiiity and enantiomer selectivity

of the crown ethers and the podands, whose preparation is described in the previous

chapter, toward secondary amines and the methods for the determination of association

constants. The binding constants for the complexes were determined by the iH NMR

titration in CDCI3 followed by the non-linear ]east-squares curve fining method or by the

UV-vis titration in CHCI, followed by the Rose-Drago data treatment method.i Both the

`H NMR titration and the UV--vis titration methods can be used reliably for cornplexation

with binding constants of the observed range (K=10--102 M'T).'b'2 In the case of (R,R)-12,

howeyer, the UV-vis titration method was employed because of its limited solubility in

CDCI,.

3. 1.1 'H NMR titration method

   The phenolic crown ethers and podands are expected to form 1:I salt complexes with

amines in solution. Accordingly, host-guest complexation is expressed by the following

equilibrium.

                    H+G ,.E.iK!tl.c

   The association constant (K) of a host and a guest is expressed by Eq. I, vvith initial

concentrations of a host and a guest, and the concentration of a complex at equilibrium.

K. [C] .
    [H][G]

c

(h -- c)(g - c)
(1)

h, g: initial concentrations of a host and a guest

c: concentration of a complex at equilibrium

39



   The iH NMR speetroscopic methods are classified into two cases depending on the

difference between the exchange rate of the comp}exation equilibrium. When the rate of

host-guest complexation equi}ibrium is cornparable to the NMR time scale, since the

NMR peaks broaden and/or disappear, it is not possible to determine the association

constant precisely. On the other hand, when the rate of the host-guest complexation

equilibrium is slow enough compared to the NMR time scale or it is faster than the time

scale, it is possible to determine the binding constants.

   It turned out that all the complexation described in this thesis has faster exchange rate

than the NMR time scale. In this case, the signal due to rhe complex and the
corresponding signal of the free host are fused into one signal at the weight average

chemical shift of the free host and the complex as illustrated in Figure 3.1 .

,
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t

t

'

:
:
:
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x

:
;
:
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l-x

free host

equilibrium

complex

           tt l           tl l           -- t          6h 6 6c
Fig"re 3.1 Schematic representation for NMR spectra for fast exchanging complexation.

The signal at equilibrium appears at the weight average chemical shift depending on the

complexation ratio x, where 6, is chemicai shift of a free host and 6. is that of a complex.

   The observed chemical shift 6 is expressed by Eq. 2. Eq. 3 is derived from Eq. 1 and

Eq. 2. In Eq. 3, 6, 6,, h, and g are experimental values, while 6, and K are unknown. The

unknown 6, and K ya]ues are Qbtdjned by titration experjments followed by the curve

fitting to Eq. 3 with the non-linear least-squares curve futing method.

   As an example for the 'H NMR spectroscopic method, the spectral change of host

(S,S)-10 upon addition of N-•methylethanolamine is shown in Figure 3.2. The benzylic

protons of (S,S)-10 moye upfield on addition of the guest as shovvn in Figure 3.2. The

cajculated associatjon constant for the comp}ex is 21O M-i.
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Figure 3.2 iH NMR spectrai change (270 rvffIz) of (S,S)-10 upon addition of different
amounts of N-methylethanolamine in CDCI, at 30 OC.

                            c        6== 6h`(1-.v)+6c•x x=- (2)
                            h

        6: observed chemical shift

        6h.: chemical shift of a free host

        6,: chemical shift of a complex

        .r: ratio of a complexed hqst rerative tb total host at equilibrium

                   i (h+ g+ k) Å} (h +g+ 2)2 -4hg

        6-d+(6c-d)'z' 2 (3)
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3.12 UV-vistitrationmethod

   In contrast to the NMR titratjon, UV-visible absorption spectra of a host and a

complex are observed independent}y, since the rate of the complexation equilibrium is

slow enough compared to photoexcitation. The absorption bands of the hosts (S,S)-9,

(S,S)-10, (S,S)-11, (R,R)-12, and (R,R)-13, having a p-nitrophenol chromopohore, appeared

at 311-315 nm. Upon complexation with amines, new absorption rnaxima due to the

cornplexes appeared at 386-405 nm.

   Eq. I using with initial concentrations of a host, a guest, and a complex at equilibriurn

is transformed to Eq. 4. Since the guests haye no absorption around the 386-405 nm

region, Eq. 4 can be transformed to Eq. 5 using the Beer-LaiTibert equation with an
absorbance and the molar extinction coefficient of a complex (the Rose-Drago method).i

Accordingly, an averaged association constant and a molar absorption coefficient of a

complex are deriyed from the data calculated for a number of combinations of appropriate

concentrations of host and guest molecules.

    ft =c- (h+g)+ h3g (4S

Beer-Larnbert eqilation'

        A=&•c•l=&•c (l=lcm)

           A: absorbance of a comp}ex
          q.: molar extinction coefficient of a complex

     IA                     &•h•g     zkf=i-(h+g)+ A (5)

   As an exarnple, the spectral change of host (R,R)-12 upon addition of N-
methylethanolamine is shovvn in Figure 3.3. The presence of isosbestic point clearly

indicates the 1:1 complex formation. In this case, the association constant was calculated

from the change of absorption intensity of the complex at 386 nm to give averaged K =

220 M-i.

   To compare the binding constants determined by different 'methods, their identity

should be proved. This has been done for the complexation of pseudo-18-crown-6 having

a dinitrophenylazo group. In order to check if the data obtained by the different methods

are identical within the experimental error, the author measured binding constants of (S,S)-

10 with (S)- and (R)-enantiomers of N,a-dirnethylbenzylamine by the `H NMR titration

and the UV-vis titration methods. The binding constants of (S,S)-10 with (S)- and (R)-
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guest amines obtained by the iH NMR titration method were (1.8Å}O.1)Å~10M" and

8.8Å}O.3 M-', respectively (KslK.=2.0), and those determined by the UV-vis titration were

(2.1Å}O.3)Å~10 M'i and (l.OÅ}O.l)Å~10 M-', respectively (K,IKR=2.1), indicating that the

comparison is valid.
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Fjgure 3.3 UV-yisible spectral change of (R,R)-12 ([H]-=':4.4Å~10-5 M) upon addition of

different amounts of N-methylethanolamine ([G]=O---8.2Å~1 O-S M) in CHCI, at 30 OC.

32 Binding ability of phenolic crown ethers and podands toward
achiral secondary amines

   In order to investigate the complexation ability of the hosts toward secondary amines,

complexation of the hosts with achiral amines 46, 47, 48, 49, and 50 were examined.

Compound 46 was chosen as the one without functional group other than amiflo. An

ethanolamine derivative 48 was. selected, since it has been clarified that the hydroxy group

of ethanol amine derivatiyes participates host-guest complexation through forming
hydrogen bonding with pseudo-18-crown-6 such as (S,S)-7.3 In order to investigate the

effect of substituents on the nitrogen atom, complexation abilities toward prirnary amine

47 and tertiary amine 49 were also investigated. To examine the effect of the hydroxy

group of 48, complexation with 50 wjth a methoxy group was also investigated.

   The binding constants (K) of the complexes of the crovvn ethers (S,S)-9, (S,S)-10, and
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(S,S)-11 and podands (R,R)-12 and (R.R)-13 with achiral amines 46-SO are summarized in

Table 3.1.

46

N-CH3
H

  /-"-N
HO NH2

47

  /---'N
HO HN-CH3

ca

  /--'N
HO IN---CH3
   H3C

     49

    /V--N
H3CO HN--CH3

50

Table 3.1 Binding constants for the complexes of (S,S)-9, (S,S)--10,

(R,R)-13 with 46, 47, 48, 49, and 50.

(S,S)-11 (R,R)-12, and

(SS)-9 (S,S)-10 (S,S-11 (R,R)-12 (R,R)-13

46

47

os

49

50

(1 .4Å}O.2)Å~1O a

(9.9Å}O.5)Å~ l o3 d

(7 .9Å}1 .0)Å~1O d

<1d

(4.6Å}O. 1)Å~ lo a

(3.7Å}O.1)Å~lo2d

(2.5Å}O.I)Å~1o2d

<1 d

(2.1 Å}O 2)Å~1o d

(22Å}O.1)Å~1O

(9.5Å}O.I)Å~1O

a (1.oÅ}o.I)Å~lo2b

  (3.5Å}O.3)Å~10 d

d (2.2Å}o.2)Å~lo2d

  <1d

  (8.9Å}O.5)Å~10 d

6.2"Å}O.s c

(1 .8Å}O.2)Å~10 C

<l d

" measured by iH NMR spectroscopy (270 MHz) in CDC13 at 15 OC.

b measured by UV-yis spectroscopy in CHC13 at l5 OC.

C measured by 'H NMR spectroscopy (270 MHz) in CDC13 at 30 OC.

d measured by UV-vis spectroscopy in CHC13. at 30 OC.

   With N-methylbenzy!aTnine (46), crown ethers (S,S)-9, (S,S)-le, and (S,S)-11 form

complexes wi'th binding constants of 14 M-"`, 46 M-`, and 22 M-i, respectively at 15 OC.

Among them, pseudo-24-crown-8 (S,S)-10 shows the 1argest binding constant, suggestsng
that the cayity of (S,S)-10 fits hicely secondary amine 46. This also indicates that the

cavity of (S,S)-9 is too small for 46 while that of (S,S)-11 is tco large. In addition, it should

be pointed out that the binding constant of podand (R,R)-12 with 46 is larger than those of

crown ethers (S,S)--9, (S,S)-10, and (S,S)-11 despite the absence of the cyclic structure.

These results suggest that, as the author expected, receptors suitable for binding secondary

amines should possess macrocyclic rings which are larger thafi 18C6, or they can be an
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amines should Possess macrocyclic rings which are 1arger than 18C6, or they can be an

open chain podand. On the other hand, i.t was reported that pseudo-18-crown-6 like (S,S)-7

showed high binding ability and enantiomer selectivity toward primary ethanolamine
derivatives.` In order to investigate the effect of substituent on the nitrogen atom of

ethanolamines, the author examined the binding ability toward primary, secondary, and

teniary ethanolamine derivatives 47, 48 and 49, respectively, at 30 OC. As a result, for

primary amine 47, (S,S)-9 is the best binder. In the case of secondary amine 48, pseudo-

24-crown-8 (S,S)-10 is the best binder among the hosts examined. However, none of the

hosts bind tertiary amine 49. Again, the binding constant of podand (R,R)-12 tovvard 48 is

substantially 1arge and is similar to that of pseudo-24-crown-8 (S,S)-10. 0n the other hand,

the binding constant of podand (R,R)-13 is considerably small. In general, the binding

constants with amine 48 at 30 OC are larger than those with 46 at 15 OC which does not

have a hydroxy group, probably due to the steric repulsion of the phenyl group of 46 that

destabilizes the complex and hydrogen bonding between the phenoxide oxygen of the
hosts and the hydroxy group of 48 that stabilizes the complex.

   In order to investigate the effect of the hydroxy group of guest amines, methoxyamine

50 was employed for the complexation of (S,S)-10 and (R,R)-12, which showed
considerable binding abiliry toward hydroxyarriine 48. As a result, the binding constant of

(S,S)-10 with 50 vvas 10 times smal]er than that with 48 and that of (R,R)-12 with 50 is

less than half of that with 48. The greater stability of the complexes with 48 than those

with 50 suggests the presence of hydrogen bonding that stabilizes the former complexes.3

With regard to the absorption maxima of the cornplexes, it was reported that the

absorption maximum of the more favorable complex of azophenolic pseudo-crown ether

such as (S,S)-7 with one enantiomer guest appeared at shorter wavelength than that of the

less stable complex with the other enantiomer.` Indeed, the absorption maxima of the

complexes of (S,S)-le with 48 and 50 appear 402 and 405 nm, respectively, while those of

(R,R)-12 at 386 and 389 nm. respectiyely. These results are consistent with the presence of

hydrogen bonding between the hydroxy group of 48 and the phenoxide oxygen of the
hosts.
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3.3 Enantiomer recognition ability of phenolic crown ethers and

podand

   In order to investigate chiral recognition ability of the hosts, chiral arnines 51, 52, 53,

54, and 55 were selected as guests. N,a-djmethylpheny}ethylamine (51) has a methyl

group at the ct-position of 46 and can be regarded as its chiral derivative. Pyrrolidine

methanol (52) is a secondary ethanolamine derivative with a cyclic structure. 2-

(Isopropylamino)-2-phenylethanol (53) and 2-(isopropylarnino)-1-phenylethanol (54) have

a chiral center at ct and P position of an amino group, respectively. N-isopropyl group of

53 and 54 was selected because of the ease in preparation of both enantjomers from

commercjally ayailable materials and because of the fact that many of the biologically

active secondary arnines possess this group.5 Compound 53 is regarded as a N-

isopropylated derivative of phenylglycinol, which was reported to show excellent binding

ability and enantiomer selectivity tovvard pseudo-18-crown-6 hosts like (S,s).7.3a`"•`cT6

Many of biologically active secondary amines have a chiral center at P-position of an

amino group as shown in Figures l.1 and 1.25 like guest 54. Propranolol (55) is one of

commercially produced biologically active secondary amines, and its biological activities

are known to be different from those of the corresponding enantiomers; (S)- isomer is a P-

blocker and an arrhythmias while (R)- isomer is a contraceptive.

   The binding constants and the enantiomer selectivity of the hosts were determined for

hosts (S,S)--le, (S,S)-11, and (R,R)-12 wjth the chiral amjnes (Table 3.2). The
measurements were carried out at 15 OC because of the relatively small binding constants

at 30 OC except for the case of 52. Both enantiomers of 51, 52, and 55 are commercially

l 'c ,,

 A

tht3

N-CH3
H

HO/"VV<:N)

      H

     4---N

HO HhF--<

51 52 53

tu -

HO HN-< 4
tu

/- \-
plX

     OH4I
ts

54 55
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available. Amiries 53 and 54 were prepared by N-isopropylation of the corresponding

primary amines according to the reported procedure.'

Table 3.2 Binding constants and enantiomer selectivities in complexation of (S,S)--9, (S,S)-

le, (S,S)-11, and (R,R)-12 with 51, 52, S3, 54, and 55.

(s,s)-g a (s,s-le (s,s)-11 a (R,R)-12 b

51c

52d

53c

54 c

55c

Ks

K.

KYK.

Ks

KR

Ks/KR

Ks

K.

Ks/KR

Ks

KR

Ks/KR

Ks

K.

KYK.

<1

<1

(1.8Å}O.I)Å~1o n

8.8Å}o.3 a

2.0

(1.6Å}O.1)Å~1o2 b

(1.3 tO.1)Å~1o2 b

1 .2

<1 a

<1 a

(1.6Å}O.1)Å~1Oa

(2.6Å}O. 1)Å~10 u

O.6

(5 3Å}O. I )Å~1O a

(3.1Å}O.2)Å~1oa

1.7

7.5Å}O.2

4.5Å}O.2

1.7

(1.8Å}O.1)Å~1O

(l.5Å}O.1)Å~1O

l .2

(l .OÅ}O.1)Å~l02

(7.2Å}O.2)Å~10

1.4

(9.8Å}O.7)Å~102

(8.9Å}O.7)Å~102

Ll

(5.3Å}O.2)Å~10

(4.7Å}O.5)Å~10

1.1

(3.1Å}O.2)Å~102

(l.8Å}O.1)Å~102

l.7

(2.3Å}O.1)Å~102

          o(3.7Å}O.1)Å~1O-

O.6

a measured by 'H NMR spectroscopy (270 MHz) in CDCI3.

b measured by UV-yisible spectroscopy in CHC13.

Cmeasured at l5 eC.

d measured at 30 eC.

   First, the binding abMty and'enantiomer selectiyity of (S,S)--9, (S,S)-10, (S,S)-11, and

(R,R)-12 toward 51 are compared. While pseudo-18-crown-6 (S,S)-9 formed a complex

with achiral amine 46 with a binding constant of 14 M-', it did not bind S and R

enantiomers of 51 (K<1 M"). Thus, the introduction of a methyl group in the guest amine

rgduced the binding ability of (S,S)-9 dramatically, suggesting a severe steric repulsion

between the ct-methy] group of 51 and the host. Because of the small binding ability of
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(S,S)-9 toward'this'chiral secondary amine, its binding constants with other chiral

secondary amine were not determjned. With pseudo-24-crown-8 (S,S)-10, aithough the

binding constants vvith S aBd R enantiomers of 51 were considerably reduced (18 and 8.8

Mm', respectively) compared to that with 46, moderate degree of enantiomer selectivity

was observed (KYKR=2.0). Similarly, pseudo-27-crown-9 (S,S)-11 exhibited moderate

degree of enantiomer selectivity (K,IK.= 1.7). In contrast to crown ethers (S,S)-9, (S,S)-10,

and (S,S)-ll, the binding constants of podand (R,R)-12 with 51 (Ks=1oo M-i, K.=72 MV')

scarcely decreased from that with achiral amine 46, resulting in the relatively low

enantiomer selectjvjty (Ks/K.= 1 .4). The binding constants of pseudo crown ether (S,S)-10

and podand (R,R)-12 with 52 were next examined. In both cases, although the binding

constants are larger than those with 51, enantiomer selectivities are relatively small. The

binding constants toward 53 and 54 were also measured by using hosts (S,S)-10 and (R,R)-

12 which showed relatively high binding abiliry toward 51. However, (S,S)-10 did not

bind both enantiomers of a-substituted 53 (K<l M-'). On the contrary, (S,S)-10 formed

complexes with S and R enantiomers of B-substituted 54 with binding constants 16 M-i

and 26 M-', respectively, and moderate degree of enantiomer selectivity (KYK.-r=•O.6) was

observed. For podand (R,R)-12, although it binds ct-substituted 53, the enantiomer

selectiyity is marginal. On the other hand, its binding constants with S and R enantiomers

of l3-substituted 54 are considerably large, and moderate degree of enantiomer se}ectivity

(KYK.=1.7) is observed. The re]atively low binding abilities of (S,S)-10 and (R,R)-12

toward 53 suggest a severe steric repulsion between the a-phenyl group and the host.

Since (S,S)-10 and (R,R)-12 showed relatively high binding constants and enantiomer

selectivities toward B-substituted ethanolamine 54, we employed propranolol (5S) as a

guest, which is one of the well-known biologically active arninoaicohols possessing a

hydroxy group on a chiral center at B-position of the amino group. In this case, pseudo-27-

crown-9 (S,S)-11 was a}so examjned in addition to (S,S)-10 and (R,R)-12. As we expected,

(S,S)-10 and (R,R)-12 showed relatively high binding ability and moderate degree of

enantiomer selectivity (KYK,=1.7 and O.6, respectively). In the case of (S,S)-11, however,

both the binding constants and enantiomer selectivity are smaller.

3.4 Interpretation of enantiomer selectivities in complexation of

phenolic crown ethers and podands with secondary amines

   Regarding the predictable RIS-selectivities of pseudo-18-crown-6 ethers governed by

enthalpy,6 Naemura, Hirose, and Tobe have proposed an explanation in terms of a steric

repulsion between the ligand of the amine and the hosts on the basis of CPK molecular

model examination of the complex. The enantiomer selectivities of (S,S)-10 and (R.R)-12

are interpreted on the same ground. AIthough both hosts (S,S)-10 and (R,R)-12 have more

fiexib}e structures than that of pseudo-18-crown-6, moderate enantiomer selectivities of
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(S,S)-10 and (R,R)-12 were observed toward arnines 51, 54,'and 55 (Ks/KR>1.7 or <O.6)

except for the combination of (R,R)-12 with Sl.

   In Figure 3.4 (a), predicted geometries 56 and 57 are illustrated for the complexes

(S,S)-10 : (S)-51 and (S,S)-10 : (R)--51, respectively, assuming the following issues: (i) The

pheoxide oxygen atom participates in binding the amine. (ii) The phenyl substituents of

the host occupy a pseudo-equatrial positions,8 making the O-6 oxygen (shown by the

arrow in Figure 3.4 (a)) forrn O•••H-N' hydrogen bond with the ammonium cation nested

on the cavity of the crown ether. (iii) The protonated amine (51H') adopts a conformation

in which the bulkiest groups are located in anti position. On the basis of these assumptions,

two hydrogen atoms on arnmonium nitrogen of (S)-51H' form hydrogen bondings with

phenoxide oxygen and O-6 oxygen. The position of the methyl group on nitrogen atom is

then on the 11 o'clock position. Consequently, the phenyl group of (S)51H' is located at

the anti position of the N-methyl group, thereby adopting the 5 o'clock position. Thu's, in

complex 57, the ct-methyl group of (S)-51H' is located at the less hindered 9 o'clock

position of (S,S)-10 and the smal}est group on lhe or-positjon (hydrogen atom) js located at

the most congested 2 o'clock position. On the other hand, in the case with (R)--51H', the

complex must be destabilized because either of the following two requirements cannot be

satisfied: (i) The bulkiest phenyl group is located at the anti position of the N-methyl

group. (ii) The smallest group (hydrogen) is located at the most conjested 2 o'clock

position. If the bulkiest phenyl group is located at less hindered 5 o'clock position, the

second requirement is not fu1fi}led. The conformer shown as 57 having phenyl group at the

9 o'clock position does not fulfill the first requirement. On the basis of these conditions,

the enantiomer selectivity of (S,S)-10 toward (S)--51 can be explained.

   The predicted geometries 58 and 59 are illustrated for complexes (S,S)-10 : (R)-54,

(S,S)-10:(S)-55, (S,S)-10:(S)-54, and (S,S)-10:(R)-55 (Figure 3.4 (b)). Here, in addition

to the assumptions to draw the geometries of the complexes 56 and 57, hydrogen bonding

of the hydroxy group of the ethanolamjne with the phenoxide oxygen atom of the host is

taken into account. With this assumption in mind, the R/S selectivjties of 54 and 55 are

interpreted as arising from steric repulsion between the substituent on the B-position of

amine and phenyl barrier. As shown in Figure 3.4 (b), complex 58 must be more stable

than complex 59. The R/S selectivities of the combination of podand (R,R)-12 with

ethanolamine derivatives 54 and 55 are analogously rationalized (Figure 3.4 (c)). Complex

60 ((R,R)-12:(R)-54 and (R,R)-12:(S)-55) should be destabilized compared to the

diastereomeric complex 61 ((R,R)-12 : (S)-54 and (R,R)-12 : (R)--55) by the steric

interaction between the substituent R and the phenyl banier of the host.
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Figure 3.4 Predicted geometries of complexes 56, 57, 58, 59, 60, and 61,
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   In order to obtain spectroscopic support for the above eXplanation, 'H NMR spectra

were examined in detail. However, in the case of podand (R,R)-12, because of its limited

solubility, the iH NMR investigations were not undertaken. For the complexes of (S,S)-10,

though the author first attempted to measure NOE between the host and guest protons, it

was not possible to observe NOE probably due to the presence of many conformers other

than those shown in Figure 3.4 which are exchanging rapidly. Consequently,
complexation induced shifts (CISs), the difference between the chemical shifts of

uncomp}exed host (or guest) and those of complexed host (or guest), were next calculated.

The data obtained for complexes 56 and 57 are shown in Figrure 3.5. Here the signals of

proton H5 and H19, H23 and H22or, and H2ct and H22B exchange each other rapidly on

the NMR tirne scale, that the signals appear as time-averaged ones. With regard to

complexes 58 and 59, however, usefu1 CIS data were not obtained because the aromatic

ring of guest is not located close enough to induce anisotropoic effect.

   In complexes 56 and 57, CISs of H2B and H22P show large negative values. To

confirm if the large negative values of CISs of H2B and H22P are due to the anisotropic

shielding effect of the guest amines or not, the CISs were calculated for complexes of

(S,S)-10 with N-methylisopropylamine that has no aromatic ring. Since both of H2S and

H22P of the complex between (S,S)-10 and N-methylisopropylamine show Iarge upfield

shifts (-O.45 and -O.24 pprn, respectively), the }arge upfield shift of H2P and H22P for the

complexes 56 and 57 are ascribed te conformational change of the nitrophenol moiety

upon complexation. Therefore, CISs of H2P and H22Bare not suitable to probe the

anisotropic shielding effect of an aromatic ring on guest molecuies. On the other hand,

CIS of H19 caused by complexation with N-methylisopropylarnine is small (-O.08 pprn)

because it is not close to the nitrophenol moiety. For the reason described above, proton

H19 js sujtable to probe the anisotropic shielding effect of the phenyl ring of guest 51H'.

As shown in Figure 3.S, proton Hl9 shows larger upfield shift with (R)-51 than that with

(S)-51 (zSR.sCIS=-O.1 l), indicating that it suffers anisotropic shielding from phenyl ring of

(R)-51 more effectively than that from (S)-51. These results are in agreement with the

proposed conformations shown in Figure 3.5.
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Figure 35 Observed complexation induced shifts (CISs) of H22P, H19, and H2P for

complexes of 56 and 57. CISs of H2ct, H5, and H22ct which are time-ayeraged with those

of H223, Hl9, and H2B, respectively, are not shown.

3.5 Conclusion

   There exist many biologically active secondary amines as with primary amines and

their actiyities are different from the corresponding enantiomers. Despite the abundance of

reports on chiral recognition of primary amines, little has been reported about chiral

recognition of secondary arnines. In this connection, the author embarked a project to

prepare host molecules capable of not onJy binding secondary amines but also recognizing

their chirality.

   The author designed chiral pseudo-crovvn ethers such as pseudo-24-crown--8 (S,S)-10

and pseudo-27-crown-9 (S,S)-11 having a p-nitrophenolic hydroxy group and a
macrocyclic ring larger than that of pseudo-l8-crown-6 ethers, which have been shown to

possess exceHent binding and chjral recognition abilities toward primary amines.

Moreover, more flexible podands such as (R,R)-12 and (R,R)-13 with an open chain

                                                                     ,structure were also designed. The synthesis ofthe hosts was efficiently undertaken startmg

from the commercially available (S)- and (R)-mandelic acid. The binding and chiral

recognition abilities of hosts toward secondary amines were next investigated. Pseudo-24-

crown-8 (S,S)-10 and podand (R,R)-12 turned out to be better binders for secondary

amines !han the other hosts. Moreover, hosts (S,S)-10 and (R,R)-12 showed moderate

degree of chiral recognition abilities toward a few secondary amines. The explanations in

terms of a steric repulsion between the ligand of the amine and the hosts on the basis of

CPK mo}ecular model examination of the complex was proposed, which was supported by

the NMR spectroscopic observations. In addition, in order to apply to the chiral stationary
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phase for secondary amines, (S,S)-14 having a carboxyl grouP at the para position of the

inner methoxy group was prepared.

   The author hope not only that some of the compounds inyestigated in this thesis would

find their useful application in various areas in near future, but also that the results on the

whole would contribute to the development of host-guest chemistry particularly in the area

of chiral recognition.

3.6 Experimenta1 section

3.6.1 Synthesisefchiralsecondaryamines

(R)-2-(lsopropylamino)-2-phenylethanol (R)-53

   To a solution of (R)-2-amino-2-phenylethanol (9oo mg, 6.56 mmol) in ethanol (10

mL), acetone (1.2 mL, 10.9 mmol) was added and the reaction mixture was stirred for 30

min at room temperature. After all the staning arnine had been vanished as indicated by

gas chromatography, sodium borohydride (370 rng, 9.78 mmol) was added with ice-
cooling. After being stirred for 30 min, 1 N HCI was added dropwise to adjust the solution

to pH 1, and the solvent was removed under reduced pressure. 5 M aqueous KOH solution

was added to adjust the solution to pH 1 1, and the mixture was extracted with CH2C12. The

solution was dried over anhydrous MgS04 and the solvent was removed under reduced

pressure. The crude product was recrystallized from hexane to give (R)-53 (980 mg, 839e

yield) as colorless prisms: mp 76-78 OC; [ct].3i=--68.7 (c 1.05, EtOH); IR (KBr) 3270,

1472, 1169, 1134, 1064, 1041, 701 cm'i; 'H NMR (CDCI,, 270 MHz) 6 1.02 (d, J=6.2 Hz,

3H, CH,), 1.04 (d, J=6.2 Hz, 3H, CH,), 2.68-2.82 (m, IH, CH(CH,),) 3.46 (dd, J=8.7, 11

Hz. IH. CH,OH), 3.67 (dd, J=4.7, 11 Hz, IH, CH,OH), 3.86 (dd, J-.4.7, 8.7 Hz, IH,

CHPh), 7.24--7.38 (m, 5H, C,H.,); MS (EI) ndz 148 (M'-CH,OH). Anal. Calcd for
CiiHi7NO: C, 73.70; H, 9.56; N, 7.81. Found: C, 73.84; H, 9.65; N, 7.87.

(S)-2-(Isopropylamino)-2-phenylethanol (S-53

   In a manner similar to that described for the preparation of (R)-53, reaction of (S)-2-

amino`-2-phenylethanol (1 .oo g, 7.29 mmoi) with acetone followed by sodium borohydride

gave (S)-•53 (O.925 g, 779e yield) as colorless prisms after recrystallization: mp 76--78 OC;

[ct]D3i= +66.7 (c O.91, EtOH); IR :(KBr) 327o, 1472, 1l69, l134, 1064, 1041, 701 cm"; 'H

NMR (CDCI,, 270 MHz) 6 1.02 (d, J=6.2 Hz, 3H, CHCH,), 1.04 (d, J=6.2 Hz, 3H,
CHCH,), 2.67-2.81 (m, IH, CH(CH,),), 3.46 (dd, J=8.7, l1 Hz, IH, CH,OH), 3.67 (dd,

J=4.7, 11 Hz, •IH, CH,OH), 3.86 (dd, J=4.7, 8.7 Hz, IH, CHPh), 7.24-7.38(m, 5H, C6Hs);

MS (EI) nzlz l48 (M'-CH,OH). Anal. Calcd for C,,H,,NO: C, 73.70; H, 9.56; N, 7.81.

Found: C, 73.66; H, 9.63; N, 7.9l.
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(R)-2-(IsopropYlamino)-1-phenylethanol (R)-54

   To a solution of (R)-2-amino-1-phenylethanol (975 mg, 7.12 mmol) in ethanol (10

mL), acetone (1.0 mL, 1O.9 mmol) was added and the reaction mixture was stirred for l h

at room temperature. After all the starting amine had been yanished as indicated by gas

chromatography, sodium borohydride (410 mg, 10.8 mmo}) was added with ice-cooling.

After being stirred for 1 h, l N HC] was added dropwise to adjust the solution to pH 1, and

the solvent was removed under reduced pressure. 5 M aqueous KOH solution was added

to adjust the solution to pH 1 1, and the mixture was extracted with CH2Cl2. The solution

was dried over anhydrous MgS04 and the solvent was removed under reduced pressure.

The crude product was recrystallized from hexane to give (R)-54 (904 mg, 719o yield) as

colorless needles, mp 8zz5 OC; [oc].28=---26.7 (c 1 .03, EtOH); IR (KBr) 3293, 2968, l 604,

1450, 1345, 1088, 1062, 701 cm-i; tH NMR (CDCI,, 270 MHz) 5 1.07 (d, J=6.2 Hz, 6H,

CHCH,), 2.76"2.87 (m, IH, CH(CH,),), 2.65 (dd, J=8.9,12 Hz, IH, CH,OH), 2.94 (dd,

1=3.7, l2 Hz, IH, CH,OH), 4.65 (dd, J=3.7, 8.9 Hz, 1H, CHPh), 7.23-7.39 (m, 5H, C6Hs);

MS (EI) m/z 180 (M'CH,OH). Anal. Calcd for C,,H,,NO: C, 73.70; H, 9.56; N, 7.81.

Found: C, 73.74; H, 9.70; N, 7.81.

(S)-2-<tsopropylamino)-1-phenylethanol (sp-54

   In a manner similar to that described for the preparation of (R)-54, reaction of (S)-2-

amino-1-phenylethanol (979 mg, 7.14 mmol) with acetone followed by sodium
borohydride gave (S)-54 (973 mg, 769o yield) as colorless needles after recrystallization:

mp 82-83 OC; [ct].28=+28.3 (c 1.10, EtOH); IR (KBr) 32932968, 1604, 1450, 1345, 1088,

I062, 701 cm-i; iH NMR (CDCI,, 270 MHz) 6 1.07 (d, J=6.2 Hz, 6H, CH(CH,).),

2.77--2.89 (m, IH, CH(CH,),), 2.66 (dd, J=8.9, 12 Hz, IH, CH,OH), 2.95 (dd, J=3.7, 12

Hz, IH, CH,OH), 4.66 (dd, J=3.7, 8.9 Hz, IH, CHPh), 7.22-7.39(m, 5H, C,H,); MS (EI)

m!z 180 (M'-CH20H). Anal. Calcd for C,,H,,NO: C, 73.70; H, 9.56; N, 7.81. Found: C,

7352•H 9.53•N 7.82.     ))            )t

3.6.2 Determination of association constants by the 'H NMR titration method

   The titration experiment for complexation of host (S,S)-10 with chiral amine (S)-51 is

described here as an example for determination of binding constants by 'H-NMR

spectroscopy. A solution of (S,S)--10•(22.3 mM) and a solution of (S)-51 (81.1 mM) each in

CDC13 were prepared. An initial 'H NMR spectrum of 6oo pL of this host (S,S)-10

solution was recorded. Samples were made by adding the guest solutions to the host

solution. Namely, a 6oo pL portion of the host solution and O.O, le, 20, 30, 40, 50, 60, 80,

1oo, 130, l60, and 2oo ptL ponions of the guest (S)-51 solution were mixed. Then, spectra

of these samples were recorded. The association constant for the complex of (S,S)-10 with

(S)-Sl was calculated by the non-linear least-squares method following the chemical shift
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of one of the benzylic protons (H22P and H22ct or H22ct and' H22P shown in Figure 3.6)

of (S,S)-le. The ' results are listed in Tables 3.3-3.17 and Figures 3.6--3.20.

   3.63 Determination ofassociation constants by the UV-yis titration method

   The titration experiment for complexation of host (R,R)--12 with chiral amine (R)-54 is

described here as an example for determination of binding constants by UV-visible

spectroscopy. A solution of (R,R)--12 in CHCI, vvas prepared and an initial UV spectrum of

this solutibn was recorded. The concentration was calculated to be O.036 mM based on its

molar extinction coeffTicient. Separately, a solution of (R)-54 in CHCI3 was prepared.

Samples were made by adding the guest solution to the host solution and diluted with

CHC13 to make the tota} volume up to 4.0 mL, so that the concentrations of the guest in

each samples were O.O, 2.0, 5.0, 8.0, 14, 20 mM, respectively. The concentration of the

host was kept constant O.036 mM in each sample. Then. spectra of these five different

solutions were recorded. The binding constants were calculated from abserption intensity

of the complex at the absorption maximum (388 nm) based on the Rose-Drago method

using the spreadsheet in reference lb. The results are listed in Tables 3.18-3.39 and

Fi gures 3.21-3.42.

   3.6.4 'H NMR titration and UV-vis titration data for determining binding

constants

   'H NMR titration and UV-vis titration data for deterrnining binding constants are

tabulated in Tab]es 3.3-3.17, Figures 3.6-3.20 and in Tables 3.18--3.39, Figures 3.21-3.42,

respectively.
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Table 3.3 Tabulated iH NMR titratien data of9 with 46 in CDC13at 15'C, calculated

association constant, and calculated chemical shift of the complex.

[H], (M)a [G], (M)b [G], / [H], [C]/[H],C 6 (ppm)d

l

2

3

4

5

6

7

8

9

10

O.Ot27

OD125
O.O123

O.O121

O.Ol19

O.Ol18

O.Ol16

O.Ol13

O.OlIO

O.OI06

  o
o.o(r7o

O.O138

O.0205

O.0269

O.0331

O.0392

O.0508

O.0618

• O.0773

o

O.6

l.1

l.7

2.3

2.8

3.4

4.5

5.6

7.3

o

O.09

O.15

O.20

O.25

O.30

O.34

O.40

O.46

O.5 1

4.826

4.808

4.798

4.789

4.779

4.771

4.764

4.752

4.743

4.734

5   =4.65
 ctiMF

K=14Å}1.7
" Total concentration of 9.

b Total concentration of 46.

` The complexation ratio for the complex of 9 with 46.

dObseryed chemical shifts for one of the benzylic protons of 9.

  4.84

g 4.82
nva4.so

yt-

S 4.78
fi
.9   4.766
o=Q 4.74

   4.72

o 2 4 6 8

[G],ICH],

Figure 3.6 iH NMR titration curve for the complexation of 9 with 46.
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Table 3.4 Tabulated 'H NMR titration data of 10 with 46 in CDCI3at 15'

association constant, and caJculated chemjcal shift of the complex.

C, calculated

[H], (M)a [G], (M)b [G], / [H], [C]/[H],e 5 (ppm)d

l

2

3

4

5

6

7

8

9

10

11

12

O.O130

O.O128

O.O126

O.O124

O.O122

O.O121

O.Ol19

O.Ol16

O.Ol 13

O.OI08

O.OI04

O.O099

  o
O.oo67

O.Ol33

OD196
O.0258

O.03 l7

O.0375

O.0487

O.e592

O.0740

O.0878

O.1045

o

O.5

IA

1.6

2.1

2.6

3.2

4.2

5.3

6.8

8.4

1O.5

 o
O.17

O.30

O.41

O.48

O.53

058
O.65

O.71

O.75

O.79

O.82

4.876

4.796

4.733

4.684

4.648

4.627

4.605

4568
4.54zF

4522
4507
4.492

6   =4.41
 ct}tnp

K -.46Å}1.4
a

b

c

d

Total concentration of IO.

Total concentration of 46.

The complexation ratio for the complex of 10 with 46.

Observed chemical shifts for one of the benzylic protons of 10.

a
a
u:=
fi

ft
.9
E
2
v

4.90

4.80

4.70

4.60

4.50

4.40

o 5 10 l5

[G],/[H],

Figure 3.7 1H NMR ritration curve for the complexation of 10 with 46.
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Table 3.5 Tabulated 'H NMR titration data of 11 with 46 in CDCIiat 15'

association constant, and caiculated chemical shift of the complex.

C, calculated

[H], (M)" [G], (M)b [G],t[Hl, [C]/[H],c a (ppm)d

1

2

3

4

5

6

7

8

9

10

11

12

O.oo83

O.oo82

O.oo80

O.oo79

O.oo78

O.oo77

O.oo76

O.oo73

O.O071

O.O068

O.O066

O.O062

  o
O.O143

O.0282

O.0416

O.0546

O.0672

O.0794

O.I027

O.1247

O.1555

O.1838

O.2183

o
1.8

35
5.3

7.0

8.8

l05
14.0

l7.5

22.8

28.0

35.0

o

O.20

O.M
o."
O.50

O.56

O.61

O. 66

O.7l

O.75

O.78

O.81

4.733

4.671

4.627

4.598

4.577

456e
4.548

4.530

4.517

4.506

4.497

4.490

6    :4.44
 eump

K =22Å}O.1
" Total concentration of 11.

b Total concentration of 46.

e The complexation ratio for the complex of 11 with 46,

dObserved chemical shifts for one of the benzylic protons of 11.

  4.80

.-NE
avi4.70

g-
`c,,

N.9 4.60
E
X
o
  4.50

4.40

        O 10 '• 20 30 40                    ,
                       [G],/[H],
Figure 3.8 'H NMR titration curve for the complexation of 11 with 46.
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Table 3.6 Tabulated tH NMR titration data of 13 with 47 in CDCIi at 30'C, calculated

association constant, and calculated chemicai shift of the complex.

[H], (mM) u [G], (mM) " [GI, / [H], (C]1[H],C 6 (ppm)"

i

2

3

4

5

6

7

8

9

10

11

O.oo54

O.oo52

O.oo50

o.ocng

O.CX)47

O.CK)46

O.O044

O.O043

O.OCMI

O.oo39

O.oo37

O.0439

O.0851

O.j238

O.1603

O.1946

O.2270

O.2724

O.3143

O.3531

O.4006

O.4540

 8.2

l6.4

24.6

32.8

4!.O

49.2

6i.5

73.8

86.1

102.5

122.9

O.22

O.33

O.42

O.49

O.55

059
O.62

O.67

O.69

O.70

O.73

4.694

4.665

4.640

4.622

4.604

4.596

4.586

4573
4569
4565
4559

5   -.4.49
 coMP

K =62Å}O.8
" Total concentration of 13.

" Total concentration of 47.

" The complexation ratio for the complex of l3 with 47.

dObserved cbemical shifts for one of the benzylic protons of 13.

4.75

A•E
aaN...t

"c+..
-rvny

c̀a
-di

J-

E
.o

v

4.70

4.65

4.60

4.S5

4.50

o 50 loo l50

[G],/[H],

Figure 3.9 `H NMR titration curye for !he complexation of 13 with 47.
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Table 3.7 Tabulated `H NMR titration data of 13 with 48 in CDCi3 at 30'C, calculated

association constant, and calculated chemical shift of the complex.

[H], (mlvD" [G], (mM) " [G], 1 [H], [C]/[H],c 6(ppm)"
1

2

3

4

5

6

7

8

9

10

11

O.oo55

O.oo53

O.oo52

O.oo50

O.O049

O.O046

O.O043

O.CK)41

O.oo39

O.oo37

O.oo35

e.co25

O. O048

O.O069

O.O090

O.OI09

O.O154

O.Ol93

O.0228

O.0259

O,on87

O.0313

O.4

O.9

1.3

1.8

22
3.4

4.5

5.6

6.7

7.8

8,9

O.04

O.07

O.10

O.13

O.I6

O.21

O.25

O.28

O.3 1

O.33

O.36

3.323

3.321

3.319

3.317

3.316

3.313

3.310

3.308

3.3(>6

3.305

3.304

6   =3.27 cl}rnp

K =18Å}2.4
" Total concentration of 13.

b Total concentration of 48.

C The complexation ratio for the compiex of 13 with 48.

dObserved chemical shifts for the methoxy proton of 13.

AE
AAva:

•=-

.zl

g
'g

8
o

3.33

3.32

3.32

3.3t

3.31

3.30

o 2 46 (Gj/[H],

8 10

Figure 3.10 'H NMR titration curve for the complexation of 13 with 48.
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Table 3.8 Tabulated 'H NMR titration data of 10 with (S )-51 in CDCIa at 15 'C.

calculated association constant, and calcuiated chemical shift of the complex.

[H], (M)u [G], (M)b [G], 1 [H], [C]/[H],c 6 (ppm)d

1

2

3

4

5

6

7

8

9

10

11

12

O.0223

O.0220

O.0216

OD213
O.0209

O.0206

O.0203

O.Ol97

O.O19l

e.O184

O.Ol76

O.O167

  o
O.O133

O.0262

O.0386

O.0507

O.0624

O.0737

O.0954

O.1l59

O.1445

O.1708

O.2028

o

O.6

l.2

1.8

2.4

3.0

3.6

4.8

6.I

7.9

9.7

12.l

 o
O.17

O.28

O.36

O.42

O.49

O.54

O.60

O.66

O.71

O.74

O.78

4.864

4.788

4.739

4.705

4.6n
4.646

4.627

4.598

4.576

4.552

4.537

4522
6   =4.43
 ct}mp

K =18Å}O.9
a

b

c

d

Total concentration of 10.

Total concentration of (S )-51.

The complexation ratio for the complex of 10 with (S )-51.

Observed chemical shifts for one of the benzylic protons of 10.

4.90

4.80

4.70

4.60

4.50

o 5 IO l5

Figure 3.11 :H NMR titration curve for the complexation of 10 with (S )-Sl.
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Table 3.9 Tabulated 'H NMR titration data ofle with (R )-Sl in CDC13at 15•C,

calculated association constant, and calculated chemical shift of the coTnplex.

[H], (M)a [G], (M)b [G], l [H], [C]1[H],C 6 (ppm)"

1

2

3

4
5

6

7

8

9

10

11

12

O.0223

O.0220

O.0216

O.0213

O.0209

O.onO(5

O.0203

O.O197

O.O191

O.O184

O.O176

O.O167

  o
O.Oj33

O.0262

O.0386

O.0507'

O.0624

O.0737

O.oo54

O.H59
O. 1 445

O.1708

O.2028

o

O.6

1.2

1.8

2.4

3.0

3.6

4.8

6.I

7.9

9.7

12.I

o

O.09

O.17

O.23

O.28

O.32

O.37

O.43

O.49

O.54

O.59

O.62

4.864

4.825

4.795

4.770

4.749

4.731

4.7l5

4.688

4.664

4.645

4.625

4.610

5   =4.46
 cl),IUJ

K =8.8Å}O.3
" Total concentration of 10.

" Total concentration of (R )-51.

C The complexation ratio for the complex of 10 with (R )-51.

" Observed chemical shiks for one of the benzylic protons of 10.

4.90

4.80

4.70

4.60

4.SO

o 5 le l5

Figure 3.12 'H NMR titration curve for the complexation of 10 with (R )-Sl.
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Tab}e 3.10 Tabulated 'H ma titration data of 10 with (S )-54 in CDC13at 15'C,

calculated association constant, and calculated chemical shift of the complex.

[H], (M): [Gl, (M)'b [G], / [H], [C]/[H],e 6 (ppm)d

1

2

3

4

5

6

7

8

9

10

ll

12

O.oo92

O.O090

O.co89

O.oo87

O.oo86

O.oo85

O.co84

O.oo8l

O.oo79

O.oo76

O.oo72

O.oo69

  o
O.Olca

O.02Cid

O.0301

O.0395

O.0487

O.0575

O.07op

o.ooon

O.1127

O.1345

O.1594

o
1.1

2.3

3.4

4.6

5.7

6.9

9.2

ll.5

14.9

18.6

23.2

o

O.I1

O.22

O.31

O.37

O.41

O.45

O.53

O.58

O.63

O.67

O.71

4.862

4.812

4.761

4.7l6

4.689

4.671

4.651

4.617

4.593

4.568

4.547

4531
5   =4.39
 :"mp
K =16Å}1.1

" Total concentration of 10.

b Total concentration of (S )-54.

C The complexation ratio for the complex of 10 with (S )-54.

d Obseryed chemical shifts for one of the benzylic protons of 10.

4.90

4.80

4.70

4.60

450
o 5 10 IS 20 25

Figure 3.13 'H NMR titration curve for the complexation of 10 with (S )-54.
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Table 3.11 Tabulated 'H NMR titration data of 10 with (R )-54 in CDCIs at 15 ' C,

calculated association constant, and calculated chemical shift ef the complex.

[H], (M)u [G], (M)b [G], 1 [H], [C]/fH],C 5 (ppm)"

l

2

3

4

5

6

7

8

9

10

11

12

O.O096

O.O095

O.O093

O.O092

O.OCDO

O.oo89

O.oo88

O.oo85

O.oo83

O.oo79

O.oo76

O.oo72

  o
O.oo87

O.O172

O.0254

O.0333

O.04IO

O.048S

O.0627

O.0762

O.0949

O.1122

O.1333

o

O.9

i.8

2.8

3.7

4.6

5.5

7.4

9,2

12.0

14.8

18.4

o

O.I6

O.28

O.37

O.44

O.50

O.53

O.61

O.65

O.70

O.74

O.77

4.874

4.8e2

4.746

4.706

4.675

4.648

4.634

4.597

4.577

4.554

4.540

4.525

6   =4.42 comp
K =26Å}O.7

" Total concentration of 10.

b Total concentration of (R )-54.

"'  The complexation ratio for the complex of 10 with (R )-54.

dObserved chernical shifts for one of the benzylic protons of 10.

4.90

4.80

4.70

4.60

4.50

o 5 IO 15 20

Figure 3.14 iH NMR titration curve for the complexation of 10 with (R )-54.
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Table 3.12 Tabulated tH NMR titration data of10 with (S )-55 in CDCI.i at 15'C,

ca]culated association constant, and calculated chemical shift of the complex.

[H], (M)a [G], (M)b [G], / [H], [C]1[H],C 6 (ppm)"

l

2

3

4
5

6

7

8

9

10

H
l2

O.Ol18

O.Ol16

O.Ol14

O.Ol13

O.Ol11

O.OI09

O.OI08

O.OI05

O.OI02

O.O098

O.O095

O.oo90

  o
O.O047

O.O093

O.O137

O.O180

O.0222

O.0263

O.034 1

O,0414

O.0518

O.0614

O.0731

o

O.4

O.8

12
l.6

2.0

2.4

32
4.1

5.3

6.5

8.l

o

O.15

026
035
O.41

O.47

O.52

O.59

O.64

O.70

O.74

O.78

4.866

4.790

4.741

4.701

4.674

4.647

4.626

4.594

4.569

4.542

4523
4.505

5   =4.4'1
 ctlmp

K =53Å}1.4
n Total concentration of 10.

b Total concentration of (S )-S5.

C The complexation ratio for the complex of 10 with (S )-S5.

" Observed chemical shifts for one of the benzytic protons of 10.

4.90

4.80

4.70

4.60

4.50

4.40

o 2 4 6 8 IO

Figure 3.15 iH NMR titration curve for the complexation of le with (S )-55.
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Table 3.13 Tabulated tH NMR titration data of10 with (R )-55 in Cnc13 at 15'C,

calcuiated association constant, and calculated chemical shift of the cornplex.

[H], (M)a [G], (M)b [G],/(H], [C]/[H],e 6 (ppm)d

1

2

3

4
5

6

7

8

9

10

11

12

O.O}23

O.Ol21

O.Ol19

O.Ol17

O.Ol16

O.Oll4

O.Oll2

O.OI09

O.OI06

O.OI02

O.O099

O.oo94

  o
O.CK)46

O.O091

O.Ol35

O.O177

O.0218

O.0258

O.e335

O.0408

O.051O

O.0604

O.0720

o

O.4

O.8

1.1

l.5

1.9

2.3

3.I

3.8

5.0

6.1

7.7

o

O.07

O.12

O.15

O.20

O.24

O.27

O.33

O.37

O.42

O.46

O.51

4.870

4.825

4.788

4.755

4.73 1

4.716

4.696

4.663

4.638

4.6i2

4.592

4.572

5"mp=4•43

K =31Å}1.8
" Total concentration of 10.

"Total concentration of (R )-55.

e The complexation ratio for the complex of le with (R )-55.

"Observed chemical shifts for one of the benzylic protons of 10.

4.90

4.80

4.70

4.60

4.50

o 2 4 6 8 10

Figure 3.16 iH NMR titration curve for the complexation of le with (R )-S5.
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Table 3.14 Tabulated 'H NMR titration data of 11 with (S )-Sl in CDCI] at 15 'C,

calculated association constant, and calculated chemical shift of the complex.

[H], (M)" [G], (M)b [G], / [H], [Cl/[H],C 6 (ppm)"

1

2

3

4

5

6

7

8

9

10

11

12

O.oo69

O.oo67

O.O066

O.O065

O.oo64

O. O063

O.oo62

O.oo60

O.oo59

O.oo56

O.ooS4

O.oo51

  o
O.Ol86

O.0365

O.0539

O.0708

O.087l

O.1030

O.t332

O. 1618

02017
O.2384

O.2831

o

2.8

5,5

8.3

11.0

13.8

l6.5

22.0

275
35.8

44.0

55.1

o

O.1l

021
O.28

O.33

O.39

O.43

O.50

O.54

O.60

O.63

O.68

4.731

4.707

4.688

4.672

4.662

4.650

4.641

4.628

4.6l8

4.606

4599
4.590

5comp=4•52

K =7.5Å}O.2
" Total concentration of 11.

b Total concentration of (S )-51.

" The complexation ratjo for the complex of 11 with (S )-51•

dObserved chemical shifts for one of the benzyiic protons of 11.

4.75

4.70

4.65

4.60

455
o 20 40 60

Figure 3.17 'H NMR titration curve for the complexation of 11 with (S )-51.
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Table 3.15 Tabulated iH NMR titration da{a of 11 with (R >Sl in CDC13 at 15 'C,

calculated association constant, and,calculated chernical shift of the complex.

[H], (M)u [G], (M)b [G], I [H], [C]/[H],C 5 (ppm)"

1

2

3

4

5

6

7

8

9

10

ll

12

O.O069

O.O068

O.O067

O.co66

O.O065

O.O064

O.O063

O.O061

O.co59

O.oo57

O.oo55

O.O052

  o
O.Ol53

O.0301

O,0444

O.0583

O.0718

O.0848

O.Ico8

O.13 3. 3

O.1662

O.1965

O.2333

o

2.2

4.5

6.7

9.0

ll.2

}3.5

17.9

22.4

29.2

35.9

44.9

o

O.07

O.12

O.15

O.20

O.24

O.27

O.33

O.37

O.42

o.os

O.5l

4.735

4.719

4.707

4.699

4.688

4.679

4.672

4.658

4.648

4.637

4.627

4.617

6   -A.50 cvmp
K -.4.5Å}O.2

" Total concentration of 11.

b Total concentration of (R )-51.

" The complexation ratio for the complex of11 with (R )-51.

d Observed chemical shifts for one of the benzytic protons of 11.

4.75

4.70

4.65

4.60

o 10 20 30 oo 50

Figure 3.18 fH NMR titration curye for the complexation of 11 with (R )-51.
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Table 3.16 Tabulated `H NMR titration dara of 11 with (S )-S5 in CDC13 at l5 ' C,

calculated association constant, and calculated chemical shjft of the complex.

[H], (M)n [G], (M) b [G], 1 [H], [C]/[H],c 6 (ppm)"

1

2

3

4

5

6

7

8

9

10

11

12

O.oo70

O.oo69

O.oo68

O.O067

O.O066

O.O065

O.O064

O.O062

o.oo6e

O.oo58

O.oo56

O.oo53

  o
O.oo67

O.Ol 33

O.O196

O.0257

O.0316

O.0374

O.0484

O.0587

O.0732

O.0866

O.1028

o

1.0

l.9

2.9

3.9

4.9

S.8

7.8

9.7

l2.6

15.6

195

o

O.1O

O.18

O.24

O.30

O.35

O.39

O.46

o.so

O.S6

O.60

O.64

4.837

4.806

4.781

4.760

4.743

4.728

4.715

4.693

4.678

4.660

4.647

4.635

5   =4.52 comP
K =18Å}O.3

" Total concentration of 11.

" Total concentration of (S )-55.

C The complexation ratio fer the complex of 11 with (S )-55.

" Obseryed chernical shifts for one of the benzylic protons of 11.

4.85

4.80

4.75

4.70

4.65

4.60

o s 10 15 20 25

Figure 3.19 iH NMR titration curve for the complexation of 11 with (S )-S5.
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Table 3.17 Tabulated iH NMR tixation data of 11 with (R )-S5 in Coc13 at l5 ' C,

calculated association constant, and calculated chemical shift of the complex.

[H], (M)a [G], (M)b [G], / [H], [C]/[H],c 6 (ppm) "

l

2

3

4

5

6

7

8

9

10

11

12

O.oo62

O.O06l

O.O060

O.oo59

O.co58

O.oo57

O.ooS6

O.oo54

O.oo53

O.oo5l

o.ocng

O.OC\I6

  o
O.O092

O.O182

O.0268

O.0352

O.0434

O.0512

O.0663

o.oses

O.IO04

O.1187

O.1409

o

1.5

3.0

4.6

6.1

7.6

9.1

l2.2

l5.2

l9.8

24.4

30.5

o

O.1l

O.20

O.28

O.34

O.39

o."
O.Sl

O.5S

O.59

O.64

O.67

4.831

4.796

4.767

4.743

4.723

4.707

4.6so

4.668

4.654

4.639

4.623

4.613

6comp=4•5 1

K =15Å}O.8
" Tota1 concentration of 11.

b Total concenmation of (R )-55.

C The complexation ratio for the complex of 11 with (R )-55.

"Observed chemical shifts for one of the benzylic protons of 11.

4.85

4.80

4.75

4.70

4.65

4.60

4.55

o 10 20 30 40

Figure 3.20 iH NMR titration curve for the cornplexation of 11 with (R )-55.
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Table 3.18 Tabulated UV-vis titration data of9 with 47 in CHCI]

calculated association constant.

at 30' C, and

[H], (M)u [G], (M)b [Gl, / [Hl, [q / [H],e abs. d

1

2

3

4
5

6

O.mm3230
O.(X)O03230

O.OOO03230

O.OOO03230

O.Cxx)03230

O.oooo3230

  o
O.ooO04
O.OOC} l l

O.OOOl9

O.OO030

O.OO045

o
l.2

3.5

5.8

9.3

14.0

o

O.22

O.49

O.62

O.73

O.80

O.O066

O.160

O.343

O.430

O.504

O.553

K =99ooÅ}51O
U Total concentration of 9.

b Total concentration of 47.

Suitable range of [G], for titration was calculated from dissociation constant (K ,i )

according to the reference 2. (K d /10 < [G]t < 10K d)

             Kd=O.OOOI O.OOOOI <[G],< O.oo101
              K = 99oo
`'  The complexation ratio for the complex of9 with 47.

dObserved at absorp{ion maxima (397 nm) for the complex of 9 with 47.

O.8

O.6

8
E
e o.4
g
2

O.2

o

,
t

250 350      450

wavelength

550

Figure 3.21 UV-vis spectral change of9 upon addition of 47 in CHC]3.
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Table 3.19 Tabuiated UV-yis titration data of9 with 48 in CHC13at 30'

calculated association constant.

C, and

[H], (M)a [G], (M) b {G], / [H], [C]/[H],C. abs. d

1

2

3

4

5

6

O.ooO03572

O.OOO03572

O.ooO03572

O.OOO03572

O.OOCK)3572

O.ooO03572

  o
O.oo378

O.oo755

O.O0907

O.Ol133

O.O1511

o

106

212

254

317

423

o

O.23

O.37

O.41

O.47

O.M

O.O092

O.241

O.334

O.416

O.458

O.487

K =79Å}9.9
" Total concentration of9.

b Total concentration of 48.

Suitable range of (G], for tjtration was caiculated from dissociation constant (K ,i )

according to the reference 2. (K d /lO < [G]t < 10K d)

             Kd=O.O127 O.ool27 <[G],< O.12658
              K=79
" The complexation ratio for the complex of 9 with 48.

d Observed at absorption maxima (402 nm) for the complex of 9 with 48.

O.8

O.6

8
g
Åí O.4
8
2

O.2

,
t

       o

        250 350 450 550
                     'wavelength (nm)

Figure 3,2Z UV-vis spectrai change of9 upon addition of 48 in CHCI
3•
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.Table 3.ZO Tabulated UV-vis titration data of 10 with 47 in CHCIiat 30'

calculated association constant.

C, attd

[H], (M)u [G], (lvD b [G],/[H], [C]1[H],C abs. d

1

2

3

4
s

6

O.OOO04208

O,Ooo04208

O.Ooo04208

O.ooO04208

O.Cxx)04208

O.OOO04208

   o

O.OO063

o.co1sg

O.oo313

O.oo501

O.O0626

 o
14.9

44.6

74.4

119.0

l48.7

o

O.19

O.41

053
O.65

O.70

O.oo95

O.149

O.3lt

O.404

O.493

O.529

K=370Å} 14

" Total concentration of 10.

h Total concentration of 47.

Suitable range of [G], for titration was calculated from dissociation constant (K d )

according to the reference 2. (K ,i /1O< (G], < 1OK d)

             K,=O.oo27 O.OO027 <[G],< OD2703
              K= 370
C The complexation ratio for the complex of10 with 47.

dObserved at absorption maxima (401 nm) for the comp;ex of le with 47.

O.8

O.6

.O
Jg
s. o.4
g
2

O.2

o

250

i

350 450
  wavelength (nm)

550

Figure 3.23 UV-vis spectral change of 10 upon addition of 47 in CHCI3.
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Table 321 Tabulated UV-vis titration data of 10 with 48 in CHC13 at 30'C, and

calculated association constant.

[H], (M)a [G], (M)b {G], 1 [H], tC]/(H],c abs. d

1

2

3

4

5

6

O.OOO0421

O.OOO0421

O.OOO0421

O,ooO0421

O.CXX)0421

O.OOoo421

  o
O.ool91

O.co318

O.oo508

O.O0635
o.oo762

o
45

75

121

l51

181

o

O.31

o."
O.55

O.6l

O.65

O.O09

O.241

O.334

O.416

O.458

O.487

K =245Å} 14
" Total concefitratio" of 10.

b Total concentration of 48.

Suhab]e range of [G], for titration was calculated from dissociation constant (K d )

according to the reference 2. (K d 110 < [G], < 10K d)

             K,=O.O0408 O.OO041 <[G],< O.04082
              K -- 245
" The complexation ratio for the complex of le with 48.

"Observed at absorption maxima (402 nm) for the complex of 10 with 48.

O.8

O.6

8
E
e o.4
g
Åí

O.2

o

250

,

350 450
  wavelength (nm)

550

Figure 3.24 UV-vis specrral change of 10 upon addition of 48 in CHCI3.

74



Table 3.22 Tabulated UV-vis titration data of 10 with SO in CHC!

calculated association constant.

3. at 30' C, and

[Hl, (M)n [Gl, (M)b [Gl, / [H], [C]/[H],C abs. d

l

2

3

4

5

6

O.oooo57oo

O.OOO057oo

O.Ooo057oo

O.(X)O057oo

O.OOO057oo

O.OOO057oo

   o

O.O12oo

O.03Cmo

O.06000

o.ooeoo

O.120oo

 o
211

526
1053

1579

2105

o

O.21

O.38

O.56

O.65

O.72

O.oo90

o.aso

O.446

O.659

O.770

O.851

K =21Å}2.I

" Total concentration of 10.

b Total concentration of 50.

Suitable range of [G], for titration was calculated from dissociation constant (K d )

according to the reference 2. (K d /10 < [G]t < 10K d )

             Kd=O.04762 O.O0476 <[G],< O.47619
               K= 21
" The complexation ratio for the complex of 10 with 5e.

"Observed at absorptiofi maxima (405 nm) for the complex of 10 with 50.

    1

   O.8

S O.6

s
-2. o.4
as

   O.2

    o

`

        250 350 450 550
                     wayelength (nm)

Figure 3.25 UV-yis spectral change of 10 upon addition of 50 in CHC13.
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Table 3.23 Tabulated UV-yis titration data of 11 with 48 in CHC13

caiculated association constant.

at 30' C, and

[H], (M)n [G], (M)b [G], / [H], [C]/[H],C abs. d

1

2

3

4

5

6

O.OOco4208

O.OOOOtl208

O.OOO04208

O.OOO04208

O.OOO04208

O.OOO04208

  o
O.(X)47l

O.oo589

O.O0707.

0.oo883

O.Ol178

o
112

l40

l68

210

280

o

031
O.36

O.40

O.46

O.53

O.O060

O.234

O.270

O.302

O.342

O.395

K =95Å}1.5
a Totai concentratiofi of 11.

b Total concentration of 48.

Suitable range of [G], for titration was calcu!ated from dissociation constant (K d )

according to the reference 2. (K d /1O < [G], < 10K d)

             Kd=O.OI053 ODOI05 <[G],< O.10526
              K= 95
C The comptexation ratio for the complex of 11 with 48.

dObserved at absorption maxima (401 nm) fer the complex of 11 with 48.

O.8

O.6

8
g
Åí O.4
g
Aa

O.2

o

250 350 450
  wavelength (nm)

550

Figure 3.26 U"V--vis spectral change of 11 upon additjon of 48 in CHC13.
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Table 3.24 Tabulated UV-vis titration data of12 with 46 in CHCIaat 15'

caiculated association constant.

C, and

[H], <M)a [G], (M)b [G], / [H], [C]/[H],C abs. d

1

2

3

4
5

6

O.OOO03641

O.OOO03641

O.ooO03641

O.OOoo3641

O.OOO03641

O.oooo3641

  o
O.oo241

O.O0963

O.O1445

O.02409

O.036l3

o

66

265

397

662

992

o

O.21

O.5l

O.60

073
O.81

O.oo298

 O.148

 O,350

 O.4l2

 O.496

 O.551

K =1 10Å}7.4

" Total concentration of 12.

b Total concentration of 46.

Suitable range of [G], for titration was calculated from dissociation constant (K d )

according to the reference 2. (K d /1O< [Gl, < 10K d)

             Kd=O.O0909 O.OO091 <[G],< O.09091
              K=110
e The complexation ratio for the complex of12 with 46.

dObserved at abserption maxima (392 nm) for the complex of 12 with 46.

O.8

O.6

g
g
e o.4
$
2

O.2

o

`
'

        250 350 450 550
                  L wavelength(nm)

Figure 3.27 UV-vis spectrai change of 12 upon addition of 46 in CHC}i .

77



Table 3.25 Tabulated UV-vis titration data of 12 with 47 in CHCIi at 30'C,

calculated association constant.

and

[H], (M)a [G], avr) b [G], / [H], [C]/[H],C abs. d

1

2

3

4

5

6

O.OOO03410

O.OO(X}3410

O.OOO034lO

O.ooO03410

O.oooo341O

O,oooo3410

   o

O.O0488

O.oo684

O.O0977

O.O1465

O.O1953

o

143

2oo

286

430

573

o

O.I4

O.19

O.25

O.34

O.40

O.oo29

O. 14l

O.183

O.242

O.323

O.386

K=35Å}3.2

" Total concentration of 12.

b Total cDncentration of 47.

Suitable range of [Gl, for titration was calculated from dissociation constant (K d )

according to the reference 2. (K d /10 < [G], < 10K d)

             Kd=O.02857 O.oo286 <[G],< O.28571
              K= 35
C The complexation ratio for the complex of 12 with 47.

"Observed at absorption maxima (390 nm) for the complÅëx of 12 wi{h 47.

O.8

O.6

8
g
e o.4
g
2

O.2

o.o

i '

250 350 450
  wayelength (nm)

550

Figure 3.28 UV-vjs spectrai change of 12 upon addition of 47 in CHC13.
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Table 326. Tabulated UV-vis titration data of 12 with 48 in

calculated association constant.

CHCIi at 30 ' C, and

(Mt (M)a [G], (M)b [G], 1 [H], [C]1[H],L' abs. d

l

2

3

4

5

6

O.OOO04369

O.OOoo4369

O.OOO04369
OiOOO04369

O.ooO04369

O.CX)O04369

  o
O.oo327

O.O04oo

O.O0491

O.oo613

O.oo818

o

75

94

112

140

187

 o
O.42

O.47

052
O.58

O.65

O.O044

O.378

O.421

O.464

O.5 14

0577

K=220Å}18
" To!al concentration of 12.

b Total concentration of 48.

Saitable range of [G], for titration was calculated from dissociation constant (K d )

according to the reference 2. (K d /10< [G]t < }OK d)

             K,t:O.O0455 O.OO045 <[G],< O.04545
              K = 220
                             'C The cQmplexation ratio for the complex of 12 with 48.

dObserved at absorption maxima (386 nm) for the complex of 12 with 48.

O.8

O.6

8
8
Åí O.4
g
k

O.2

,
'

o

        250 350 450 550
                  , wavelength(nm)

Figure 3.29 UV-yis spectral change of 12 upon addition of 48 in CHCIr,.
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Table 3.27 Tabu}ated UV-vis titration data of 12 with 50 in CHCI

calculated association constant.

aat 30' C, and

[H], (M)u [G], (M)b [G], / [H], [C]/[Hl,c abs. cl

1

2

3

4
5

6

O.coO03030

O.OOO03030

O.OOO03030

O.OOO03030

O:OOO03030

O.Ooo03030

   o

O.oo160

O.O04oo

O.O08oo

O.O12oo

O.O1600

 o
S2.8

132.0

264.0

396.0

528.0

o

O.}2

O.26

O.40

O.51

O.58

O.O042

O.070

O.144

O.220

O.276

O.313

K =89Å}4.9
" Tota1 concentration of 12.

b Total concentra(ion of 50.

Suitable range of [G], for titration was caiculated frorn dissociation constant (K d )

according to the reference 2. (K d /10 < IG], < 10K d)

             Kd=O.Ol124 O.oo112 <[G],< O.11236
              K= 89
C Thc cornplexation ratio for the complex of 12 with 5e.

d Observed at absorption maxima (388 nm) for the complex of 12 with 50.

O.6

v O.4
8
s
5
hA

rd 02

o

250 350 450
  •wavelength (nm)

550

Figure 3.30 UV-vis spectral change of 12 upon addition of 50 in CHC13.
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Tabie 328 Tabulated UV-vis titration data of 10 with (S )-52 in CHCI] at 30 'C. and

calculated association constant.

[H], (M)a [G], (M)b [G], / (H], [C]/(H],C abs. d

1

2

3

4
5

6

O.OOO04 1 8

O.OOOCA18

O.OOO0418

O.wwl8
O.OOoo418
O.CX]K)04 1 8

  o
O.O0221

O.oo368

O.oo590

O.oo737

O.Ol105

o

53

88

141

176

264

o

O.26

O.37

O.48

O.54

O.64

O.O15

O.205

O.285

O.369

O.407

O.484

K =160Å}6.4
" Total concentration of 10.

b Total concentration of (S )-52.

Suitable range of [G], for titration was calculated from dissociation constant (K d )

according to the reference 2. (K d /10< [G], < 10K d)

               Kd=O.O0625 O.OO063 <[G],< O.06250
                K = 160
C The complexation ratio for the complex of 10 with (S )-52.

" Observed at absorption maxima (396 nm) for the complex of 10 with (S )-52.

O.8

O.6

'e
J:
Åí O.4
g

Aecs

O.2

o

250 3SO 450
   wavelength (nm)

550

Figure 3.31 UV-vis spectral change of10 upon addition of(S >52 in CHC13.
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Table 3.29 Tabulated UV-vis titration data of 10 wim (R )-52 in CHCIi at 30' C, and

calculated association eonstant.

[H], (M)a [G], (M)b [G], 1 (H], [C]/ [H],C abs. d

1

2

3

4

5

6

O.Ooo04I8

O.OOO04l8

O.coO0418

O.OOO0418

O.OOO04l8

O.CK)O0418

  o
O.oo326

O.oo544

O.oo870

O.OI088

O.O1306

o

78

13e

208

260

312

o

O.30

O.42

053
O.58

O.63

O.Ol5

O.478

O.234

O.322

O.403

O.444

K =130Å}7.3
" Total concentration of 10.

" Total concenuation of (R )--52.

Suitable range of [G], for titration was calculated from dissociation constant (K d )

according to the reference 2. (K d /1O < [G], < 1OK d)

              Kd=O.oo769 O.Cxx)77 <[G],< O.07692
                K= 130
F The complexation ratio for the complex of 10 with (R )-52.

d Observed at absorption rnaxima (397 nm) for the complex of 10 with (R )-52.

O.8

O.6

O.4

O.2

e

25e 350 450 550

Figure 3.32 UV-vis spectral change of le upon addition of (R )-S2 in CHC13.
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Table 3.30 Tabulated UV-vis titration data of 12 wmb (S

calculated association constant.

)-51 in CHC13 a{ 15 ' C, and

[H], (M)a [G], (M)b [G], / [H], [C]/[H],C abs.d

1

2

3

4
5

6

O.OOOouoo6

O.OOco4co6
O.OCX]K]M096

O.Ooo04co6

O.OOO04co6

O.Ooo04co6

  o
e.oo394

O.oo657

O.Ol051

O.O1314

O.O1970

o

96

l60

257

321

481

o

O.29

O.40

O.52

O.57

O.67

O.oo37

O.232

0322
O.4l4

O.457

O.534

K =100Å}1.4
" Total concentration of 12.

" Total concentration of (S )-51.

Sujtable range of [G], for titration was calculated from dissociation constant (K ,i )

according to the reference 2. (K d /IO< [G]i < 10K d )

              Kd=O.OIOOO O.OOIoo <[G],< O.10000
                K=loo
C The comptexation ratio for the complex of 12 wi(h (S )-51.

dObserved at absorption maxima (392 nm) foT the complex of 12 with (S )-Sl .
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Figure 3.33 UV-vis spectral change of 12 upon addition of (S )--51 in CHCI3.
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Table 3.31 Tabulated UV-vis titratioR data of 12 with (R

calculated association constant.

)-51 in CHC13at l5 'C, and

[Mt (M)a [G], (M)b [G], / [H], [C]/[H],e abs. d

1

2

3

4

5

6

O.ooOCmo6
O.OOOpaoo6

O.OOO04oo6

O.OOO04096

O.CK)O04co6

O.OOO04co6

  o
O.O0492

O.oo738

O.O1230

O.O1968

O.02460

o

120

180

3oo

480
60l

o

O.26

O.34

O.47

O.58

O.63

O.oo37

O.207

O.276

O.372

O.464

O.503

K =72Å}2.3
" Total concentration of 12.

b Total concentration of (R )-51.

Suitable range of [G], for titration was calculated from dissociation constant (K ,t )

according to the reference 2. (K d 11O < [G], < tOK d)

              K,t=O.Ol389 O.OO139 <[G],< O.l3889
                K= 72
" The compiexation ratio for the compiex of 12 with (R )-Sl.

"Observed at absorption maxima (392 nrn> for the complex of 12 with (R >51 .
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Figure 3.34 UV-vis spectral change of 12 upon addition of (R )-•51 in CHCIr..
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Table 3.32 Tabulated UV-vis titration data of 12 wi

calculated association constant.

th (s )--52 in CHC13at 30' C, and

[H], (M)n [G], (M)b [G],/[H], [C]1[Hl,e abs. d

1

2

3

4
5

6

O.OOO03841

O.OOO03841

O.OOO03841

O.OOOO3841

O.oooo3841

O.OOO03841

  o
O.OO037

O.OO075

O.ool12

O.OO187

O.O0375

o

10

20

29

49

98

o
O.27

O.42

O.51

O.65

O.79

O.O060

O.I99

O.308

O.376

O.477

O.582

K =980Å}71
" Total concentration of 12.

b Total concentration of (S )--52.

Suitable range of [G], for titration was calculated from dissociation constant (K d )

according to the reference 2. (K d /10 < [G], < 10K d)

              K',=O.oo102 O.OOOIO <[G],< O.OI020
                K= 980
" The complexation ratio for the complex of 12 with (S )-52.

dObseryed at absorption maxima (387 nm> for the complex of 12 with (S )-52 .
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Figure 3.35 UV-vis spectral change of 12 upon addition of (S )-52 in CHCI3.
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Table 3.33 Tabulated UV-vis titration data of 12 with (R

calculated association constant.

)-S2 in CHC13 at 30 'C, and

[H], (M)a [G], (M)b [G], 1 [H], [C]/[H],C abs. d

l

2

3

4

5

6

O.OOoo3841

O.(X)O0384 l

O.Ooo03841

O.ooOO3841

O.OOO03841

O.OOO03841

  o
O.OO038

O.OOOT
O.ooi15

O.ool92

O.oo384

o

10

20

30

50

1oo

o

O.24

O.40

O.50

O.62

O.76

o.oooo

O.19l

O.313

O.388

O.476

O.588

K =890Å}65
" Total concentration of 12.

b Total concentration of (R )-52.

Suitable range of [G], for titration was calcuiated from dissociation constant (K d )

according to the reference 2. (K a /10 < [G], < 10K d)

              K"=O.oo112 O.OOOII <[G],< O.Ol124
                K= 890
e The complexation ratio for the complex of 12 with (R )-52.

debserved at absorption maxima (387 nrn) for the complex of 12 wmb (R )--52.
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O.6

8
g
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        250 350 450 550
                      wavelength (nrn)

Figure 3.3(S UV-vis spectral change of 12 upon addition of (R )-s2 in cHc!3.
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Table 3.34 Tabulated UV-vis titration data of 12 with (S )-53 in CHC13 at 1S '

calculated association constant.

C, and

[H], (M)u [G], (]M) b [G], / [H], [C]/[H],C abs. d

1

2

3

4
5

6

O,OOO04660

O.OOO04660

o.ooeo466o

O.OOO04660

O.OOO04660

O.OOO04660

  o
O.O1450

O.0231O

O.02890

O.04330

O.05780

o

31i

496

620

929

l240

e

O.43

O.55

O.60

O.70

O,76

O.oo54

O.381

O.483

0527
O.607

O.658

K =53Å}1.7
" Total concentracion of 12.

b Total concenmation of (S )-S3.

Suitable range of [G],for titration was calculated from dissociation constant (K d )

according to the reference 2. (K d tlO < [G], < 10K d)

              Kd=O.O1887 O.ool89 <[G],< O.18868
                K=53
` The complexation ratie for the complex of 12 wi th (S )-53.

dObserved at absorption maxima (386 nm) for the compiex of 12 with (S )-S3 .
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Figure 3.37 UV--yis spectral change of 12 upon addition of (S )-53 in CHCIi.
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Table 3.35 Tabulated UV-vis titration data of 12 with (R

calculated association constant.

)-53 in CHCIi at l5 ' C, and

[H], (M)a [Gl, (M)b [G], / [H], [CJt[Hl,e abs. d

1

2

3

4

5

6

O.OOO046oo

O.OO(X)4660

O.OOO04660

O.ooO04660

O.CK)CK)4660

O.Cmo04660

  o
O.O1420

O.02276

O.0284Q

O.04270

O.05690

o

305

488

am
916

1221

o

O.40

052
O.57

O.66

O.73

O.O041

O.Ml
O."5
O.484

O.567

O.623

K =47Å}45
" To(al concentration of 12.

" Total concentration of (R )-53.

Suitable range of [G], for titration was calculated from dissociation constant (K d )

according to the reference 2. (K d /lO < [G], < 10K d)

              'K,=O.02128 O.oo213 <[G],< 021277
                K=47
C The complexation ratio for the corpplex of 12 with (R )-53.

"Observed at absorption maxjma (387 nm) for the cornplex of 12 with (R )-53 .
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Figure 3.38 UV-vis spectral change of 12 upon addition of (R )--S3 in CHC13.
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Table 3.36 Tabulated UV-vis titration data of 12 with (S )-54 in

calculated association constant.

CHCIiat 15' C, and

[H], (M)a [G], (M)b [G], / [H], [C]/[H],C abs. d

l-

2

3

4

5

6

O.OOO036oo

o.oeoo36oo

O.OOO036oo

O.OOO036oo

O.OOO036oo

O.OOO036oo

   o

O.OOI99

O.O0498

O.O0796

O.Ol393

O.Ol990

o

55

138

221

387

553

o

O.39

O.60

O.71

O.82

O.87

O.oo37

O.315

O.484

O.569

O.658

O.694

K =3 10Å} 15

" Total concentration of 12.

b Total concentration of (S )--54.

Suitable range of [G], for titration was calculated from dissociatjon constant (K a )

according to the reference 2. (K d 110< [G], < 10K d )

              K,=O.oo323 O.oo032 <[G],< O.03226
                K=310
C The complexation ratio for the complex of 12 with (S )-S4.

dObserved at absorption maxima (387 nm) for the complex of 12 with (S )-54 .
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re 3.39 UV-vis spectrai change of 12 upon addition of (S )-54 in CHCIr-
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Table 3.37 Tabulated UV-vis titration data of 12 with (R

calculated association constant.

)-54 in CHCI 3 at15' C, and

IH], (M)a {G]c (M)b [G], / [H], [C]/[H],C abs. d

1

2

3

4

5

6

O.OOO03600

O.OOO036oo

O.ooO036oo

O.OOO03600

O.OOO03600

O.Ooo036oo

  o
O.oo2oo

O.oo5oo

O.oo8oo

O.O14oo

O.02000

o

56

139

222

389

556

o

O.27

O.48

O.60

O.72

O.78

O.oo32

O.221

O.389

O.484

O.583

O.639

K =1 80Å}2.9

" Total concentration of 12.

b Totai concentration of (R )-54.

Suitable range of [G],foT titration was calculated from dissociation constant (K d )

according to the reference 2. (K d /IO< [G], < 10K d)

              K,,=O.O0556 O.OO056 <[G],< O.05556
                K= l80
" The complexation ratio for the complex of 12 with (R )-54.

" Observed at absorption maxima (388 nrn) for the complex of 12 with (R )-54 .
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Figure 3.40 UV-vis spectral change of 12 upon addition of (R )-54 in CHC13.
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Table 3.38 Tabulated UV-vis titration data of 12 with (S )-55 in CHCI: at 15 '

calculated association constant.

C, and

[H], (M)n [G], (M)b [G], / [H], [C]/[H],C abs. d

1

2
3

4
5

6

o.cooe331o

O.OOO03310

O.OOO0331O

O.OOO03310

O.OOO03310

O.OOoo3310

  o
O.oo209

o.elo`t7

O.O1675

O.02093

O.03 140

o

63

316

506

632

949

o

O.27

O.48

O.60

O.72

O.79

O.oo72

O.103

O.314

O.402

O.444

O.507

K =230Å}8.6
" Total concentration of 12.

" Total concentration of (S )-5S.

Suitable range of [G], for titration was calculated from dissociation constant (K d )

according to the reference 2. (K d /1O < [G], < 1OK ,t )

               Kd=O.O0435 O.OO043 <[G],< O.04348
                K= 230
C The complexation ratio for the complex of 12 with (S )-55.

dObserved at absorption maxima (386 nm) for the cornplex of 12 with (S )-55 .
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Figure 3.41 UV-vis spectral change of 12 upon addition of (S )-55 in CHCI3.
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Table 339 Tabuiated UV-yis titration data of 12 with (R

calculated association constant.

)-55 in CHCIr. at l5 ' C, and

[H], (M)a [GI, (M)b [6], 1 [Hl, [C]/[H],c al)S. d

l

2

3

4

5

6

O.OOO03 84 1

O.OOO03841

O.OOO03841

O.ooO03841

O.OOO03841

O.OOO03841

  o
O.ool31

O.oo21O

O.oo262

O.oo393

O.oo524

o

34

55

68

102

l37

o

O.32

O.43

O.49

O.59

O.66

O.O064

O.256

O.341

O.382

o.cao

O.517

K =370Å}l4
" To{al concentration of 12.

bTotal concentration of (R )-S5.

Suitable range of [G], for titration was calculated from dissociation constant (K ,t )

according to the reference 2. (K " /10 < [G], < 10K d)

              K,=O.oo270 O.OO027 <[G],< O.02703
                K= 370
C The complexation ratio for the complex of 12 with (R )-55.

"Observed at absorption maxima (386 nm) for the complex of 12 with (R )-55 .
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Figure 3.42 UV-vis spectral change of 12 upon addition of (R )-55 in CHC13.
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Appendix

                  List of host and guest compounds

  Crown ethers, podands, amines, and their precursors are summarized for convenience of

making reference to compounds.
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