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General　lntroduction

　　　　Recently,　optical　active　compounds　have　aroused　wide　interest　in　many　nelds　of

science　dealing　wjth　drugs,　agrochemicals,　natural　Products,　ferroelectric　liquid　crystals,

and　so　on,　and　their　preparation　and　analysis　are　of　increasing　imPortance･　The　most

significant　reason　for　this　is　ascribable　to　the　fact　that　living　organisms　often　show　quite

different　physiological　behaviors　toward　a　pjr　of　biologically　active　enantiomers,1

especially　drugs,　and　one　of　them　often　disPlays　the　desired　therapeutic　activity　alld　the

other　may　be　inactive　or　even　toxic,　　However,　the　chirality　of　drugs　was　usua』ly

neglected,　and　most　chiral　drugs　used　as　racemates　before　the　risk　was　reported　by　G･

Blaschke　in　1980j　　　For　instance,racemic　N-naphthalygiutamic　a£id　imjde

“Thalidomide"(1)was　marketed　in　the　early　1960s　as　a　sedative,　lts　therapeutic　aetion

may　be　caused　only　by　the　S　isomer,　whereas　the　R　isomer　m121y　not　show　any　teratogenic

　　　　　　　　　　　　　　　　　　　　　　o

○

○

　　　　　　　　　　　　　　　　　　　　　　　　1

behavior,　Although　the　condusion　remains　controversial　because　of　racemization　of

ea£h　enantiom£r　at　physiological　pH,3　this　is　one　of　the　key　studies　through　which　people

recognized　the　importance　of　evaluating　the　difTerence　in　the　pharmacological　behaviors
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of　both　enantiomers　of　a　drug,　Therefore,　now,　in　many　countries,　drug　administration

agencies　have　been　requiring　or　wi11　requ1re　the　drug　companies　to　submit

pharmacologicaldata　on　both　enantiomers　if　a　new　chiral　drug　is　a　racemic　mixture.4

This　means　that　we　must　obtain　both　optical　isomers　to　develop　a　new　chiral　drug･

　　　　Resolution　of　racemic　compounds　is　one　of　the　most　imPortant　methods　for

obtaining　optically　active　compounds.　However,　separation　of　racemic　compounds　is　not

easy　because　both　enantiomers　usually　show　identicaI　Physical　and　chemical　properties･

ln　1848,　L,　Pasteur　had　succeeded　in　the　nrst　resolution　of　a　racemic　compound,　sodium

ammonium　salts　of　(+)-and(-)-tartaric　acid,　By　looking　at　these　crystals　with　lends,

Pasteur　was　able　to　separate　the　two　types　of　crystals　(with　their　dissymmetric　facets

indned　to　the　right　or　left)by　means　of　a　pajr　of　tweezers.　Since　then　several　methods　of

resolution　have　been　developed.　These　include:

L　Crystallization

　　l)Manual　sorting　of　conglomerate

　　2)Preferential　crystallization

　　3)Resolution　as　diastereomer

　　4)lndusion　in　optically　active　host　comPound

2,　Kinetic　resolution　by　biocatalysis

3　,　Chromatographic　resolution

AmonM　these　methods,　chromatographic　resolution,　particularly　direct　separation　of

enantiomers　by　high-perfommnce　liquid　chromatography　(HPLC),have　advanced

considerably　and　have　become　a　practical　and　useful　method　for　not　only　obtaining　both

pure　enantiomers,　but　also　determining　enantiomer　composition.5'9　The　methods　used

for　the　determination　of　enantiomer　composition　can　be　classified　into　five　categories;　1)

ch1rai　HPLC,　2)chiral　gas　chromatography　(GC),3)NMR　n5thods　using　chiral

derivat£ng　agents,.　chiral　solvating　agents,　and　chiral　lanthanide　shift　reagent,　4)optical
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rotation　measurements,　and　5)others　involvig　the　indirect　detemjnation　of　enantiomeric

excess　(ee)with　achhl　HPLC　and　GC　methods　which　require　Prior　conversion　of

enantiomers　to　diastereomeric　derivatives　using　the　Mosher'　s　reagent　and　so　on　j　o

　　　　Before　1980,　there　existed　only　two　practical　methods　by　means　of　polarimeter

and　NMR　instruments.ln　the　1980s､　GC　and　HPLC　methods　with　CSPs　advanced

remarkably　and　have　become　popular　procedures　for　determining　ee,　At　present,

synthetic　chemists　are　using　mainly　three　methods,　NMR,　GC　and　HPLC,　and　the

Polarimetric　method　has　already　become　minor　one,

　　　　Figure　lA　shows　the　distribution　of　the　methods　used　R)r　thc　determination　of

enantiomers　comPosition　appeared　in　an　intemational　joumal　k)r　organic　and　bio‘organic

chemistry,7yMAjmzlAiymo･M',in　1995(left)and　1996(righty　The　ngures

represent　the　number　of　papers　counted,　　About　70%of　the　total　papers　deaJwith

opticaHy　active　compounds　whose　enantiomer　compositions　were　determined　by　one　or

two　methods　described　above.　lt　is　clear　from　this　ngure　that　chiral　HPLC　is　as　Popular

as　chiral　NMR,　　The　NMR　method　may　be　inferior　in　accuracy　to　HPLC　and　GC

methods,　ChiraI　GC　is　also　frequently　used　Particularly　for　volatile　comPounds　that　are

onen　difficult　to　be　resolved　by　HPLC･　The　recent　signincant　development　of

instruments　coupled　with　sensitive　detectors　and　high-resolution　columns　packed　with

emcient　CSPs　have　made　a　m4jor　contribution　to　the　advance　of　the　chiral　HPLC

technique･

　　　　CSPs　are　roughly　divided　into　two　types　(Figure　2,　2-9),0ne　type　consists　of

sman　chiral　molecules,　which　are　usually　immobnized　on　a　support　silica　gel　(“brush-“　or

“P1rkle-type"　CSPs,　2　-　4),and　the　second　is　derived　from　an　optically　active　polymer　(5

-9)which　is　us�as　a　porous　gel　or　with　smca　gel,　ln　l　98　1　Pirkle　develop�the　nrst

cornrnercdly　avahble　CSP　(2),11　and　then　Harge　number　of　brush4ype　CSPs　have

3
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Figure　l･　Distrihution　or　the　methods　for　the　determin=ation　of　enantiomer

ct)ITEIPosition]Ppeared　in　RM･/･�mz7　/UyoHd7　in　l995　-　1996(A)｡

ltems　of　CSPs　used　in　ch1ral　HPLC　and　polysaccharide　derivative　CSPs

are　shown　in･　B　and　C,　rcsPectiveiy,　The　ngures　rePresent　the　number　of

PaPeB　counted･
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been　Prepared,　Typical　examples　of　the　latter　CSPs　are　polyacrylamides　(5)developed

by　Blasehke,2･12　one-handed　helical　polymethacrylates　(6)13,proteins(7)14,and

polysaccharide　d�vatives(8,9)j5

　　　　As　for　the　CSPs　in　the　chiral　HPLC　used　in　7?μ&�mnA∫yMMg㈲dn　1995　and

1　996,　about　80%is　derived　from　polysaccharide　derivatives　(Figure　IB),Each　CSP　may

have　an　individual　ch1ra1　resolving　ability　for　Particular　enantiomers.　However,　the　data

imply　the　wide　applicabihty　of　the　polysaccharide-based　CSPs　for　the　enantioseparation

of　a　variety　of　enantiomers,　　Francotte　has　also　reviewed　the　p･reparative-scale

chromatographic　resolution　of　enantiomers　in　detail　and　concludes　that　even　in　the

preparative　resolutions　(u70%of　the　CSPs　used　for　this　purpose　is　derived　from

polysaceharide　derivatives,The　CSP　3　in　Figure　2　(Whelk-01　,　Regis,lmnois,USA),

very　recently　developd　by　Pirklej6j　7　has　a　high　resolution　ability　and　its　appncation

may　increase　in　the　near　future,　Besides　these　CSPs　described　above,　the　cross4inked

POlymer　gels　having　ch1ral　cavities　generated　with　a　chiral　molecule　as　a　template　by

molecular　imprinting　technique　are　applied　to　CSPs　and　biomimetic　sensorsj8

　　　　Polysaeeharides,such　as　ceHulose　(8,R=H)and　amylose　(9,R=H)｡are　the　most

abundant　natural　POlymers　with　optically　activity,　but　these　polysaccharides　themselves

show　rather　low　ch1ral　recognitionj9'20　However,　the1r　derivatives,　such　as　triacetate

(IO}｡tribenzoate(11),and　trisPhenylc�)amate(12,13),exhibit　high　chiral　recognition

and　can　seParate　a　broad　range　of　racemates-The　nrst　practical　CSP　derived　from

POlysaccharides　was　Prepared　by　l‘lesse　and　Hagel　in　1973･2I　They　found　that

microcrystalline　eeilulose　triacetate　(10)showed　a　high　oPtical　resolving　abmty.　This

chlral　recognition　ab111ty　is　derived　from　the　crystamne　structure　of　ceHuk)se･When　10

k　dissolvd　in　a　solvent　such　as　tetrahydrofuran　and　adsorbed　on　smca　gel,　its　oPtical

resolving　allity　is　changd,22μ3
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　　　　Alarge　number　of　celluiose　esters　have　been　prepared　to　evaluate　their　resolving

abilities,24'25　Among　them,　cellulosetribenzoate(11,X=H)and　its　analogues　show

characteristic　high　resolving　abilities　as　CSPs　for　HPLC　when　they　are　adsorbed　on　silica

geL　Chiral　recognition　abilities　of　benzoate　derivatives　are　greatly　dependent　on

substituents　on　Phenyl　groups,　and　especially　4-methylbenzoate　derivative　(11,X=4-

CH3)can　resolve　a　broad　range　of　racemic　compounds　including　drugs･24

　　　　Trisphenylcarbamate　derivatives　of　cellulose　(12)and　amylose　(13)which　are

obtin�by　the　reaction　of　cellulose　or　amylose　with　phenyl　isocyanate　having　vafious

substituents　on　Phenyl　group　give　useful　CSPs　for　HPLC　when　coated　on　silica　geL　26

0ptical　resolving　abiHties　of　these　derivatives　are　also　dependent　greatly　on　substituents

on　phenyl　group･26b　Either　alkyl　or　halogen　substituted　phenylcarbamiltes　show　higher

resolving　abilities　than　a　non-substituted　phenylcarbamate･　　Among　various

tris(phenylcarbamate)s,3,5-dimethylphenylcarbamate　derivatives　of(14)cellulose　and

amylose(15)showed　very　high　resolving　abihties　and　can　seParate　a　broad　range　of

racemates･26b'27　These　two　3,5-dimethylphenylcarbanue　derivatives　have　rather

complementary　ch1ral　recognition　abilities,

7
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　　　Alkylcarbamate,　such　as　methyl-　and　cyclohexylcarbamates　of　ceHulose,　are　poor

in　recognizing　chirality,26b　However,　several　tris(aralkylcarbamate)s　of　cellulose　and

amylose　exhibited　characteristic　resolving　abihties　that　are　different　from　those　of　the

phenylcarbamate　derivatives　j8　ln　particular,　1　-phenylethylcarbamates　of

polysaccharides　exhibit　a　high　ability　to　recognize　chhhty,　although　benzylcarbamate　and

other　more　bulky　galkylcafbamates　are　not　effective.　The　resolving　abmties　of　l゛

phenylethylcarbamates　depend　on　the　chiraty　of　the　Eaikyl　group,　Particularly,　μJ↓

phenylethylcarbamate　of　amylose　(16(&)showed　high　chiral　recognition､　and　some　of

the　racemates　are　better　resolved　than　on　other　polysaccharide　derivatives･28'30

　　　Some　of　these　polysaccharide　derivatives　have　already　been　commercianzed　as

CSPs　for　HPLC　(Figure　3),The　popularity　of　each　polysaccharide-bas�CSP　is　also

shown　in　Figure　1C･　　Among　the　commercially　available　CS　Ps,　3,　5‘

dimethylphenylcarbamaEof　eellulose　(ChiralcelOD;　14),amylose(Chiralpak　AD;　1　5)

are　most　useful　CSPs,　followed　by　benzoate　derivatives　of　ceHulose　(Chhjcel　OJ　and

OB;　1　1,　X=4-Me　and　H,　respectively),

8
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Figure　3･　Structures　and　suppliers　of　commercially　available

polysaccharide-based　CSPs･
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　　　　However,　the　Polar　solvents　such　as　chloroform　and　THF　cannot　be　used　as　the

main　eluent　becausethe　POlysaccharide-based　CSPs　are　soluble　or　swonen　in　the　solvents･

To　overcome　this　defect,　14　and　15　wereregioselectively　bonded　to　smca　gel　at　the　2-,

3-,　and　6-positions　of　the　glucoseunits　with　adnsocyanate　spacerjl　These　CSPs　were

able　to　discriminate　between　enantiomers　better　than　nonregioselectively　bonded　CSPs,

although　their　abilities　were　slightly　lower　than　those　of　the　coated-type　CSPs,　Recently,

15　was　successfuHy　bonded　chemically　to　silica　gel　only　at　the　reducing　terminal　residue

of　amylosej2　Amylose　with　the　desired　chain　length　was　readny　prepared　by　the

polymerization　of　the　dipotssium　salt　of　a-D-glucose　1-phosphate　with　functionalized

maltooligosaccharides　in　the　presence　of　PhosPhorylase　isolated　from　potato,　The

amylose　was　successfully　bonded　to　silica　gel　at　reducing　termina1　residue,　and　then

allowed　to　react　with　3,5-dimethylphenyl　isocyanate　to　aflord　CSPs　with　excellent

resolving　abilities　and　high　durabilities　against　solvents　such　as　THF　and　chloroform.

　　　　Cellulose　tris(3,5-dimethylphenylcarbamate)(14)can　also　be　utnized　as　a　nlm

(membrane)for　the　PreParative　separation　of　enantiomersj3　The　membrane　prepared　by

coating　a　solution　of　14　in　THF　on　a　Tenon　membrane　filter　as　a　support　showed　a　high

ability　for　enantiosel･ective　adsorptionj4　Moreover,　enantiomer　enrichment　of　oxPrenolol

up　to　68　%enantiomeric　excess　was　achieved　by　using　a　14　coated　rayon　belt･35　The

ch1ral　belt　was　successfully　used　for　the　nrst　time　in　the　continuous,rapid,and

Preparative　resolution　of　oxprenolol,　Recently,simulated　moving-bed(SMB)

chromatography　has　been　developed　as　a　great　potential　for　the　industrial-scale

preparation　of　pure　enantiomers.36

　　　　As　described　above,　the　carbamate　derivatives　of　polysaccharides　have　become

popular　CSPs･　However,　the　mechanism　for　discrimination　between　enantiomers　at　a

mokcular　level　has　remained　obscure.ln　the　case　of　chiral　sman　molecule　CSPs,　the

mechanism　of　ch1ral　recognition　can　be　estimated　based　on　spectroscopic3743　and

10



comPutational　studies4448　of　theinteraction　between　the　chialcomPound　used　for　CSP

and　the　compound　to　be　resolved.　Cydodextrin`based　CS　Ps4649　and　Pifkle“type

CS　Ps41　'42'50‾52　are　among　the　most　intensively　studied　CSPs,　The　rational　models　of

interactions　between　the　CS　Ps　and　enantiomers　have　been　proposed　on　the　basis　of　the

x-ray　analysis53'54　and　the　solution　NMR　experiments　including　NOE　studies.　A

comPuter　simulatlon　involving　molecular　mechanies　(MM)and　moleeuiar　dynamics　(MD)

are　also　applied　to　calculate　the　interaction　energies　between　the　CS　Ps　and　enantiomers,

Especiajly,　Lipkowitz　rz　a/･　have　been　extensively　studying　the　mechanism　for　ch1ral

recognition　from　theoretical　viewPoints･4448　0n　the　other　hands,　in　the　c8e　of　chlral

polymer　CSPs,　the　understanding　chiral　recognition　mechanism　in　a　molecular　level　is

usuaHy　difficult.　Because　the　chiral　polymers　usually　have　a　number　of　ditkrent　binding

sites　with　a　different　afnnity　to　enantiomers　and　the　determination　or　their　exact　structures

both　in　the　solid　state　and　in　solution　is　very　dimcult,　Nevertheless,　polymeric　CSPs　are

fascinating　because　their　chiral　recognition　depends　on　the　higher-order　structure　of　the

polymer　and　unexpected　high　chifa1　recognition　abmty　may　appear　due　to　the　higher-order

structure　of　the　polymers｡

　　　　For　understanding　the　nature　of　chiral　discrimination　occurring　in　solution,　N　MR

spectroscopy　is　a　very　powerful　tooL　However,　most　phenylcarbamate　derivatives　of

POlysaccharides　with　high　reso】ving　abihty　are　soluble　only　in　Polar　solvents　such　as

acetone,　pyridine,　and　THF･　ln　these　polar　solvents　the　derivatives　show　Poor　chiral

recognition　because　the　solvents　Preferentially　inleract　with　the　polar　carbamate　residues,

which　is　the　most　important　adsorbing　sites　for　chiral　discrimination　on　phenylcarbamate

derivatives.26b　Therefore,it　was　dimcult　to　elucidate　the　mechanism　for　discrimination

between　enantiomers　with　NMR　spectroscopy　in　these　solvents,

11



　　　　Under　these　backgrounds,the　author　studied　the　foHowing　points　on　the

resolution　with　polysaccharide　derivatives,

L　Enantioseparation　by　HPLC　on　Fluoro-methylphenylcarbamates　of　CeUulose　and

　　Amylose･

2･　Chiral　Recognition　by　5'Ruoro‘2‘methylphenylcarbamate　of　Cellulose･

　2‘1.　NMR　Study　of　ChiraI　Discrimination　Relevant　to　the　Liquid　Chromatographic

　　　　Enantioseparation　by　5-Fluoro-2-methy1Phenylcarbamate　of　Cellulose.

　2゛2.　Chiral　Recognition　of　5-Fluoro-2-methylPhenylcarbamate　of　Cellulose　toward

　　　　rRj-　and　μJ-1,1'-Bi-2-naphthol　Detected　by　Electron　lonization　Mass

　　　　Spectrometry,

3,　NMR　Study　on　Chiral　Recognition　Mechanism　of　Other　Carbamate　Derivatives,

　　3-1,Chromatographic　Enantioseparation　and　Chiral　Discrimination　in　NMR　by

　　　　Carbamate　Derivatives　of　Cellulose,　Amylose,0ngosaccharides,and

　　　　Cyclodextrins･

　　3-2,　Ch1ral　Discrimination　by　(Rj-　and　μ)-1-Phenylethykarbamate　of　Amylose　in

　　　　NMR｡

4.　Structural　Analysis　of　Amylose　Tris(3,5-dimethylphenylcarbamate)by　NMR　and　lts

　　Chira1　Recognition　Mechanism.

5,Computational　Studies　on　Chiral　Discrimination　Mechanism　of　Phenykarbamate

　　Derivatives　of　Cellulose.

6.　Enantioseparation　of　Catenane,Rotaxane,and　Pretze1-Shaped　Molecules　and

　　Observation　of　Circular　Dichroism.

　　　　These　studies　win　be　described　in　six　chapters.

　　　　ln　ChaPter　1,　six　phenylcarbamate　derivatives　of　cenulose　and　amylose　having

both　an　electron゛withdrawing　nuoro　group　and　an　electron“donating　methyl　group　on　the

phenyl　moieties　were　prepared,　and　their　chiral　recognition　abmties　xvere　evaluated　as
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　　d:　4-Si(CH3)3　e:　3,5-C12
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{}
　　　　18

C:　5-F-2-CH3

f:H

CSPs　for　HPLC　and　compared　with　thoseof　chloro-methyIPhenylcarhfnute　derivatives

of　ceHulose　and　amylose･　　The　chiral　recognition　abilities　of　nuoro-

methylphenylcarbamates　of　ceUulose　and　amylose　were　dependent　on　the　Position　of　the

substituents,　The　cellulose　derivatives　with　nuoro　and　methyl　grouPs　at　the　mrM　and

μa7　positions　(17a｡b)showed　h,igher　resolving　power　than　the　o�7a-　and　nt-

disubstltuted(17e)derivative　as　observed　for　the　ehloro-methylphenylearbamale

derivatives　of　ceHulose,　0n　the　other　hand,　the　θ�i∂-substituted　derivative　of　amylose,

tris(5-nuoro-2-methylphenylearbamate)(18e)｡showed　high　chiral　recognition　as　well　as

the　mEa-　and　μ6s-disubstituted　derivatives　(18a､b).The　diffbrent　chiral　recognition

was　discussed　on　the　basis　of　IR　and　CD　spectroscoPic　data･
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　19:　R=R‘=H

20a:　R°H･　R'゜CH3

20b:　R=R'=CH3

OH　HO

J
　
M

　　　ln　Chapter　2-　1　,　chromatographic　enantioseParation　of　1　,　P　-bi-2-naphthol　(19)

and　its　mono-　and　di-θ-methylated　derivatives　(20a,20b),2,2'-dihydroxy-6,6'-

dimethylbipheny1(21),and　10,10'-dihydroxy-9,9'-biPhenanthry1(22)has　been

perf6rTned　on　�lulose　tris(5-nuoro-2-methylphenylcarbamate)(17c)as　a　CSP　for

13



HPLC･　The　complete　base-nne　separation　of　19　and　2　1　was　achieved　with　the　elution

order　of　enantiomers　such　that　the　(/?)-isomers　elut�nrst　foHowed　by　the　(51)-isomers｡

The　resolution　of　2　2　and　the　θ-methylated　20　was　dimcult　on　l　7c･　The　cellulose

derivative　1　7　c　dissolved　in　chlorofoml　also　exhibited　a　chira]l　discrimjnation　for　1　9　and

2　1　in　l　H　and　l　3C　NMR　spectroscopies　as　weH　as　in　HPLC.　The　hydroxy　and　some

aromatic　protons　and　carbon　resonances　of　1　9　and　2　1　were　ckarly　separated　into　a　pair

of　peaks　due　to　enantiomers　in　the　presence　of　17c,　The　binding　geometry　and　dynamics

between　1　7　c　and　the　enantiomers　of　1　9　were　investigated　on　the　basis　of　spin-lattice

relaxation　time(7'/),IH　NMR　titrations,　and　intermolecular　NOEs　in　the　presence　of　17e.

The　changes　in　the　chemjcal　shifts　and　7'/s　for　(S)-19　were　significantly　larger　than　those

R)r(R)-19　upon　binding,　and　the　apparent　intermolecular　NOEs　between　the　naphthyl

protons　of(S)-1　9　and　the　methyl　protons　on　the　phenyl　groups　of　1　7c　are　observed　only

in　the　17e-(5)-19　complex,　These　NMR　data　are　funy　consistent　with　the

chromatographic　elution　order･　These　results,　combined　with　molecular　modenng,　reveal

the　ehiral　discrimination　rationale;　that　is,　the(,S゛)-1　9　site-seledvely　binds　to　1　7　c　v&z

intermolecular　hydrogen　bonding　to　afford　a　1:l　complex　with　a　repeating　glucose　residue･

Enantioselectivity((z)and　thermodynamic　parameters　fk)r　the　more　stjble　compkx　of

17e-(S)-19,and　the　difference　in　free　energy　μ∠1G　9　during　the　binding　process　were

separateiy　detemlined　by　IH　NMR　titrations　in　solution　and　by　an　HPLC　method.

　　　　ln　Chapter　2‘2,　a　new　method　for　the　detection　of　chiral　recognition　was

developed　through　a　mass　spectrometric　study　of　the　desorption　of　a　ch1ral　guest

compound(anaiyte)from　a　chiral　host　compound　(adsorbent)｡Optically　active　cenulose

tris(5-nuoro-2-methylphenylcarbamate)(17e)was　used　as　the　chilal　adsorbent｡　As　the

chiral　analytes,　(RE　and　μJ-1,P　-bi-2-naPhthol　(19)were　selected.　A　mixture　of　rRSJ-

19　and　17c　was　ioniz�by　electron　ionization　using　a　direct　insertion　probe　operated　by

temperature　programming　at　32　(C　min“l　from　25　to　400　℃･Reconstructed　ioncurrent

14



Pronles　of(Rj-andμj-19　show�difkrent　shapes､　which　may　result　from　their

diffyerent　adsorPtion　and/or　desorption　from　the　chijral　adsorbent　(1　7　c　y　The　chiral

discrimijnation　in　MS　was　connrmed　using　partially　deuterated　19　and　was　quite

consjstent　with　the　HPLC　enantioseParation　results　using　1　7　c　as　a　C　S　P,

RO
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　　　　ln　Chapter　3-　1　,　tris(4-trimethylsilylphenylc�)amate)s　of　cellulose　(17d)and

amylose(18d)were　prepared　and　their　ch1ral　recognition　abilities　as　CSPs　for　HPLC

were　evalume(i･These　CSPs,　especially　17d　showed　high　resolving　power　whose　chiral

recognition　abinty　was　comparable　to　that　of　cellulose　tris(3,5-dimethylphenylcarbamute),

These　derivatives　were　soluble　in　chloroform　and　exhibit　chiral　discriminatjon　to　n7mny

ch1ral　compounds　i　lH　NMR　spectroscopy　as　well　as　in　HPLC.　For　examPle,　IH　NMTR

signals　of　M;z115‘stHbene　oxide,　benzoin,　mandehc　acid,　and　severa1　5'ec‘alcohols　,　s　uch　as

2-butanol　and　2-octanol　were　enantiomerically　separated　into　two　sets　of　peaks　in　the

presence　of　1　7　d　.　The　celluk)se　derivative　17d　can　work　as　a　chiral　shift　reagent.

Competition　experiments　with　acetone　or　2“proPanol　indicated　an　importance　of　hydrogen

bond　between　17d　and　Ma5-stnbene　oxide　enantiomers　for　chiral　discrimjnation｡

Tris(3,5-dichlorophenylcarbamate)of　cellulose　(17e)was　also　soluble　in　chloroform　in

the　presence　of　a　sman　amount　of　2‘proPanol　or　acid　and　showed　chiral　recognition　R)｢

some　racemates　in　solution.　Chiral　discrimination　by　3,5-dimethylphenylcarbamates　of

mjtoongosaccharides(23),cdlotetraose(24),and　cydodextris(25)were　also

investigated　using　1H　NMR　spectroscopy･
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　　　　ln　Chapter　3-2,commercia]ly　available　CS　P　μj-1-phenylethylcarbamate　of

amylose(16･μj),aJld(&H-Phenylethylcarbamate　derivative(16{RJ)having　oPposite

ehirality　of　the　l-phenylethylcarbamate　grouP　were　soluble　in　chlorofoml　and　show　chiral

discrimination　in　NMR　sPcctroscoPy　as　well　as　in　HPLC.　A　good　correlation　between

the　NMR　resuits　and　the　chromatograPhic　elution　order　was　observd　for　some　racemates.

For　exampie,(±)-I-(9-anthryl)-2,2.2･trinuoroethanol(26)w　as　enantiomerically

seParated　ito　two　sets　of　Peaks　in　the　Presence　of　1　6{Sj　in　lH,　13C,and　l9F　NMR｡

Howeverμn　the　presence　of　16-βJ　having　lower　resolving　abmty　for　2　6　than　that　of

16-μλspiitting　due　to　the　enantiomers　was　observed　only　in　l9F　NMR｡

　　　　ln　Chapter　4,　amylose　tris(3,5-dimethylphenylcarbamate)(15)with　low　degree　of

poiyllierization(DP≪100)was　found　to　be　soluble　in　chlorofom1　This　enables　us　to

study　the　chiral　recognitionmechanism　of　15　by　means　of　NMR　spectroscopy　which　is

among　the　most　efactive　CSPs　for　HPLC.　15　exhibited　chlral　discrimination　for　many

enantiomers　including　19　and　26　1n　NMR　as　weU　as　in　HPLC　The　structure　of　15　1n

solution　was　investigated　by　NMR　using　2D　NOESY　techn≒ue　coupled　with　a　computer

modenng　and　a　left-handed　4/3　hehcal　structure　was　obtained　as　the　most　ProbableoRe

for　l5･　A　good　agreement　was　observed　on　the　results　of　HPLC　and　NMR　studies

when　chloroform　was　empk)yed　as　a　conln7lon　solvent,The　binding　geometry　between

15　and　the　enantiomers　of　26　was　also　investigated　by　lH　NMR　titration,　Based　on

these　resuh　combined　with　moktular　modeling,　a　rationale　model　to　explain　the　chiral

discrimination　mechanism　of　2　6　on　1　5　could　be　proposed,
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　　　　ln　Chapter　5,the　calculations　of　interaction　energies　between　cenulose

trisPhenylcarbamate(17f)or　eellulose　tris(3.5-dimethylphenylcarbamate)(14)and　zalx-

sibene　oxide　(27)or　benzoin　(28)were　performed　by　various　methods　to　gain　insight

into　the　mechanism　for　the　chiral　recognition　on　phenylcarbamate　derivatives　of　ceHulose

which　are　useful　chiral　stationary　phases　for　HPLC･　The　cjculations　were　roughly

divided　into　two　methods:　1)Enantiomers　were　generated　around　the　NH　proton　and　the

C=O　oxygen　of　the　carbamoyl　group　of　1　7　f　and　1　4　which　are　considered　to　be　the　most

important　adsorPtion　s　ites,　and　then　the　interaction　energy　w　as　cjculated,　2)

Enantiomers　were　randomly　generated　by　the　Monte　Carlo　method　on　the　surface　of　1　7　f

and　14,　and　then　the　interactjon　energy　was　calculated,The　results　of　both　calculations

were　in　good　agreement　with　the　results　in　the　chromatographic　resolution　of　27　and　28

by　1　7　f　and　1　4　,

‰y

orW゛'

y

゜∇

N
H

‐

‐
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　　　Chapter　6　d�s　with　the　apphcation　of　polysaccharides　derivatives　to　the

resolution　of　cycloenantiomeric　rotaxane　(29,30),topologi�ly　chiral　catenane　(31),

and　Pretzel-shaped　molecules　(32)｡7『hese　compounds　were　emciently　resolved　on　3,5-

dimethylphenylc�)aaltes　of　ceHulose　(14)and　amylose(15),and　the　pronounced
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circular　dichrogram　of　these　enantiomers　were　observed.

　　　　ln　these　studies,　the　author　could　attain　the　following　imPortant　findings.

1.　Fluoro“methyIPhenylcarbamates　of　ceHulose　and　amylose　show　high　resolving

　　abilities　as　CSPs　R)r　HPLC､　and　some　of　them　are　soluble　in　chloroform.

2,Several　　phenylcarbamate　　derivatives,　　for　　instance　　tris(4-

　　　trimethylsilylphenylcarbamate)(17d)and　tris(5-nuoro-2-methylphenylcarbamate)

　　　(17c)of　cenulose,　are　soluble　in　chloroform,　and　discriminate　between　enantiomers

　　　in　NMR　spectroscopy　as　well　as　in　HPLC.　This　permitted　us,　for　the　first　time,　to

　　　investigate　the　chiral　interaction　occurring　in　solution　by　NMR　spectroscopy

3,Mass　spectrometry　was　found　to　be　a　new　detector　of　chiral　recognition　through　the

　　　study　of　desorption　of　a　partially　deuterated　chiral　guest　compound　from　a　chiral

　　　host　compound,

4,　Amylose　tris(3,5-dimethylphenylcarbamate)(15)of　DP　<　100　1s　soluble　in

　　　chloroform,　and　exhibited　chiral　discrimination　for　many　enantiomers　in　NMR　as

　　　weH　as　in　HPLC.　0n　the　basis　of　the　NOESY　spectroscopic　studies　coupled　with　a

　　　computer　modeling,　a　left‘handed　4/3　hencal　structure　was　obtained　as　the　most

　　　probable　one　for　15,　Moreover,　the　utilization　of　the　same　solvent　(chloroform)in

　　　NMR　and　HPLC　brought　about　a　good　agreement　in　the　results　of　NN4R　and　HPLC.

5.　By　the　computer　simulation,　the　author　could　gain　insight　into　the　mechanism　for　the

　　　chiral　recognition　on　phenylcarbamate　derivatives　of　ceHulose,　The　author　proposed

　　　the　new　several　methods　for　the　calculation　of　interaction　energies　between

　　　molecules｡

6･　The　author　succeeded　in　the　resolution　of　structurally　attractive　compounds,　such　as

　　　cycloenantiomeric　rotaxane,topologically　chiral　catenane,and　pretze1-shaped

　　　molecule､and　could　measure　the　circular　dichroism　of　each　enantiomer.
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Chapter　l

Enantioseparation　b'y　H〕PLC　on　Fluoro-methylphenylcarbamates　of

　　　　　　　　　　　　Cellulose　and　Amylose

1-1.　1ntroduction

　　　Enantiomers　of　biologically　active　compounds　such　as　pharmaceuticals　and

agrochemicals　often　show　quite　different　physiological　behaviors　in　living　systems,

Therefore,　detailed　investigation　on　pharmacokjnetics　and　physiological　activities　of　both

enantiomers　should　be　done　before　us{y　　Chromatographic　enantioseparations,

particularly,resolution　by　high-PerR)rmance　liquid　ehromatography(HPLC),has

advanced　considerably　in　the　past　decade　and　has　become　a　practically　useful　method　not

only　for　determining　their　optical　purity　but　also　for　obtajning　oPtical　isomers,

DeveloPment　of　effbctive　chiral　stationary　phases　(CSPs)is　the　key　in　this　method,

ThereR)re,　many　CSPs　for　HPLC　have　been　preparedy4　　Among　them,　the　CSPs

consisting　of　phenylcarbamate　derivatives　of　Polysaccharides　such　as　cellulose　and

amylose　appear　to　beone　of　the　most　usefu1　CSPs.5“7　　ln　particular,　3,5“dimethyl-　o｢

3,5‘dichlorophenylcarbamate　derivatives　of　cellulose　and　amylose　show　high　chiral

recognition,8　　　　Recently,0kamoto　and　coworkers　found　that　disubstituted

phenylcarbamate　derivatives　having　both　an　electron“withdrawing　chloro　group　and　an

electron‘donating　methyl　group　on　the　phenyl　moieties　such　as　3“chloro‘4“methyl“　and　4'

chloro-3-methylphenylcarbamates　of　cellulose　and　5゛chloro‘2‘methylphenylcarbamate　of

amylose　also　showed　high　ch1ral　recognition.　　Effects　of　the　position　of　substituents　on

the　chlral　recognition　abilities　of　the　phenylcafbamate　derivatives　were　discussed　using　IR,

IH-NMR　and　CD　spectroscoPic　data･9‘11
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　　　ln　this　chapter,　three　kinds　of　disubstituted　phenylcarbamates　of　ceHulose　and

amylose　having　3-nuoro↓methyl(a)､4-nuoro-3-methyl(b)､and　5-nuoro-2-methy1(e)

substituents　on　the　phenyl　moieties　(Figure　l-1)were　prepared　and　their　chira1　recognition

abilities　as　CSPs　were　evaluated　by　comparing　with　those　for　the　corresponding　chloro-

methylphenylcarbamates.

ocoNH-《TE}､
　　｡､　　　　X

ocoNH-《TI､
　　-　　　　　X

ΛΣ⊇｡｡≒/Σ｡2t
ocoNH{≒　　　x　　ocoNH(≒　　　)(

1 　　　　　　　　　　　2

Figure　l-1.　Structures　of　CSPs

　X=

a:　3-F‘4-CH3

b:　4-F'3-CH3

C:5-F-2-CH3

1-2.　Experimental

　　　Chemieals.　　　Cellulose(Avicel,DP~100)was　purchased　from　Merck,

Amylose(DP~60)was　a　gift　from　Nakano　vinegar　(Handa,Japan).　　3-Ruoro4-

methylaniline　and　2-nuoro-5-nitrotoluene　were　obtained　from　Aldrich,　4-Fluoro-2‘

nitrotoluene,　triphosgene,　and　(3-aminopropyl)triethoxysilane　were　of　guaranteed　reagent

grade　from　Tokyo　Kasei　.　　Porous　spherical　silica　gel　with　a　mean　particle　size　of　7　μm

and　a　mean　pore　diameter　of　100　nm　(Daiso　gel　SP-1000)　was　kindly　supplied　by　Daiso

ChemicaL　A11　solvents　used　in　the　preparation　of　CSPs　were　of　analytical　reagent

grade,　carefully　dried,　and　distilled　before　use･　Solvents　used　in　the　chromatographic

experiments　were　of　HPLC　grade,　Racemates　(3-12)(Figure　l-2)were　commercially

availableor　wereprepared　by　the　usual　method.12
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　　Synthesis　of　tris(nuoro-methylph･enylearbamate)s　of　cellulose　and　amylose.

4-Fluoro-3-methylaniline　and　5-nuoro-2-methylaniline　were　prepared　by　reduction　of　the

com3sponding　nuoro-nitrotoluene　using　SnCI2‘2H20　and　hydrochloric　acid　(35%)in

ethanoL　　Fluoro-methylphenyl　isocyanates　were　prepared　from　the　corresponding

aniline　derivatives　by　the　conventional　method　using　triphosgene　in　toluene　at　m　80°C,

and　purined　by　distiHation;　3-nuoro4methyl　isocyanate　(bp　82°C　/　27　mmHg),4-nuoro-

3-methyl　isocyanate　(bP　65°C　/　10　mmHg)μmd　5-nuoro-2-methyl　isocyanate　(bp　85゜C　/

28　mmHg),

　　Phenylcarbamate　derivatives　of　cellulose　and　amylose　were　prepared　by　the　reaction

of　cellulose　or　amylose　with　an　excess　of　the　corresponding　nuoro“methylphenyl

isocyanate　in　dry　pyridine　at　ca,　80°C.8　The　phenylcarbamates　obtained　were　isolated

“s　methanol-insoluble　fractions　or　methanol-H20　(5:1)-insoluble　fractions,　Elemental
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analysis(Table　l-1)and　1H-NMR　data　showed　that　hydroxy　groups　of　cellulose　and

amylose　were　almost　quantitatively　converted　into　the　carbamate　moieties,

Table　l-1.　Elemental　analysis　of　phenylcarbamate　derivatives　of

cellulose　and　amylose

　　　　　　　　　　　　　　C%　　　　　H%　　　　　N%

a
　
　
･
D
　
　
c
　
　
　
a
　
　
･
D
　
　
　
c

1
　
　
1
　
　
1
　
　
2
　
　
2
　
　
`
.
'
″

Calculated　value“

58 37

57.36

58.15

58』3

59』7

57.80･
･=-=-=･

58j4

4.39

4.33

430

436

4.35

4.09
-‐---

4.58

“Estimated　based　on　a　repeated　glucose　unit,

5

6

6

5

6

6
〃･

6

25

43

90

32

75

99
--=

83

　　　Preparation　of　stationary　phase.　　Each　column　Packing　material　was　prepared

using　macroporous　silica　gel　as　described　previously　and　was　packed　into　a　stainless'steel

tube(25　cm　x　O,46　cm　LD.)by　conventional　high-pressureslurry　packing　technique　using

a　mode1　CCP-085　Econo　packer　pump　(Chemco)｡　The　plate　numbers　of　the　columns

were　4500-6500　for　benzene　with　hexane-2-propanol　(90:10)as　the　eluent　at　a　now　rate

of　Oj　ml/min,　1,3,5-Triwr£‘butylbenzene　was　used　as　a　non-retained　compound　for

estimating　the　dead　time　(to)｡

　　Apparatus.　Chromatographic　experiments　were　Per£rmed　on　a　Jasco　880'PU

chromatograph　equipped　with　a　UV　(Jasco　875-UV)and　a　polarimetric　(Jasco　DIP-　1　8.2)

detectorsat　room　temperature,　A　solution　of　a　racemate　(1~10μ1)was　injected　into　the

chromatographic　system　with　a　Rheodyne　Mode1　7　1　25　injector.　　IR　spectra　were
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measured　on　a　Jasco　Fourier　trans6rm　IR‘7000　spectrometer　as　a　KRr　pdet,　Circular

dichroism(CD)sPectra　of　Polysaccharide　derivatives　were　taken　in　THF　solution　(L6

mM　based　on　glucose　units)on　a　Jasco　J-720　L　apParatus　with　a　Ojmm　oPtical　cell　at

ambient　temperature｡　　Uv　spectra　were　recorded　on　　aJasco　ubest-55

spectrophotometeE　I　H-NMR　spectra　were　taken　in　pyridine゛φat　80oC　with　a　varian

vxR-500S　NMR　spectrometer(500　MHz)using　tetramethylsilane　(TMS)as　the　intemal

standard.

1-3.　Results　and　Discussion

　　Figure　l-3　shows　a　chromatogram　of　the　resolution　of　racemic　1,2,2,2‘

tetraPhenylethanol(3)on　a　column　packed　with　amylose　tris(4-nuoro-3-

methylphenylcarbamate)(2b),　The　enantiomers　eluted　at　retention　times　of　tl　and　t2

showing　complete　separation,　　Capacity　factors,　£/'[=(tl-to)/to]and&2'[=(t24o)/to],

were　1･14　and　2･67,　respectively.　SeParation　factor　a[゜£2　4/　'　]and　resolution　factor

a[=2(t2-tl)/(wl+w2)]werefound　to　be　2　34　and　5　,　34,　respectively,

　a

Ⅲ

5

(
E
c
々
S
)
`
5

　　　　　　0　　　　　　　　　　　10　　　　　　　　　　20

　　　　　　　　　　　　　　　　Elution　time　/　min

Figure　l-3.　Separation　of　enantiornersoH,2,2,2-tetraphenylethanol(3)

on　2b.　Chromatographic　conditions　are　shown　in　Table　l‘2･
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　　　The　results　of　the　enantioseParation　of　ten　racemates　3,　1mg-stilberle　o`ide(4)･1“

(9-anthryl)-2,2,2-trinuoroethanol(5)､Tr6ger　base　(6),methyI　Phenyl　sulfoxide(7),

cobalt(III)tris(acetylaeetonate)(8)､2-Phenylcyclohexanone(9),navanone(10),benzoin

(11)､　and　/rox-cycloProPanedicarboxylic　acid　dianilide　(12)　on　the　nuoro-

methyIPhenylcarbamates　of　ceHulose　and　amylose　are　given　in　Table　1-2･　Mda-　and

μara-disubstituted　cellulose　derivatives　la　and　lb　showed　higher　resolving　power　than

,9μ/lo-　and　mela,disubstituted　derivative　le　and　could　resolve　most　of　the　racemates　tested

in　the　Prcsent　study.　　0n　the　other　hand,　amylosc　derivative　2c　having　a　substituent　at

theθμ/7θposition　also　showed　characteristic　high　chiral　recognition　comparable　to　the

/jlcω-　andμam-disubstituted　derivatives　2a　and　2b･　The　elution　order　of　most

racemates　was　not　innuenced　by　the　position　of　the　substituents　introduced　on　the　Phenyl

groups　of　the　cellulose　or　amylose　derivatives.　　Howeverμhe　elution　order　of　several

racemates　5-8,　10-12　on　the　cellulose　derivatives　was　reversed　comPared　with　that　on　the

corrcsponding　amylose　derivatives,　　These　results　indicate　that　the　chiral　recognition

mechanism　on　the　cellu】ose　derivatives　may　be　different　from　that　of　the　amylose

dcrivatives｡

　　　Similar　results　have　been　obtained　on　chloro-methylphenylcarbamates　of　cellulose

and　amylose;9`11　3-chloro-4-methyl　and　4-chloro-3-methyl　derivatives　of　cellulose

showed　higher　resolving　power　than　the　other　θμ/7θ-substituted　derivatives､　while　5-

chloro-2-methylphenylcarbamate　exhibited　the　most　eftective　ch1ra1　recognition　abihty　in

the　amylosc　derivatives　and　resolved　the　aH　racemates　3-12　with　high　a　values,　NO

reverseelution　order　of　the　enantiomers　was　observed　on　changing　the　chloro　group　to　the

nuoro　group　except　for　a　few　cases･

　　　The　rluoro‘mcthylphenylcarbamates　of　cellulose　and　amy】ose　are　soluble　in

chloroform　whereas　the　chloro-methylphenylcarbamates　are　insoluble.　　This　higher

solubility　of　the　nuorine‘containing　derivatives　wlH　be　useful　for　studying　the　chiral

recognition　nTlechanism　by　NMR　spectroscoPyj　3　A　detailed　study　is　in　progress･
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　　　lt　has　been　demonstrated　that　the　most　important　adsorbing　site　for　chiral　recognition

on　the　phenylcarbamate　derivatives　of　polysaccharides　is　the　polar　carbamate　residue,

which　can　interact　with　enantiomers　mainly　through　intermolecular　hydrogen　bonding　on

NH　andC=O　groups,8　　1mportance　of　the　carbamate　residue　for　chira1　recognition　has

recently　been　supported　by　the　IH-NMR　study　using　cellulose　tris(4-

trimethylsilylphenylcarbamate)j　3　　　Moreover,　it　has　also　been　ProPosed　lhat

intramolecular　hydrogen　bond　between　adjacent　carbamate　moieties　of　neighboring

glucose　units　may　be　imPortant　for　ef&ctive　chiral　recognitionj　l　　　Such　an

intramolecular　hydrogen　bond　may　contribute　to　maintain　a　rigid　regular　structure　of　the

phenylcarbamates　of　the　polysaccharides,

　　　To　conf1rm　this,　IR　and　CD　spectra　were　measured　(Figures　l-4　and　l-5)｡　Figure

l-4(a)shows　IR　spectra　of　the　N-H　region　of　the　nuoro-methylPhenylcarbamates　of

cellulose,　Two　peaks　are　observed;　the　peak　in　the　lower　wave　number　is　assigned　to　a

N-H　grouP　involved　in　intramolecular　hydrogen　bond　between　the　carbamate　residues　of

ncighboring　glucosc　units　and　the　peak　in　the　higherwave　nunlber　to　a　free　N-H　bond?

Recent　resu】ts　of　molecular　mechanics　calculation　for　cellulose　trisphenylcarbamate

showcd　the　existcnce　of　intramolecular　hydrogen　bondj　4　　The　derivatives　la　and　lb

showing　high　chiral　recognition　have　higher　fraction　of　intramolecularly　hydrogen　bonded

N-H　than　the　θ17/?θ‘and　z77d･7-disubstituted　d･erivative　lc　showing　low　chiral　recognition･

The　former　derivatives　may　havc　a　rigid　regular　structure　due　to　intramolecular　hydrogen

bonding　which　nTlust　be　responsible　for　high　chiral　recognition･　An　evidence　for　the

regular　structure　of　la　and　lb　ean　be　seen　in　the　CD　spectra　(Rgure　1-4(b))which

showcd　dif&rent　peak　top　wavelengths　and　intensities　depending　on　the　position　of　the

substituents,　although　the　derivatives　showed　a　similar　Uv　spectral　pattem,　　The　CD

signal　at　around　230　-　240　nm　may　be　due　to　the　carbamoyl　groups　and　that　in　the　region

of　200　-220　nnl　may　be　assigned　to　absolPtion　mainly　due　to　the　phenyl　grouPs,　because

aliphatic　carbamate　derivatives　of　cellulose　such　as　cellulose　tris(2-propylcarbamate)

showed　a　very　weak　absorption　in　the　region　of　200　-　220　nnlj　5　The　derivatives　la　and
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Figure　l-5.　1R(a)and　CD　(b)spectra　of　nuoro-methylPhenylcarbamates　of　amylose　(2a,2b､

and　2c)｡CD　sl)ectrawere　measured　in　tetrahydrofuran(THF)(L6mM)at　ambient　temperature.
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lb　showed　a　more　intense　CD　signal　than　lc　in　this　region.　　These　results　suggest　that

la　and　lb　may　have　highly　regular　structures　which　lead　to　high　chiralrecognition,

　　　The　IR　and　CD　sPectra　of　the　amylose　derivatives　are　shown　in　Figure　l-5･

Contrary　to　the　cellulose　derivatives,　θ17/1θ-substituted　2c　contained　a　higher　fraction　of

N-H　involved　in　intramolecular　hydrogen　bond　than　2a　and　2b　(Figure　l-5(a)).　The

CD　spectrum　of　the　θ4/7θ-substituted　derivative　showed　a　dinbrent　Pattem　of　CD　with　a

more　intense　signal　in　the　region　of　200　-　220nm　(Figure　l-5(b)E　　These　amylose

derivatives　may　have　dim?rent　ordered　structures　dePending　on　the　Position　of　the

subslituents･　The　dif&rent　order　structures　may　result　in　characteristic　high　chiral

recognition　ability　of　each　derivative･
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Chapter　2

ChiraI　Recognition　by　5-Fluoro-2-methylphenylcarbamate

　　　　　　　　　　　　　of　Celluiose
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Chapter　2-1

　　　　　　NMIR　Studies　of　ChlraI　Discrimination

Relevant　to　the　Liquid　Chromatographic　Enantioseparation

　　by　5-Fluoro-2-methylphenylcarbamate　of　Cellulose

2-1-1.　1ntroduction

　　　Since　biosystems　consist　of　optically　active　chiral　polymers,　such　as　Proteins,

nudeic　acids,　and　polysaccharides,　living　organisms　onen　show　quite　dif&ren{

physiological　behaviors　toward　one　of　a　pajr　of　enantiomers,esPecially　chiral　drugsj

Therefore,　detailed　investigations　of　the　pharmacokinetics,　physiological,　toxicological,

and　metabolic　activities　of　both　enantiomers　of　the　chiral　drugs　have　become　essential　for

the　development　of　chiral　drugs　in　the　phamlaceuticaHndustry.2'3　Moreover,　optically

active　compounds　have　recently　aroused　wide　interest　in　many　nelds　dealing　with　natural

products,　agrochemicals,　and　ferroelectric　liquid　crystals,　therefore,　their　preparation　and

analysis　are　of　increasing　importance,

　　　Chromatographic　enantioseparations,　particularly　resolution　by　high“performance

liquid　chromatograPhy　(HPLC),have　considerably　advanced　during　the　past　decade　not

only　for　determining　their　oPtical　purity　but　also　for　obtaining　optical　isomers,　and　in　the

pharmaceutical　industry,chiral　HPLC　has　become　essential　for　the　research　and

development　of　chiral　drugs,2'3　　The　preparation　of　a　chiral　stationary　phase　(CSP)

capable　of　efflctive　chiral　recognition　is　the　key　to　this　separation　technique･

ThereR)re,　many　CSPs　for　HPLC　have　been　prepared,　and　about　l　10　CSPs　have　already

been　on　the　markeL3･4

　　　There　are　basically　two　types　of　CSPs･　One　consists　of　a　chiral　small　molecu】e

that　is　usuaHy　bound　to　a　suPport　silica　gel,　and　the　second　is　derived　from　a　chiral
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Polymer　being　used　as　a　Porous　gel　o･r　with　silica　geL　　A　great　number　of　former　CSPs

have　been　prePared,　and　the　clafincation　of　the　chiral　discrimination　mechanism　on　the

CSPs　havc　been　attempted　using　sPectroscopic5　and　computational　methods･6　The

CSPs　that　have　been　most　intensively　studied　in　this　respect　are　cyclodextrin-based　CSPs

and　Pirkle's　type　CSPsj'6　　The　rational　models　of　interactions　between　the　CSPs　and

enantiomers　have　been　proposed　on　the　basis　of　the　structural　data　of　a　crystalline　l:1

complex　of　a　chiral　selector　and　an　enantiomerby　x‘ray7　and　the　solution　NMR

experiments　includinjg　intermolecular　NOE　studies5　which　have　been　proved　to　be　very

Powerful　tools　for　understanding　the　nature　of　chiral　discrimination　occurring　in　solution

between　small　molecules　as　exemPlined　by　host-guest　complexation,8

　　　The　CSPs　composed　of　chiral　polymers　such　as　Polyacrylamides,9　one-handed

helical　　POlymethacrylates,10　　polyamides,H　　Proteins,12　　and　　polysaccharide

derivativesl　3j　4　have　also　been　extensively　studied,　many　of　whichare　noxv　conlnlercially

available,　　ln　contrast　to　the　sma11-molecule　CSPs,　very　few　mechanistic　studies　on

chiral　discrimination　at　a　molecular　level　have　been　done　parlicularly　by　spectroscoPic

methods　on　polynleric　CSPsj　5　　Chlral　polymers　usually　have　a　number　of　dif&rent

binding　sites　with　a　dim3rent　amnity　to　enantiomers　and　the　determination　of　their　exact

structures　in　both　solid　and　solution　is　laborious.　This　makes　it　dimcult　to　evaluate　a

Precise　chiral　recognilion　mechanism･　　　The　only　exception　may　be　some　specia1

protein-ligand　and　DNA-drug　complexes,　whosc　structures　have　been　determined　by

either　x-ray　or　NMR　analysis　in　solution･16

　　　0kamoto　and　coworkers　have　found　that　phenylcarbamate　derivatives　of　cellulose

and　amylose　show　high　resolving　power　as　CSPs　when　coated　on　macroporous　silica　gel,

and　can　seParate　a　wide　range　of　racemates　including　many　drugsj　4　Some　of　the

derivatives　have　been　commercialized　and　used　as　very　poPular　CSPsj　7　　However,　the

chiral　recognition　mechanism　on　the　phenylcarbamate　derivatives　at　a　molecular　level

remains　elusive,　although　a　qualitative　explanation　has　been　given　on　the　basis　of

chromatograPhic　enantiosepafation14　and　conlputational　studiesj　8
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　　　An　NMR　sPectroscoPic　study　on　the　chiral　recognition　nlechanism　of　polymer

systems　onen　fails　because　most　polynTlers　are　soluble　only　in　the　solvcnts　whkh　prevent

enantiomer　discrimination･　Most　phenylcarbamate　derivatives　of　the　polysaccharides

with　high　chiral　resolving　Power　as　CSPs　are　tyPical　cases,　They　are　soluble　only　in

Polaf　sol゛e“ts,　s“ch　as　tetrahydrohl“m(THF)･ace{o“e,　“nd　pμidinc　　ln　such　Pokr

solventsμhe　phenylcafbamate　derivalives　show　poor　chlral　recognition　for　enantiomers

because　the　solvents　preferentially　interact　with　the　polar　carbamate　rcsidues　whkh　are

the　most　important　binding　site　for　chiral　discrimination,

　　　However,0kamoto　and　coworkcrs　recently　found　that　cellulosc　tris(4-

trimethylsilylphenylcarbamate)(CTSP)19　1s　soluble　in　chlorok)rm,　and　shows　chiral

discrimination　in　lH　NMR　spectroscopy　as　well　as　in　HPLC,　For　instancc,　the

methine　proton　of　lrJM'2,3-diphenyloxirane　was　sPlit　into　two　singlet　rcsonanccs　in　the

presence　of　CTSP,19　indicating　that　CTSP　can　discriminate　the　enantiomcrs　even　in

solution. The　elution　order　of　/mzM-2,3-diphenyloxirane　on　CTSP　was　well　relatcd

with　the　downncld　shin　of　the　(-)-isomer　observed　in　the　lH　NMR.　CTSP　can　work　as

the　chiral　shin　reagent,　and　discriminates　the　enantiomers　onhe　Tr(5ger　base,　benzoin,

mandelic　acid,　and　several　gc-alcohols,　such　as　2―butanol　and　2-octanol　in　CDCIT4,20

However,　the　dim5rences　in　the　chemical　shins　of　the　enantiomers　in　the　prescnce　oF

CTSP　were　too　small　to　obtain　reliable　data　on　the　chiral　recognition　rationale　through　lH

NMR　titrations　and　NOE　measurements　because　of　weak　bindjng,　very　recentlyμhe

au{hor　has　found　that　cellulose　tris(5-nuoro-2-methy】phenyjcarbamate)(1)(Chart　2↓｣)

is　also　soluble　in　chloroform21　and　is　caPable　of　discriminating　enantiornersof　l,P-hi,2-

naphlhol(2)and　2,2″-dihydroxy-6､6'-dim�1ylbiphenyl(4)in　lH　and　l3C　NMR　with　large

chemical　shin　changes　onhe　enantiomers　as　well　as　in　HPLC　accompanying　the　large

separation　factors(a>3)｡　These　results　suggest　thaHhe　system　consisting　oH　and　2

or　4　wlll　be　suitable　for　elucidating　the　chiral　d,iscrimination　mcchanism　on　cellulose‘

based　CSPs　at　a　molecular　level　through　NMR　studies･
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2-1-2.　Results　and　Discussion

　　　Chromatographic　enantioseparation.　Figure　2-l-1　shows　a　chromatogram　of

the　resolution　of　racemic　l,I'-bi-2-naphthol　(2)on　a　column　packed　with　cellulose　tris(5-

nuoro-2-mcthylphenylcarbamate)(1)｡　The　peaks　were　detected　by　a　Uv　detector　and

identined　by　a　polarimetric　detcctor,　　TheμE(+)-2　and　βj-(-)-2　enantiomers　eluted　at

retention　times　of　tl　and　t2　resPectively,showing　comPlete　separation･

ChromatograPhic　Parameters,　capacity　factors,　£/'゜(tFto)/to　and　£y=(t2-to)/to,and

separation　factor(a=&yλE)werefound　to　be　23　1　,　9･77,　and　4･23,　respectively･　　The

dcad　time　to　was　estimated　by　using　l･3,5“tri-zrrr-butylbenzene　as　a　non-retained

compoundj2　　This　indicates　that　μμ-)-2interacts　more　strongly　with　the　stationary

phase　consisting　of　l　than　r/?j-(+)-2.

　　　To　investigatc　the　role　of　hydrogen　bondinOnteraction　between　the　CSP　l　and　2　in

chlral　recognition,　one　orboth　onhe　hydroxy　groups　of　2　were　methylated　(3a　and　3b)｡

The　chromatograPhic　results　of　enantioseparation　of　2　and　four　analogues　(3a,3b,4､and

5)on　the　same　column　l　are　given　in　Table　2-1-L　　For　3a　and　3b,　a　remarkable

decllease　of　interaction　in　retention　(&/')and　enantioselectivity　(a)toward　the　CSP　l　was
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Figure　2-1-1.　Chromatogram　of　the　enantioseParation　of

(RX)-1,P-bi-2-naphtho1(2)on　CSP　l　with　hexane-2-propanol(90/

10)as　the　eluent　at　20　゜C,　Column,　25　×　O,46　(Ed｡)cm;　now　rate､

LO　mL　minA

Table　2-1-1･　Capacity　factor　(&/')､seParation　hctor((x)､and　the　dim5rence　in

free　energy　(∠X∠IG)in　the　enantioseparation　of　2-5　on　the　CSP　l　at　23　゜C“
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“Hexane-2-propanol(90/10)was　used　as　the　eluent　at　a　now　rate　oH,0
mL　min“　1　.　β　The　sign　in　parentheses　represenls　the　absolute　configura{1on

and/or　oPtical　rotation　of　the　first“eluting　enantiomer,　c　∠1∠1G　can　be

estimated　by　using　eq　l　(see　text),j　The　eluent　was　hexane-2-propanol

(70/30)｡
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　observed･　These　results　indicate　that　hydrogen　bonding　interaction　through　the

hydroxy　groups　of　2　is　the　main　force　for　its　relention　and　separation,　and　the

simultaneous　hydrogen　bonding　through　the　two　hydroxy　groups　may　be　essential　for

ef&ctive　resolution.

　　　An　analogous　biarylcornpound,,　2,2'-dihydroxy-6,6'-dimethylbiphenyl　(4),was　also

resolved　completely　with　a　large　avalue　(3.22)and　the　(S)-isonler　was　rnorereta.ined　as

weH　as　in　the　resolution　of　2･　On　the　other　hand,　10,10'-dihydroxy-9,9'-biPhenanthryl

(5)was　hardly　separated　under　identical　conditions.　Bulky　aromatic　grouPs　around　the

OH　grouPs　may　disturb　the　emcient　hydrogen　bondin&　　From　the　separation　factor

(α)､the　diffbrence　in　free　energy　(AAG°)at　a　given　temperature　can　be　calculated　by

using　eq　l　(Table　2-1-I),where　R　is　the　gas　constant　of　L987　cal　mol-I　K-l　and　r　is　the

absolute　temperature　in　K･　These　values　can　also　be　estimated　by　NMR　titration

mcthod　in　solution　which　will　be　discussed　later.

AAG゜=-/?7lna (I)

　　　One　dimensionaI　NNIR　studies.　　The　phenylcarbamate　l　can　resolve　many

enantiomers　besides　2　and　4　as　a　CSP　in　HPLCjI　　Since　l　is　soluble　in　chlorolorm,　one

can　investigate　the　chiral　discrimination　of　l　in　solution　by　l　H　and　l　3C　NMR

spectroscopies･

　　　Figure　2-|-2　shows　the　500　MHz　lH　NMR　sPectra　of(RS)-2　in　the　absence　(A)and

presence(B)oH　in　CDCly　　　The　peak　assignments　were　done　on　the　basis　of　2D

COSY　and　NOESY　experiments･　　The　assignments　for　2　were　identical　to　those　in

dimethyl　sulfoxide-j6,23　　　Each　of　the　hydroxy　and　naphthyl　protons　(H4　and　H6)of

the　enantiomers　of　2　were　significanlly　seParated　into　two　peaks　in　the　Presence　oLL

Other　naphthyl　protons　were　also　split　with　relatively　small　chemical　shin　diff&ences

(Table　2-1-2)｡　This　clearly　indicates　that　l　can　recognize　the　enantiomers　even　in

solution｡ The　chemical　shift　differences　(AA6)are　sufficiently　large　enoughto

determine　the　ratio　of　the　enantiomersjndicating　that　l　can　be　used　as　a　chiral　shift
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Figure　2･1-2y　H　NMR　spectra　of　selected　region　of　(/?X)-2(19,4　nlM)in　the

absence(A)and　presence(B)oH(36.1　mM　glucose　units)in　CDCI3　at　2PC｡

The　assignments　were　performed　with　2D　COSY　and　NOESY　experimenK

Table　2-1-2yH　and　13C　NMR　chemical　shifts　(pPm)of　2　in　the　absencc　and　the

presence　oH　in　CDCI3　at　23　oC

1-μE2/)1{/?J-2/)∠1∠1&

5,435　　5.234　　0.201

7385
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13335
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13L42

129.37

12831
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13y52

||().94
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117.72

13　L34

129.34

12836
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12T40
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13141

O｡11

-0.{)9

4)｡09

　0j}8

　0.03
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,(L03

0,02

4U)5
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“|μaE2]=19,4　mM,/'　The　chcmical　shifts　of　OH,　H4,　H6,　and　H9　pro{on　rcsonanccs　wclt

hascd　on　{hc　speclrum　of(/6j-2(19j　mM)in　thc　prcscnce　of　l　(36.1mM)(scd7igurc　2).

Bccausc　of　overlapping　or　thc　pcaks,the　olhcr　protons　chemical　shins　wcrc　lTlcasurcd

scparatcly　rorμj-　and　(/0-2(each　9j7　mM)with　l　(18,1　mME‘^Obtaincd　by　sub{｢acting

thc　l-μj-2values　fromthe　l-㈹-2　oncs.%jaE21=116　mM.゛Thc　chemi�shins　oF　C　I　､
C2,C3,C4,and　C10　carbon･　resonanccs　wcrcbased　on　the　spcctrum　oμ/aE2(H6mM)in

the　presence　orl(542　mM)(see　Figure　3)｡Because　of　overlaPping　onhe　peaks,　thc　other

cafbons　chcmical　shins　were　measured　separatcly　lbrμJ-　and　r/Q,2　(each　582　mM)with　l

(54.2mM)｡

43



reagent･　　Although　a　large　number　of　designed　chiral　hosts,　chiral　solvating　agents,　and

chiral　lanthanide　shift　reagents　have　been　rePorted　for　recognizing　optical　isomers　in

solution　by　NMR,8'24　only　a　few　of　them　have　been　used　oPtically　active　POlymers　as　a

chiral　selectorj　5'25　　0n　the　basis　of　the　measurement　with　enantiomerica〕Ily　purO/?j-

andμj-2,it　became　clear　that　the　hydroxy　protons　(μj-2-OH)were　more　largely　shifted

to　downneld　accomPanying　with　line　broadening　than　the　corresponding　(/0-2-OH,

whereas　the　μj-2-H4　and-H6　resonances　exhibited　uPneld　shift　and　broadening,

indicating　thatμE2　interacts　more　strongly　with　L　　The　downneld　shift　of　the　OH

resonances　is　ascribed　to　hydrogen　bond,‰26　and　the　upneld　shins　for　the　afomatic

protons　of　2　are　probably　due　to　π-stacked　or　shielding　effect　by　a　neighboring　aromatic

ring　of　l,27　　The　signineant　b･roadening　of　these　proton　resonances　of　μE2　indicates

that　exchange　rates　between　the　free　and　bound　forms　of　2　to　l　is　slow　compared　with　the

NMR　time　scale,25'28　although　a　clear　coalescence　point　could　not　be　observed　from

dynamic　NMR　experiments　of　the　mixture　aHemperatures　from　60　to　-40　°C　in　CDC13･

As　the　temperature　was　lowered,　the　resonances　of　the　μj-OH,-H4　and　-H6　protons　were

more　broadened,　　The　larger　chemical　shin　movement　and　broadening　of　the　μj-2

resonances　than　(/l)-2　observed　in,　the　lH　NMR　is　associated　with　the　chromatographic

elution　order　of　the　enantiomer.

　　　Discrimination　of　enantiomers　in　lH　NMR　was　also　observed　for　(RS)-4　in　the

presence　of　l,　and　the　structural　features　of　binding　were　similar　to　that　for　l-(R5)-2

complexation;　the　OH　proton　resonances　weresplit　into　two　Peaks　with　large　downneld

shins(A6=Oj63　and　Oj　65　ppm　for　(S)-and(/?)-4､resPectivelyy　　The　lower-neld､

broaden　peak　can　be　assigned　to　the　(5)-OH　protons､　and　these　observations　are　weH

consistent　with　the　chromatographic　cnantioseParation　results　(Table　2-1-1).　However､

for　3a　and　3b,　no　sl)litting　due　to　the　enantiomers　was　observed　in　the　presence　of　l,

These　NMR　resuits　also　support　the　importance　of　the　hydrogen　bonding　of　the　two

hydroxy　groups　for　chiral　discrimination　as　seen　in　the　chiral　HPLC,　　The　racemate　5

was　hardly　separated　in　IHNMR　as　well　as　in　HPLC｡　These　IH　NMR　data　are　fully
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consistent　with　the　chromatoμaphic　data　with　respect　to　the　enantioselectivity　and　elution

ordeE

　　Similar　splittings　of　2　and　4　into　enantionlers　in　the　Presence　of　l　were　also　observed

in　a　l3C　NMR　sPectroscoPy･　　Figure　2-1-3　shows　the　125　MHz　l3C　NMR　spectrum　of

(RS)-2　in　the　presence　of　l　in　CDCly　　　The　carbon　resonances　of　free　2　xvere

unambiguously　assigned　from　the　lH-13C　COSY　exPerimenL　　ln　Figure　2-1-y　it　is

aPParent　that　the　C1　-　C4,　and　C10resonances　areenantiomericaHy　separated　and　the　μE

2　carbonresonances　are　rnarkedly　broadened　as　seen　in　its　lH　NMR　spectrum　(Figure　2-

1-2).　ln　Table　2d-2are　surnrnarized　the　lH　and　13C　NMR　chemical　shins　()μμ-and

μE2　in　the　Presence　and　absence　of　L　Chemical　shin　dincrences　hclwccn　the

com5sPonding　proton　or　carbon　resonances　of　r/ij-　and　μE2　were　obtained　by　subtracting

thG&-2　values　from　the　μj-2　ones｡　　The　carbons　(CI　,　C4､　and　C10)cx　hibil　ing　largc

splits(AA6)are　belong　to　the　ring　A　(see　Figure　2-　I　-3)jndicating　that　the　ring　A　may　be

favorably　located　close　to　t.he　chiral　giucose　residue;　in　other　words,　(X)-2　nlay　insert　n･m

the　ring　A　into　the　chiral　groove　of　l　to　form　the　hydrogen　bond　involving　the　two

hydroxy　groups　of(X)-2　and　the　carbamate　residues　of　l(see　below　for　detailed

discussion).

¬-¬H
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　　　110
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132 128

Figure　2-1-3,　13C　NMR　spcetrum　of(μS)-2(116　mM)in　thc　prcsence　oH　(542　mM)in

CDCh　at　23　oC.
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　　　Some　carbons　of　(g)-4　were　also　split　into　enantiomers　in　the　presence　oH　(Table

2↓3),

　　　　Table　2-I-3.　13C　NMR　chemical　shins　(PPm)of　4　in　the　absence

　　　　and　the　Presencc　of　l　in　CDC13　at　23　oC

Pos】tlon　　　fre♂

{
Z
　
3
‘
　
　
4
.
ζ
J
　
£
U

153.81

H3』6

130｣2

122､｡59

138.94

1-μE4々

153.72

H3.06

130.06

122j8

139.07

I{&-4β

153.78

H3j2

】29.99

122j1

1　3　8.95

∠1∠ly
ー

-O｡06

-0.06

0.07

0.07

0j2

“[μn4]=1　56　mM,　/'　ITrμ-or㈹-4]=156　mM,　[4]/[1]=2,88,

c　Obtained　by　subtracting　the　lヽμ)-4　values　from　the　l{¥‐4ones.

　　　Two　dimensionaI　NNIR　studies.　　The　reccnt　develoPment　of　2D　NMR

techniques　has　provided　a　powerful　tool　for　constructing　the　stmctures　of　bioPo!ymers

and　synthetic　polymers,and　for　elucidating　the　interaction　occurring　in,　host-guest

bimo】ecu】ar　systems　such　as　biopolymers　and　drugy　　ln　particular,　a　2D　NOESY

spectroscoPy　is　very　useful　to　obtain　interProton　distances,　which　Provide　jnformation　on

the　conformation　of　Polymers　and　its　interaction　with　another　molecule　at　a　molecular

leveLI6

　　　ln　the　NOESY　spectrum　of　the　free　polysaccharide　derivative　l,　a　number　of　NOE

cross　Peaks　were　obscrved　in　the　region　of　glucose-glucose,　aromatic-aromatic,　and

aronlatic-methyl　protonresonances｡　　　The　chemical　shifts　of　the　glucose　Protons　(μ/-

μ6)oflxvere　identical　within　OJppm　to　those　of　cellulose　triacetate　(CTA)in　CDC13

reported　by　Buchanan　c/　a/j9　and　the　NOE　cross　peak　pattem　of　the　glucose　Proton

resonances　was　also　similar,　indicating　that　the　glucose　unit　of　l　may　have　a　similar

confolTnation　to　that　of　CTA,　Buchanan　d　a/,　Proposed　a　5/4　helical　structure　for

CTA　based　on　the　calculated　interproton　distances　of　the　glucose　protons,　e,g,,　μ/-μ4'(a

46



prime　represellts　a　nuclei　of　the　“djacent　glucose　residlle),by　measulj“g　Fak　゛olumes　of

cross　and　diagonal　peaks　at　a　din1rent　short　mixing　times　(60-100　ms)j9　　　They　did

not　provide　sumcient　data　for　determining　the　torsion　angle　about　the　glycoside　bond

denned　by　two　dihedral　angles　(μ7-C/,θ,(TTj'-μ0,although　a　certain　torsion　angle　was

determined　using　molecu】ar　models　of　CTA　postulated　by　x-ray　analysk　　The　author

attempted　to　estimate　the　Peak　volumes　of　cross　Peaks　in　the　glucose　prolon　resonances　of

l　by　means　of　the　NOESY　method　acquired　at　diaerent　short　mixing　times　(60　-　150　ms)

to　determine　the　torsion　angle　of　the　glycoside　bond　of　l　according　to　the　Buchanan's

method,　　　Although　it　was　dimcult　owing　to　the　broadcning　of　the　peaks　and　the

overlapPing　in　some　glucose　protons,　the　author　could　use　the　structural　da{aofa

cellulose　derivative,　cellulose　trisphenylcarbamate　(CTPC),toconstruct　a　molccular

model　of　a　CTPC　derivative　l;　the　structure　of　crystalline　CTPC　was　detcrmined　to　be　a

len-ha�ed　3/2helix　by　x-ray　analysisjo　　Analogous　ceHulose　derivalives,　cellulose

tribenzoate3　1　and　cellulose　tris(4-chlorophenylcarbamate)j2　have　been　repor{ed　to　havc

the　same　left-handed　3/2　helical　structure　by　means　of　x-ray　analysis･　　Moreovcr,　it

was　reported　from　light　sc　attering　and　viscometry　measurements　lhat　CTPC　may　hold　a

similar　hehcal　structure　even　in　solutionj3'34　　　0n　the　basis　of　thesc　rcpolled

structure　data,　the　author　is　able　to　build　up　a　model　polymer　as　described　latel≒

　　　Figure　2-1-4　shows　the　NOESY　spectm　of　free　l　(A)､1-(R)-2(B),and　l-(S)-2(C)

(molar　ratio､　2:1)in　the　regions　between　the　aromatic　protons　(l　and　2)and　the　mcthyl

Protons　on　the　phenyl　group　of　l.　　　The　aromatic　proton　resonances　[6�&(o),･7idα

(m),andμαaφ)l　were　assigned　from　the　COS　Y　sPectrum,　but　the　2,3　or　6-position　or　a

glucose　unit　could　not　be　identined　,　　The　assignment　of　the　methy】proton　resonances

on　the　phenyl　groups　introduced　at　the　2,3-　or　6‘position　of　a　glucose　unjt　was　attaincd　by

comparing　the　NMR　data　of　a　regioselectively　carbamoylated　model　polymer,　cellulose　6-

(5-nuoro-2-methyIPhenylcarbamate)-2,3-bis(4-chlorophenyicarbamate).　A　similar

chemical　shift　difference　of　the　methyl　Protons　on　the　phenyl　groups　depending　on　the
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Figure　2-1-4.　Expanded　NOESY　spectra　(right　hand　side)at　a　mixing　time　o000　ms　of

thc　rrec　l　(A)､thc　mixture　of(μ)-2　and　l　(B)､and(X)-2　and　l　(C)(molar　ratio､　1:2)in　the

region　hetween　the　aromatic　protons　(l　and　2)and　methyl　l)rotons　on　the　phenyl　moiety　of

l　in　CDClolt　30　oC.　The　concentration　of　2　was　9.7　mM.Asterisks　in　A　indicate　the

possible　chcmicai　shins　of　the　NH　proton　resonances　of　L　　The　aromatic　proton

resonances　of　l　are　denoted　by　o　(o･'z/･,9)､/n　O･leM)､andμ(μ･am).The　arrows　(C)indicate

intermolecular　NOE　cross　peaks　observed　belween　the　aromatic　H4,　H6,　and　H7　protons　of

μE2　and　the　methyI　Protons　oH｡On　the　left　hand　side　are　shown　the　column　slices　taken

through　the　tops　or　the　three　methyl　peaks　on　the　phenyl　groups　introduced　at　the　2,3-　(a

and　b)or　6-position　(c)of　a　glucose　unit　of　L



position　of　a　glucose　residue　has　been　observed　for　other　methylphenylcarbamates　of

cellulosej5　　The　assignment　of　the　two　methyl　protons　at　the　2　and　3-positions　has　not

yet　been　attajned　because　of　dimculty　of　regioselective　substitution　on　the　two　hydroxy

grouPs　at　the　2-　and　3‘Positions　of　a　glucose･

　　　On　the　left　side　of　the　contour　plots　in　Figure　2`1-4,　column　skes　taken　through　the

tops　of　these　three　methyl　peaks　on　the　phenyl　grouPs　oH　afe　showrl･　　ln　the　sPectrum

of　free　l　(A)､many　cross　peaks　were　observed｡　Most　of　them　can　be　ascribed　to

intramolecular　NOEs　between　the　methyl　and　aromatic　protons　on　the　same　phenyl　ring,

though　some　of　them　can　not.　　These　unassigned　NOEs　may　be　due　to　thosc　betwecn

the　NH　proton　and　methyl　protons　or　between　the　aromatic　protons　and　the　methyl

Protons　on　a　dinerent　Phenyl　residue･　　Three　NH　proton　resonances　should　cxist　al

around　6j　-7,5　ppm,　　However,　these　resonances　couid　not　be　clearly　observed　at

30　°C･　At　60　°C,　one　clear　and　two　rather　broad　N　H　resonances　appeared　in　this　region,

and　their　possible　chemical　shifts　at　30　゜C　are　m�ked　by　asterisks　in　Figul℃2-|-4(A),

These　NH　protons　may　be　positioned　dosely　to　the　methyl　protons　showing　NOEs.

　　　The　l　:　2　mixture　ofψE2　and　l　(Figure　2-　1　-4　(B))exhibited　a　very　simiiar　NOESY

spectrum　to　thc　spectnJm(Figure　2-　1　-4　(A))､and　no　intermolecular　NOE　cross　Peaks

between　l　and6㈲-2　were　observed,　indicating　that　a　weak　interaction　exists　between

them.　This　observation　is　in　accord　with　the　results　in　the　chiraI　HPLC　and　l　D　N　M　R

cxPeriments,　　0n　the　other　hand,　some　clear　intemlo】ecular　NOE　cross　peaks　being

rePresented　by　arrows　in　Figure　2-】-4(C)were　observed　between　the　aromatic　H4,　H6､

and　H7　protons　ofμj-2　and　the　methyl　Protons　oH　under　identical　conditions.　　These

data　evidence　that　(S)-2　binds　or　interacts　with　l　more　strongly　than　(/e)-2,and　lhe

naphthyl　protons　ofμ)-2　are　located　dosely　to　the　methyl　protons　oH　within　less　than　5

A｡　A11　1he　intm-　and　intermolecular　NOE　enhancements　werenegative　as　shown　in　the

column　slices,　which　are　onen　seen　in　2D　NOESY　spectra　of　biopolymer-drug　complexes,

1ndicating　that　the　l-(S)-2　complex　appears　to　be　in　the　slow　motion　regime　(㈲To≫

LI)･5e'8k'　1　6c　The　strongest　intemlolecular　NOE　cross　peaks　observed　are　between　the
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6-methyl　protons　and　H4　and｣216　o･f(5)-2　and　the　2　or　3-methyl　protons　and　H7　of(S)-2.

These　observations　may　be　useful　toconstruct　astructural　model　for　the　complexation

between(∫)-2　and　L　　ln　the　aromatic-aromatic　region　of　the　NOESY　spectrum,

howeverμhere　exist　no　clear　intemlolecular　cross　peaks,　even　when　the　NOESY　spectra

were　acquired　at　dif&rent　mixing　times　(60,80,150,300.and　500　ms)｡

　　　Complexation　and　dynamies.　　An　indjcation　of　dinerent　dynamics　of　the　two

enantiomers　bound　to　l　wasobtajned　through　the　examination　of　re】axation　ProPerties　of

the　enantiomers　in　the　Presence　oH　(Table　2-I-4)｡　SPin-】attice　relaxation　time　(7'/)is

sensitive　to　molecular　motions,　and　therefore　is　usefLIl　to　know　how　the　mobihty　diars

between　the　enantiomers　of　2　in　the　presence　of　l,　AIl　carbons　oμ&-and(j-2　in　the

presence　of　hhowed　shorter　r/s　than　those　of　the　free　2,　and　those　R)rr&-2werealways

shorter　than　the　corresponding　7/　of　the　9j-2.　　Remarkable　reduction　of　the　7'/　was

observcd　for　the　CI　-　C5,　and　C10　carbons　attached　to　the　ring　A　(see　Figure　2-　1　-3)｡

Thcse　results　indicate　that　the　mobility　of　the　ring　A　bearing　hydroxy　groups　was

unequivocally　restricted　Probably　due　to　binding　to　the　polymer　l　through　intermolecular

hydrogen　bond　between　the　OHs　at　the　C2　carbons　in　the　ring　A　and　the　C°O　of

carbamate　residues　of　polymer　l･

Table　2-1-4.　Spin-lattice　relaxation　times　(Trl/second)of　2　in　the

absence　and　presence　of　l　in　CDCI3　at　19　oC“

position　　μ?jj-2/)　　1-μj-2c　　l-r&-2e

I

2
　
3
4
　
5
　
6
　
7
　
8
　
9
　
0

　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
-

IL93

7.68

L38

L30

6､11

L29

1.18

L31

L28

&69

8.82

531

L07

0.99

4.03

L02

0.93

L01

L00

4』5

7.47

420

0.90

0.82

3.07

0.97

0.90

0.86

0j2

2.98

13C

“Thc　measurcmcnls　of　7`ls　wcre　calTied　ouHhree　times･　and　the　dcviation　was

lcss　than　39≒　j(/?,5)-21=H6mM,　9μE　or　rRJ-21=58,2　mMd21/1　1j=L07,
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　　Measurements　of　lH　spin‘latticerelaxation　timealso　supPort　the　above　specuhltion･

ln　lhe　presence　of　l,　the　7/s　tor　the　H4　and　H6　of　(X)-2xvere2,4　and　2･6　sヽresPectively,

whereas　those　for　the　(/?)-2　were　2.8　and　2.9s,respectively;　those　values　are　shorter　than

theT/s　of　free　2　(19　“nd　3･O　s,　resPecti゛ely)･

　　The　standard　titration　experiments　of(S)-and(R)-2　in　the　Presence　oH　at　various

temperatureswerecarried　out　by　means　of　lH　NMR　spectroscopy　in　order　to　estimate　the

binding　constants　(4　and　A7/?)Pcr　glucose　unit　for　(5)-and(/l)-2　and　the　themlodynamic

pafameters,　AG≒Aμ≒and　Ay　for　the　complexation;　AG゜　ls　the　change　in　{otal　free

energy,and　∠X/jr°an,d　Ay　represent　the　association　changes　in　cnthalpy　and　cntroPyヽ

respectively.　　　The　ralio　of　each　binding　constant　obtained　at　ditkrenl　tempcratures　can

lead∠XAG≒AAμ≒and　A∠g°　values　through　standard　relations　(eq2):

AAG゜
-

- -R7ln(A7j　/　£/7)=AAμ≒7A∠xy (2)

where　the　terms,　AAG≒△∠g/≒and　AAy,　rePresent　the　dinerences　in　the　total　free　energy,

enthalpy,　and　entropy,　respectively･

　　　The　lH　NMR　titrations　were　carried　out　under　the　condilionsof　constant　[2]wilh

varyinμ1]at　23,　30,40､50,and　60　゜C　in　CDCly　Addition　oH　to　a　solution　of(S)-2

caused　downfield　shms　of　the　OH　resonances,　while　the　aromatic　H4　and　H6　rcsonanccs

showed　uPneld　shifts･　Downneld　shins　are　exPected　for　the　proton　involvcd　in　a

hydrogen　bonding　and　upneld　shins　are　onen　seen　for　the　aromalic　residues　which　are　π“

stacked.　　Figure　2-1　-5　shows　the　titration　curves　between　(S)-2　and　ht　23　゜C　in　CDCI3,

where　negative　values　indicate　an　upneld　shift･　The　titration　curves　in　the　figurc　were

analyzed　by　both　linear　(eq　3:　method　A)36　and　nonlinear(eq　4:　method　B)37　1east-square

methods　using　a　binding　model　with　a　l　:　l　polymer　(one　glucose　uniO-guest　stoichiometry,

and　are　in　agreement　with　the　l:l　complexation･　　　Because　of　solubility　limit　oH　and

2　in　CDC13,　the　maximum　[1]t/t2]was　less　than　aμO(t=total)｡　Thus,the　titration
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Figure　2↓5.　1H　NMR　titrations　of(∫)-2(L94　mM)with　l　(0-　63.2　mM)in　CDCI3　at　23

゜C,　The　changcs　in　chemical　shins　of　OH　(A)and　H4　(B)protonrcsonancesd(X)-2

werc　rollowed,　Negativc　value　indicates　an　upneld　shift,

80

data　were　analyzed　using　the　following　two　equations　to　reduce　errors　and　to　evaluate

corre�y　the　binding　constant　(A4):

　　　　1/A6=1/A6max+1/(A6max　A75[11t)

[111/A6=([1Jt+[2]t-[2]tA5/A6max)/A6max　゛　1/(A6max　4)

(3)

㈲

where　A6　and　A6max　are　the　obser゛ed　and　calculated　maximum　chemical　shin　changes,

respectively, Ali　data　were　used　for　calculating　A5max　and　£s　in　eq　4,　while　the

concentrations　of　l　and　2　were　chosen　so　as　to　meet　the　Benesi-Hildebrand　conditions　(eq

3dllt/[2h≧10).36“　The　chemical　shin　changes　inOH　and　H4　resonancesof(S)-2

gave£5`゜15･5　and　15j　MA　respectively　for　eq　3,　which　are　in　reasonably　consistent

with　AN　゛　1　7　j　and　l　8･O　M“　l　,　respectively　for　eq　4･　ln　the　former　case,　plots　oH　/A5

versus　l　/t　l　l　t　led　to　a　l　inear　relation　with　a　correlation　coemcient　r　>O｡992,and　the

standard　deviations　of　the　calculated　values　from　the　experimcntal　ones　in　the　curve

fiuing　using　eq　4werebelow　10　‰　　TheλN　and　A6max　゛alues　obtained　at　different

tenTlperatures　are　listed　in　Table　2'　1　-5･
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Table　2-1-5.　Binding　constants　(j4)for　the　eomplexation　of　l　with

μj-2　and　saturation　shins　(∠1411ax)for　the　aromatic　H4　and　OH　ofμE2゛l

temp(゜C)

23

30

40

50

60

method　A&

&(M“I)
-

15､7

15j

15

12

10

8､

9

4

I

5

6.2

4.1

4j

yo

method　B(

jδmax(PP㈲j　　&(M↓)　j&ax(ppm)j

-0.257

　L32

-0.218

　L34

-0.200

　L28

,0.196

　L66

-0.164

　L59

18,

17

0

,I

17｣

14.0

11

9

4

5

7yl

6.6

y9

4.8

-0.241

　L27

,0､217

　L27

-0.190

　L21

,0.180

　L16

,0.144

　1,09

H4

0H

H4

0H

H4

0H

H4

0H

H4

0H

∩㈹-21=L94　mM　and　lll=0-63,2　mM　in　CDC13.　/'　Eslimatcd　hy　thc

Bencsi-Hildebrand　analysis　(cq　3　in　thc　tex0.(Estimatcd　hy　the　nonlincar

least-squarc　mcthod　(cq　4　in　thc　tcxt),J　Ncgalivc　valuc　indica{cs　an　upneld

shift｡

　　　The　1:　1　comPlexation　was　also　connrmed　by　the　continuous　variation　plot　(Job　plot)

for　the　l-(S)-2　comPlex　(Figure　2-　1　-6)in　which　the　total　concentrations　of　l　and　(S)-2

were　kept　constant　at　25　mM,　The　maximal　complex　formation　occurred　at　around

O･5　mol　fraction　oLI,　　This　result　implies　that　each　glucose　unit　of　the　polymcr　l　has

the　same　binding　amnity　to　(S)-2,whieh　may　be　attributed　to　the　regular　structure　oH

even　in　a　solution.　　　lf　the　polymer　had　a　random　cojl　conformation　in　solutionμhere

might　exist　a　number　of　binding　sites　interacting　with　a　guest　in　dim?rent　ways･　　This

would　lead　to　a　difkrent　complex　from　the　l:l　complex,　Thc　regular　structure　of　l

must　be　resPonsible　for　the　emcient　chiral　recognition　capability　in　NMR　as　weH　as　in

HPLC｡

　　　The　titration　experiments　were　carried　out　for　(μ)-2　with　l　under　the　samc　conditions

as　above,　As　expected　from　the　lD　and　2D　NMR　experiments　combined　with

dynamics　data,　the　binding　constant　of(R)-2　to　l　was　very　small　(L5　M‘I)at　23　゜C,　At

higher　temperatures　(≧30　゜C)the　complexation-induced　shifts　(A6)were　so　snla11(≪O｡032
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Figure　2-1　-6.　Job　plot　of　(S)-2　with　l　in　CDC13　at　23　゜C.　The　total

eoneentration　is　25　mM　and　the　OH　proton　resonance　of(S)-2　is　analyzed.

Ppmevcnat[1]t/[(/?)-2]=33)that.the　author　eould　not　determine　reliable　4　values　(≦1

M‘1)by　IH　NMR　titrations,　The　binding　constant　4　at　23　゜C　was　evaluated　by　the

Benesi-Hildebrand　analysis　for　only　H4　shifts　of　the　guest　(referring　to　eq　3),because　the

labile　OH　protonresonanccdisaPpeared　after　a　few　hoursupon　addition　of　l　at　23　()C　and

aner　a　few　minutes　at　higher　temperatures　(ie｡50　゜C)even　with　a　freshly　prePared　samPle,

However,　the　OH　protons　of　(S)-2　apparently　resonated　in　the　Presence　of　l　even　at　high

[11i　/　[2]and　at　higher　temperature　ranges　(30　-　60　゜C)｡　　These　results　suggest　that　the

OH　protons　of(X)-2　may　not　exchange　with　H20　in　a　CDC13　solution　because　of　tight

binding　to　hhrough　hydrogcn　bonding,　while　those　of(R)-2　exchanged　raPidlyj8

　　The　thermodynamic　Parameters　(Aμj　and　∠g°/?)for　the　comPlexation　of　l-(y)-2in

solution　were　estimated　from　the　linear　plot　(van't　HolTplot)of　lnAN　versus　1/7'　using　eq

5.

ln£S
-

- ,Aμ゜/μ7+Ay//?
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The　plots　for　the　£x　values　obtained　by　the　methods　A　and　B　for　the　OH　Proton

resonances　in　Table　2゛1-5　gave　Aμ√゛-92･±O･8　and　‘6j±O･2　kcal　nloPl　and　Ayx　°　-

25j±2･6　and　゛　1　7･6　±Oj　cal　mol`IK`I　respectively･　The　enthalpy　ractor　attributed　to

hydrogen　bonding　and　π-stacking　and/or　CH‘πinteraction　overcomes　the　entroPy　】oss　due

to　the　restriction　of　mobihty　through　hydrogen　bonding　in　the　binding　proccss,
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　　　　　　　　5.5　　　　　5.0　　　　　　4.5　　　　　　4.0　　　　　　3j

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　6/ppm

Figure　2-1'7.　The　changes　or　glucose　protons　rcsonanccs(μ/-μ6)oH(18.0mM)in　thc　abscncc

(A)and　presence　of(∫)-2(2j(B)｡5.()(C)､15(D)｡and　30　nlg　(E))in　CDCI3　at　23　°C.　Thc　marks　(x

and*)dtnote{he　impurity　and　thc　OH　proton　rcs()nances　ofμ)-2､rcspcctivcly｡

　　　Titrations　of　l　with　(∫)-and(R)-2　were　also　performed　so　as　to　obtain　the

inSrmation　with　respect　to　binding　sites　oH　in　the　complexation･　Figure　2↓7　shows

the　l　H　NMR　spectra　(glucose　protons　(μFμ6)region)oH　in　the　absence　and　presence

of(S)-2.　Theμ2　proton　resonance　wasdramatically　affected　by　(X)-2　and　shined

upfield　with　binding,　while　the　other　glucose　proton　resonances　slightly　nTloved･　The

signincant　upneld　shifts　of　the　μ2　Proton　resonance　indicates　that　a　naphthyl　ring　of(S)-2

may　be　closely　located　above　the　μ2　Proton　so　that　it　can　substantially　aact　the　ring

current　effect,　　The　chemical　shifts　changes　oH　against　the　concentrations　of(S)-and
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　　　The　i9F　NMR　chemical　shins　of　the　nuoro　grouPs　on　the　Phenyl　residues　oH　were

analogously　altered　by　the　complexation　with　(S)-2,while(R)-2　hardly　changed　the

chemical　shins　(Figure　2-　i　-9y　　These　diarent　chemical　shift　changes　of　l　against　(S)-

and(/e)-2　also　suPPort　the　attractive　interaction　between　(S)-2　and　l.

　　　Comparison　of　NMR　and　HPLC　results.　　lt　is　particularly　interesting　to

conlpare　the　enantioseiectivity　and　thermodynamic　Parameters　measured　in　solution　by

the　IH　NMR　titrations　described　above　with　those　obtained　by　chiral　HPLC　for　the

binding　of　2　with　L　　　Recently,it　has　been　rePorted　that　in　ach1ral　host“guest

comPlexation　systems,　the　retention　enthalPies　(Aμ゜)d､etermined　by　HPLC　using　a

stationary　Phase　consisting　of　a　host　chemically　bonded　to　silica　gel　are　analogous　to　the

comPlexation　enthalpiesmeasured　in　solutionby　lH　NMR　titmtionsj9　　However,　most

　　　　　　　　　　　　　　　　　　　　　　　　56

　　　　　　　　　　　{㈹-2]/[1】　　　　　　　　　　　　　　　　{fW2]/【1]

Figure　2-1･8･　Plols　ol゛chcmical　shifts　oljlucosc　protons　(μ/-μ6)and　methyl　proton　resonancesof
l　vcrsus　l(X)-2/||(A)and　t(R)-2/I】(B)in　CDCI3　at　23　゜C.　The　conditions　arc　idcnlical　to　thosc

shown　in　Figurc　2‘｢7,

4 6

(μ)-2　are　plotted　(Figure　2-　I　-8)｡　The　chemical　shin　movement　of　the　glucose　protons

induced　by　(R)-2　was　relatively　sma11.
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-1　1　4　　-　1　1　6　　-　1　1　8　　-120

　　　　　　　　　　　　6/ppm

-1　1　4　　-　1　1　6　　-　1　1　8　　-　1　20

　　　　　　　　　　　6/ppm

Figure　2-1-91.　19F　NMR　titrations　of　l　(18JmM)with(S)-2(A)and(/?)-2(B)(0

(a)､5.0(b)､i5(e),and　25　mg　(d))in　CDC13　at　23　゜C,　a,　a,a-Trinuorotoluene

(-64.0　pPm)was　used　as　the　internahtandard｡
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Previous　studies　conceming　the　chiral　recognition　mechanism　on　chiral　stationary　phases

did　not　deal　with　the　comparisonof　AAG　°　obtainedby　HPLC　and　NMRjo

　　　From　the　binding　constants,　&and　4　obtained　by　the　lH　NMR　titrations,　the

enantioselectivity((z)and　the　dinerence　in　free　energy　(AAG°)uPon　diastereomeric

comPlexation　in　solution　at　23　oC　are　calculated　to　be　c&　10.6　and　L39　kcal　mol'|,

resPectively,　using　eqs　l　and　2.　　These　values　can　be　comPared　with　those　estimated　by

chiral　HPLC;　a　°　£y/£/'゜423　and　AAG°　=O｡84　kcal　moPl　at　20　oC.　　The　former

avalue(10.6)is　ca.2.5　times　larger　than　that　estimated　by　the　chiral　HPLC｡　The

difference　may　be　derived　from　theuseof　different　solvents5b,5ij　5b　or　u�avorable,non-

enantioselective　interactions　of　2　with　the　remaining　silanol　on　thesurface　of　silica　gel　in

the　chiral　HPLCjl　　　The　chromatographic　enantioseparation　was　carried　out　using　a

mixture　of　hexane-2“propanol,　whereas　CDCI3　was　used　R)r　the　lH　NMR　experiments･

The　imPortancc　of　hydrogen　bond　association　between　l　and　2　for　chiral　discrimination

has　been　Proved　by　the　chlrarHPLC　and　lH　NMR　experiments･　Consequently,　2‘

ProPanol　apPears　to　disturb　such　an　association,　Therefore,　in　the　chiraI　HPLC　the

separation　factor(a)increased　as　a　decrease　in　the　content　of　2-propanol　in　the　mobile

phase;(x=y22(mobile　phase｡30%2-Propanol　in　hexane),a=4,01(20%2-proPanol),

and　a=423(10%2-proPanolE　　The　innuence　of　2-propanol　on　enantioselectivity　in

solutionwasalso　connrmed　by　the　lH　NMR　titrations,　　When　2-propanolwasadded

to　the　mixture　oH　and　(RS)-2　in　CDC13　under　the　identical　conditions　shown　in　Figure　2-

1-2,　AA6　for　the　OH　and　other　aromatic　Protonresonancessignincantly　decreasedas　an

increase　in　the　amount　of　2-proPanol　added　(AA6oH=0.021　and　AA6H4　=O｡020　PPm

upon　addition　o00　μl　of　2-Propanol).42　　This　observation　is　consistent　with　the　HPLC

data.　ln　other　words,　if　the　chromatographic　experiment　is　carried　out　using　chloroform

as　aneluent　component,　the　enantioselectivity　may　be　improved･43

　　　Since£/?at　higher　temperature　ranges　could　not　be　determined　due　to　very　weak

binding　of(β)-2　with　l(4〈I　M‘I)､theauthor　couldnot　estimate　the　AAμ゜and　A∠g°

values　by　the　lH　NMR　titrations,　Howeverμhese　Parameters　can　be　readily　obtained
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3.5

by　the　chiral　HPLC　method　at　a　temperature　range　of　20　≦T≦60　oC　through　van't　Hoff

plots　Figure･　2-　1-10　using　eq　6j4

lna=-AA/7°/R7'+AAy//?+ln(“lxym/?,7ヽ) (6)

where　mS,γand　mR,7　are　the　binding　capacilies　for　μand　S　enantiomers　at　the　temperature

being　examined･　Inheratio　m5,7'　/　mRγis　constant　with　temperature･　a　plot　of　ln　a

versus　l/7　should　be　hnear　with　a　slope　of　-AA/7°/R　and　an　intercept　of　AAX゜/μ,bul　if

the　ratio　changes　with　temperature,　the　Plot　of　lna　versus　l/γshould　be　nonlinear･

　　　The　obtained　thermodynamic　Parameters　from　the　linear　plots　arc　AAμo°`22±O･]

kcal　mol‘l　and　A∠go=-4.9±Oj　cal　mol-I　K-l　for　2　and　AAμo=-|｡3±0,j　kcal　mol-l　and

A∠U°=-2.3±Oj　cal　moPI　K‾l　for　4　with　hexane-2-proPanol(90　/　10)as　the　ducnt,45
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Figure　2-1　-10.　van't　Hoff　plots　in　the　chromatographic　enantioseparation　of　2　(A)

and　4　(B)on　l　at　20,　30､40､50､and　60　°C.
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　　　Molecular　modeling　of　the　l-(S)-2　complex.　The　HPLC　and　NMR　experiments

demonstrate　that　(y)-2　comes　in　a　chiraj　groove　of　l　djrected　toward　the　μ2　Proton　of　the

glucose　through　intermolecular　hydrogen　bond　between　the　OH　protons　and　Probably　the

carbonyloxygens�≒1,　　Because　of　the　observation　of　a　few　intemlolecular　NOEs　for

the　l-(5)-2　complex　and　the　uncertainty　of　the　structure　of　l,　a　Precise　model　for　the

complex　can　not　be　drawn,　However,　a　model　of　the　comPlex　can　be　proposed　by　using

the　HPLC　and　NMR　data　combined　with　the　structural　data　of　cellulose

trisphenylcarbamate(CTPC)determined　by　x-ray　analysis3o　as　previously　described,

　　　The　initial　model　of　l　was　constructed　using　three　dimensional　periodic　boundary

conditions　in　CERIUS2　starting　from　the　CTPC,　which　is　reported　to　have　a　left-handed

threefold(3/2)h､elical　structure,　and　then　was　energy-minimized　by　a　Dreiding　force

QkL46　The　initial　structure　of(R)-and(S)-2　was　taken　from　the　crystal　structure

reportcd　for(/?S)-247　before　minimization(see　Experimental　Section).　The　energy-

minimized(S)-2(Figure　2-　1-1　1　)was　manually　Placed　in　the　groove　of　the　main　chain　so

that　all　of　the　NMR　data　including　the　intermoleculaf　NOEs　and　the　titration　results　as

weH　as　jntermo】ecular　hydrogen　bonds　are　visually　satisned,　The　comPlex　was　further

energy　minimized　to　rejieve　unfavorable　van　der　NVaals　contacts･　　The　resulting

conlplcx　had　a　negative　non-bonded　energyjndicating　the　attra･ctive　interaction　between　l

and(S)-2　and　the　absenee　of　any　unfavorable　contact･s｡

O　　H

C(2)-C(1)-C(ll)-C(2')･

C(|)-C(2)-O-H

C(1')-C(2)OtH'

97jo

-0.70

-0.80

Figure　2-1-11.　Stereoviews　ofthe　energy-minimized　structure　of(5)-2,
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　　　Figure　2-1-12　shows　the　lowest　energy　structure　onhe　l-(y)-2　complex｡　Thc

polynlerPossesses　a　len“handed　3/2　hehcal　conformation　and　the　glucose　residues　are

regularly　arranged　along　the　helical　axis.　A　chlral　helical　groove,　or　ditchヽwith　POlal`

carbamate　residues　exists　along　the　main　chain･　　The　polar　carbamate　grouPs　are

located　inside,　and　hydroPhobic　aromatic　grouPs　are　placed　outside　lhe　polynler　chain　so

that　p�ar　enantiorners　canget　in　the　groove　to　interact　with　the　ca14bamatc　residucs　vo

hydrogen　bonding　fomlation.　　　This　interaction　seems　to　be　imPortant　h〕)r　emcient

chiral　discriminationj　4j　8

　　　The　location　of(S)-2　is　best　illust｡ted　in　Figure.　2-|-12(B),whcrc　two　OH　protons

of(∫)-2　are　welI　Srming　hydrogen　bonding　with　the　carbonyl　oxygens　onhe　carbamatc

groups　at　the　2　and　3　positions　on　two　dinerent　glucose　units　(markcd　hy　broken　lineE

The　distances　between　thc　hydrogens　and　oxygens　arc　L97　and　2,24　Å,which　are　short

enough　for　hydrogen　bondin&　As　shown　in　Figure　2↓｣2(C)､the　naphthyl　ring

protons(H4,H6､and　H7)afe　located　close　to　the　methyl　protons　on　the　Phenyl　groups　of

l(CH-πinteraction);the　distances　are　3.51,4j9､and　3.22Å,resPectively｡　Thcse

results　are　consistent　with　the　intemloleculaf　NOE　data　shown　in　Figure　2-1“4.　　　The　π-

πinteraction　between　the　naphthyl　and　phenyl　rings　at　3-position　of　a　glucose　residuc　may

also　suPport　the　interaction　shown　in　Figure　2↓｣2(C)where　the　distan,ce　between　thc

rings　isca｡　3-3jA,　Thisπ-π1nteraction　appears　to　contribute　to　the　upfield　shins　of

H4　and　H6　proton　resonances　of　■

　　　The　interaction　model　also　exPlains　the　upneld　shins　of　the　μ2　proton　of　the　glucose

residue　as　illustrated　in　Figure　2-1-12(D);the　naphthyl　ring　is　favorably　positioned　abovc

the　/72　proton,　Moreover,　thc　dimculty　of　chiral　discrimination　ror　lO,10'-dihydroxy‘

9μ-biphen　anthryl　(5)is　reasonably　exPlained　by　using　the　modeL　　Bu】ky　aromalic

rings　al　around　the　OH　grouPs　of　5　may　prevent　the　formation　of　hydrogen　bond･

　　　A】though　the　chromatographic　retention　behavior　for　(R)-2　in　HPLC　and　the　NMR

data,for　instance　the　downfield　shift　of　the　OH　Proton　resonances　in　the　presence　of　l
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Figure　2-1･12.　Colnputcr-gcneratcd　dcpiclion　onhe　complex　of　l-(∫F2.The(S)-2is

`hown　in　yellow､　Daヽhcd　lines　correspond　lo　hydrogcn　bonds,　(A)Along　the　hclix

axis.IB}PerpcndicuhlNo　lhc　chain　axis.IChlnd(D)Expandcd　region　of　lhe　same

stl゛uclul`al　modcl　showing　thc　interaclion､onS)-2　with　l.
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suggests　the　existence　of　weak　hydrogen　bond　interaction　between　(&-2　and　l､　it　is

difncult　to　propose　an　analogous　mode】for　the　l-(R)-2　complex　because　oHack　onhe

NOE　data.

　　　When(R)-2　was　Placed　into　the　groove　oH　in　the　same　way　as　(S)-2μhe　simulation

calculation　indicated　that　the　(/?)-2　molecule　couid　not　exist　in　such　a　way　that　both　the

two　OH　grouPs　can　form　simultaneous　hydrogen　bonding　to　the　carbonyl　oxygens　of　the

carbanlate　grouPs,　　0nly　one　OH　group　can　form　a　hydrogen　bond･･　　This　suPports　the

exPerimental　evidences　that　(R)-2　forms　weakcr　hydrogen　bond　with　hhan　(S)-2　in　the

HPLC　and　NMR　experiments,

2-1-3.　Conclusions

　　　(S)-1,P-Bi-2-naphthol(2)site-selectively　binds　to　the　phenylcarbamoyiated　celluiose

derivative　l　through　multiple　interactions　including　intermolecular　hydrogen　bonding,　7t4

and/or　CH“πinteractions　to　afford　a　l:l　complex,　The　molecular　modeling　on　the　basis

of　the　chromatograPhy　and　NMR　data　reveals　the　chiral　discrimination　rationale　for　a

cellulose　Phenyicarbamate　derivative.　　　　The　enantioselectivities(a)and　the

thermodynamje　Parameters,　J/゜,　∠1y,and∠IG　°　for　thenTlorestable　comPlex　oH-(X)-2,

and　the　dinbrence　in　free　energy　(∠1∠XG°)in　chirai　discrimination　process　were　scPamtely

determined　by　lH　NMR　titrations　in　solution　and　by　chiral　HPLC,　　These　results　should

provide　useful　information　both　for　understanding　the　chiral　discrimination　mechanism　or

the　other　Polysaccharide‘based　CSPs　and　for　designing　the　more　excelient　CSPs･

2-1.4.　　ExperinlentaI　Seetion

　　　Makrials.　　Cellulose(Avicel)was　Purchased　from　Merck,　　Degree　of

polymerization　of　the　cellulose　was　estimated　to　be　c‘7.　200　as　its　tribenzoate　ester　by　gel

permeation　chromatograPhy　using　THF　as　the　eluent･　4-Fluoro″2゛nitrotoluene,
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triphosgerle,　and　(3-aminoPropyl)triethoxysilane　were　of　guaranteed　reagent　grade　from

Tokyo　Kasei, Pyridine-φ(99　atom　%D)was　Purchased　tTrom　A.ldrich｡　Porous

spherical　silica　ge1　(Daiso　gel　SP-1000)with　a　mean　Particle　size　of　7　μm　and　a　mean

pore　diameter　of　100　nm　was　kindly　supplied　by　Daiso　ChemjcaL　A11　solvents　used　in

the　PrePafation　of　CSPs　were　of　ana】ytical　reagent　grade,　carefully　dried,　and　distilled

before　use.　　Solvents　used　in　chromatograPhic　exPeriments　were　of　HPLC　grade･

CDC13(99.8　atom%D,Nacaiai)was　dried　over　molecular　sieves　4A　(Nacalai)and　stored

under　nitrogen･

　　　(±)-I　,　P-Bi-2-naPhthol　(2)and㈹-(-)-2([(z]D25　-32゜,　c　l　.5　g　dL-I　,　THF)were

purchsed　from　Tokyo　Kasei,　(&-(+)-2([(xlD25+32゜,　c　L5　g　dL`I,　THF)was

obtained　from　Kankyo　Kagaku　Center,　　　2-Hydroxy-2'-methoxy-1,1'-bi-naphthyl(3a)

and　2,2'-dimethoxy-|,1'-binaphthyl(3b)were　prepared　by　alkylation　of　2　with　methyl

iodMe　in　acetonc　in　thepresence　of　K2C03j8　　Racemic　and　(/?)-(+)-2,2'-dihydroxy-

6,6'-djmethylbjPhenyl(4)(μ]DI8+9L5゜dyLOgdLΛethanol)49weregifts　from　Dr,

Kanoh　or　Kanazawa　university 10j　O'-Dihydroxy-9,9'-biphenanthry1　(5)5o　was

prescnted　by　Professor　Yamamoto　of　university　of　Osaka　Prefecture.　　Ee　(>99%)of

the　enantiomers　of　2　and　4　was　checked　by　HPLC　using　a　chiral　column　consisting　of　l　as

a　CSP,　　5-Fluoro-2-methylaniline　was　prepared　by　reduction　of　4-nuoro-2-nitmtoluene

with　SnCI2'2H20　and　hydrochloric　acid　(35%)1n　ethanoL

　　　Synthesis　of　cellulose　tris(5-nuoro･2-methylphenylearbamate)(1).　5-Fluoro-

2-me{hylaniline(17.0　9,　0.14　mol)was　allowed　to　react　with　triPhosgene　(17.8　g､　60

mnlol)in　dry　toluene　(380　mL)in　the　Presence　of　a　catalytic　amount　of　dry　Pyridine　(LO

mL)｡　Aner　evaporation　onhe　solvent,　the　residue　was　distiHed　under　reduced　pressure

(bp　85　゜C　/　28　nylmHg)to　give　5-nuoro-2-methylphenyl　isocyanate(14.4　g｡70%)｡

Cellulose　tris(5-nuoro-2-mcthylphenylcarbamate)(1)was　ly)rcpared　according　to　the

previously　describcd　procedurel4　by　the　reaction　of　cellulose　(i,0　g)with　a　large　excess

of　5-nuoro-2-methyiphenyl　isocyanate　(6,0　9,　40　nylmol)in　dry　pyridinc　(20　mL)at　ca｡
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80　oC　for　40　h,21　　The　Phenylcarbamoylated　cellulose　derivative　obtajned　was　isolated

as　a　methanol-water(5:1,V/V)insolublefraction､　　Elemental　analysis　and　1H　NMR

data　showed　that　hydroxy　groups　of　cellulose　were　�most　quantitatively　converted　into

the　carbamate　moieties｡　IR(KBr):3442,　3330　(VNH)､1742(vcμ));IH　NMR(pyridine-

φ,80　°C,　TMS):6　2･02,　2･04,　2j　4　(s,　CH3,　9H),180,　y97,　4j8,　4･7　1　,　4･85,　5･　1　3,　5jo

(br,glucose　protons､　7H),6j2､6,68-6,82,&91､&99,749､7j7､7y73(aromatic｡9H),830,

8y72,　924　(br,NH,3H)｡　Anal.Calcd　lor　(C3oH2808N3F3)n:C,58j4;　H､　4j8;　N,　6.83.

Found:　C,58』5;　H,　430;　N,　6,90;　[a]D25　-15゜　(c　LO　g　dLX　THFE

　　　Preparation　of　ehiral　stationary　phase.　　A　column　packing　material　was

prepared　as　described　previously14　using　macroporous　silica　gel　which　had　been　treatcd

with　a　large　excess　of　(3-aminopropyl)triethoxysilane　in　dry　benzene　in　the　presence　of　a

catalytic　amount　of　dry　Pyridine　at　80　oC　overnighL　　The　cellulose　derivative　i　(Oj75

g)was　dissolved　in　THF　(10　mL)and　the　silanized　silica　gel　(yOg)was　wetted　with　{hc

polymer　solution　as　uniformly　as　possible,　　Then,　the　solvent　was　evaporatcd　under

reduced　pressure,　The　remajning　polymer　solution　was　ads�bed　on　the　silica　gel　using

the　same　procedure,　　The　Packing　material　thus　obtained　was　packed　into　a　stainless`

steel　tube　(25　×　0.46　cm　(i｡d.))by　a　conventional　high-pressure　slurry　pack.ing　technique

using　a　mode】CCP-085　Econo　packer　pump　(Chemco)｡　The　plate　number　onhe

column　was　5800　for　benzene　with　hexane-2-Propano】(90　/　10)as　the　eluent　at　a　now　rate

ofOj　mL　min{　　　1　,3　,5-Trl“zeμ.‘butylbenzene　was　used　as　a　non-rctainedco}‘npound

for　estimating　the　dead　time　(to).22

　　　lnstruments.　　ChromatograPhic　experiments　were　per㈲‘med　on　a　Jasco　PU‘980

ehromatograph　equipped　with　a　UV　(Jasco　875-UV)and　a　polarimetric　(Jasco　DIP｣81C,

Hg　without　mter)detectors,　　The　column　temPerature　(20､30,40､50,and　60　゜C)was

controlled　with　a　water　jackeL　　　A　solution　of　a　racelTlate　or　an　optically　active

compound(7.8　-　14.0mM)was　injected　into　the　chromatogmPhic　system　(20-100μL)
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using　a　Rheodyne　Mode1　7　1　25　injector　with　a　LO　mL　loop･　　One　dimensional　I　H,　1　3C,

and　19F　NMR　spectra　and　2-D　IHJH　COSY　and　NOESY　spectraxvererecorded　on　a

varian　vxR-500S　spectrometer　operating　at　500　MHz　for　lH,　125　MHz　for　l3C,　and　470

MHz　f6r　19R　　2`D　IH-13C　COSY　spectnJmxvasobt｡ained　on　a　varian　Gemini　200

spectrometer,　　All　NMR　spectrawere　rneasured　in　CDC13　unless　specified　otherwise･

Chemjcal　shins　were　reported　in　Parts　per　milhon　(Ppm)with　tetramethylshne　(TMS,0

pPm),CDC13(77.0　ppm),and(zμμ4rinuorotoluene(-64,0　ppm)as　the　intemal　standard

for　lHμC,　and　19F　NMR,　respectively･

　　　IH　NMR　titration.　The　lH　NMR　titration　experiments　were　perlormed　under

two　conditions･　The　concentration　of　l　was　calculated　based　on　glucose　units,

Condition(1)jS)-or(/?)-2　was　maintained　at　constant　concentration　in　the　Presence　of

increasing　concentrations　of　l　to　measure　binding　constants　(ys･　and　4).Stock

solutions(1　.94　mM)of(S)-and(/?)-2　in　CDC13　were　Prepared.　AO｡9　mL　aliquot　of　the

stock　solution　was　added　using　a　hypodermic　syringe　to　eight　separate　vials　containing

2.5,　5･O,10,15,　20,　25,　30,　and　35　mg　of　l,　respectively,　and　the　solutions　were

transferred　to　eight　5-mm　NMR　tubes,　Aner　the　tubes　were　sealedy　H　NMR　spectra

were　taken　for　each　tube　at　23,　30､40､50,and　60　oC､　and△6　valuesM/erecalculated　by

subtracting　the　chemical　shins　in　the　spectmm　of　the　mixture　from　the　corresPonding

resonance　of　pure　2.　　Then,　bindjng　constants　were　determined　by　using　either　eqs　3

and　4,　Satisfactory　nts　were　observed　in　jl　cases　for　a　】:l　comPlexation,

　　　Condition(2),The　cellulose　derivative　l　was　maintained　at　constant　concentration　in

{he　presence　of　increasing　eoncentrations　of　(X)-or(/?)-2　to　obtain　information　with

respect　to　binding　sites　of　l　in　the　complexation･　　A　1　8･O　mM　solution　of　l　in　CDCI3

was　prepared　in　a　5-mm　NMR　tube　and　the　initial　NMR　spectrunTl　was.　recorded･　TO

this　was　dire�y　added　(S)-or(R)-2(2j､2j､10,and　15　mg､respectively)､and　NMR

spectra　were　taken　for　each　addition　of　2,
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　　　Job　plot　　The　stoichiometry　of　the　complex　between　l　and　(S)-2　was　determined

by　thecontinuous　variationplot(Job　plot)jl　　Stock　solutions　of　l　and　(S)-2　in　CDC13

were　PrePared　(25　mM)｡　ln　eight　NMR　tubes,　portions　of　the　lwo　solutions　were　added

in　such　a　way　that　their　ratio　changed　from　O　to　l,　keePing　the　total　volume　to　be　O･8　nylL･

The　lH　NMR　sPectra　for　each　tube　were　taken　at　23　oC　and　the　change　in　chemical　shin

of　the　OH　proton　resonance　of　(∫)-2　was　used　to　calculate　the　comPlcx　concentra{ion

using　A6max　°　L274　ppnl　(see　Table　2-I-5E　　The　comple`　co“centr“tioll`゛as　Pjotted

against　the　mole　fraction　of　2　to　give　the　Job　plot　shown　in　Figure　2“1“6･

　　　Spin-lattiee　relaxation　time　(r/).　7'/　values　were　measured　without　degassing　by

the　inversion-recovery　method　and　calculated　by　standard　programs　suPplied　by　varian･

Twelve　dif&rent　ldelays　varying　from　O,013　to　25.6　s　between　180o　and　90o　pulscs　with

20　s　pulse　delay　and　number　of　scans　of　20　were　used　for　I　H　7/　measurements･　　7/s　or

carbon　resonances　wcre　rneasured　separately　for　large　(3≪7'/≪12　s)and　small　(r/≦ls)

values;　pulse　delay　of　55.2　s　with　eight　different　l(0.625≦T≦80.0)andnunlber　of　scans　or

76　for　the　long　7'/s　and　6,2　s　(Oj25≦1≦8,0)and　640　times　for　the　short　7/s　of　rree　2,　and

36j　s　(0275≦T≦35.2)nd　552　times　for　the　long　7'/s　and　4,2　s　(O｡094≦1≦6.0)and　3288

times　for　the　short　7'/s　oμ&-(-)-2　in　the　presence　oH,　and　47,2　s　(0375≦T≦48j)and　268

times　for　the　long　7/s　and　12　s　(O｡088≦T≦5.6)and　708　times　for　the　short　γ/soμ/0-(+)-2

in　the　Presence　of　L

2D　NMR.　NOESY　experiments　were　recorded　in　the　phase　sensitive　mode　at

30°C　without　degassing,　　　The　NOESY　spectra　were　collected　into　1024　comP}ex

points　for　256　tl　increments　with　spectral　widths　of　4000　and　5000　Hz　for　free　l　and　(X)-

or(R)-2　in　the　presence　oH.､respectively,ln　both　dimensions　at　mixing　times　of　60-500

rns. The　NOESY　spectrum　of　free　2　was　recorded　in　a　similar　way　with　a　spectral

width　of　800　Hz　at　mixing　time　of　700　ms,　The　data　matrix　was　zero　filled　to　1024　and

apodized　with　a　Gaussian　function　and　Fourier　transformed　in　both　dimensions･　IH‘
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13C　COSY　spectrum　of　free　2　was　coHected　by　using　a　512　×　128　data　matrix　size　at　room

temperature･　Spectralwidths　were　2733　and　376.4Hz　for　13C　and　IH,　resPectively,

　　　N/loleeular　modeling.　Molecular　modeling　and　molecular　mechanics　calculation

were　perk)rmed　with　the　Dreidingforce　neld　(version　2j　l　)46　as　implemented　in

CERIUS2　sonware(version　L5,　Molecular　Simulations　lnc･,　Burlington,　MA,　USA)

running　on　an　lndigo2-Extreme　graPhicsworkstation(Silicon　Graphics)｡　　Charges　on

atoms　oH　and　2　were�culated　using　Gasteiger　in　QUANTA　(version　4.0,MOlecular

Simulations　lnc.)and　QEq46　in　CERIUS2,　resPectively;　total　charges　of　the　molecules

were　zero｡　The　polymer　model　of　l　was　constmcted　using　the　crystalline　structure　of

ceHulose　trisphenylcarbamate　(CTPC)3o　according　to　the　Previously　reported　method　with

a　modincation･　18'52　　First,　a　full　energy　minimization　of　a　rePeating　unit　oH　containing

CH30　groups　at　the　l-　and　4-positions　of　a　glucose　unit　was　performed　by　using

Conformational　Search　in　CERIUS2･　The　energy　minimization　was　accomplished　nrst

by　Conjugatc　Gradient　200　(CG　200)and　then　by　Fleteher　Powe11　(FP)until　the　root　mean

square(rms)value　became　less　than　O｡O　l　kcal　mo1-　1　Å-1,respective¥　　Next,the

monomeric　unit　oH　was　allowed　to　construct　a　trimer　with　a　len-handed　threefold　(3/2)

helix　by　POlymer　Builder　in　CERIUS2　according　to　the　structure　of　CTPCjo　The

trimer　was　placed　into　a　simulation　ee11　(x=30,y=30､and　z=15.166Å)using　three

dimensional　periodic　boundary　conditions　by　CrystaI　Builder　in　CERIUS2.　　The　unit

ceil　volume　was　exPanded　to　the　directions　perpendicular　to　the　polymer　axis　(z)to　avoid

interactions　of　the　periodic　polynTler　with　neighboring　ones　in　otlher　cells,　　　　The　energy

minimization　of　the　periodic　structure　was　then　performed　by　CG　200　and　FP　until　rms

value　became　iess　than　O･O　l　kcal　nTlol`1AX　resPectively,　　The　resulting　optimized

trimer　in　thc　unit　cell　was　connected　to　give　a　nanomer　(9mer)as　the　model　Polymer　of　l

in　Figure　2-1-12･　before　placing　the　(5)-2or(μ)-2　on　the　interaction　site｡

　　　The　initial　coordinates　of(X)-and(/?)-2　were　taken　from　the　crystal　structure　data　of

(RS)-247　in　the　Cambridge　Stmctural　Database　3D　Graphics　Search　Systemj3　The
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initial　structure　was　further　energy゛minimized　with　CG200　and　FP　using　the　Dreiding

force　neld,　　The　typical　geometric　parameters　oμRS)-2　before　and　aner　minimization

are　as　follows;　the　torsion　angles　of　C2-C　I　-C　P-C2≒CI-C2-01-H,　and　C　P-C2'‘02'-H　for

the　crystal　structure　are　88･8,　8･8,　and.-6･6≒resPectively　and　97j,　‘Oj,　and　゛o･8o　for　the

oPtimized　structure,respectively(see　Figure　2-1-11E　　　Thc　oPtimized(X)●2　was

manually　placed　into　the　interaction　site　of　l　so　that　all　of　the　NMR　data　induding

intermolecular　NOEs　and　IH　NMR　titration　resulls　as　well　as　intermolecular　hydrogen

bondswerevisually　satisned･　The　comPlex　was　fullher　energy　nlinimized　hy　CG200

and　FP　to　rdieve　unfavomble　van　der　Waals　contacts,　while　the　geonletry　of　l　was　nxcd･

A　similar　Procedure　was　done　for　(/l)-2.
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Chapter　2-2

　　　　　　　　ChlraI　Recognition　of

Cellulose　Tris(5-nuoro-2-methylphenylearbamate)

toward(g-and6Sj-1,1'-Bi-2-naphthol　Deteeted　by

　　　Electron　lonization　Mass　Spectrometry

2-2-1.1ntroduction

　　　ln　electron　ionization　(EI)mass　spectrometry,　no　stereochemical　enTects　usually

aPPear　because　of　its　¨hard¨ionization,　Chemical　ionization　(CI)was　introduced　as　a

¨son¨ionization　method　by　Munsonand　Fieldl　in　1966.　Chemical　ionization　was　rlrst

applied　to　chiral　discrimination　of　organic　ions　in　the　gas　phase　by　Fales　and　Wright2　in

1977･　This　Cl　method　has　been　used　to　detect　the　ditTerence　in　chirahty,　and　the

characteristic　peaks　have　been　foundfor　the　enantiomersusing　optically　active　reagentsA

5　　Partially　deuterated　chiral　moiecules　are　often　used　to　detect　the　enantiomcrs　al

different　mass　numbersμ7　so　that　the　characteristic　peaks　due　to　the　chiral　discrimination

in　the　CI　reaction　can　be　detected,　The　relative　intensity　(RI)of　the　characteristie　peaks　of

deuterated　and　non-deuterated　enantiomers　has　been　used　to　eva】uate　the　degree　of　the

chiral　discrimination.　Fast　atom　bombardment　mass　sPectrometry　(FAB-MS)has　also

been　applied　to　the　detection　of　chiral　recognition　using　the　rejative　intcnsity　of　the

characteristic　peaks　in　their　mass　sPectra,8“　H　because　FAB-MS　is　a　¨soner¨ionization

method　than　CI.　The　relative　peak　intensity　(RPI)of　the　complexes　of　a　chiral　host　with

deuterated　and　non-deuterated　guests　was　also　used　for　detecting　chiral　recognitionj　2j　3

　　　Recently,　Po'csfalvi　and　co-workers　introduced　the　equi]ibriunl　method,　which　is

much　more　suitable　and　accurate　for　the　study　of　host‘guest　complexation　than　the　RPI

method　by　FAB-MSj4　Electrospray　ionization　mass　spectrometry　(ESI‘MS)15j6　was
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used　for　chiral　recognition　as　well　as　FAB-MS,　ln　the　future,　atmospheric　Pressure

chemical　ionization　mass　spectrometry　(APCI-MS)is　exPected　to　be　used　for　chiral

recognition･　　Chemi�ionization,　FAB,　and　ESI-MS,　however,　have　been　applied

only　to　low-molecular-weight　chiral　guest　and　host　compounds　which　are　ionized　and

detected　by　their　mass　spectra,　and　the　characterkic　peaks　due　to　the　host-guest

complexes　are　used　for　chiral　recognition,　When　the　molecular　weight　(MW)of　a　guest

or　host　molecule　is　large　(e｡μ.､more　than　10　000　Da),these　methods　may　not　be　useful　for

chiral　recognition,　because　they　show　no　(characteristic)peaks　in　M.S,

　　　ln　this　chaptcr,the　author　dcscribes　a　new　aPproach　to　the　detection　of　chiral

recognition　of　a　small　chiral　guest　molecule　(chiral　ana.lyte)using　a　large　chiral　host

molecule(chiral　adsorbent)in　El　massspectrometry,　　The　usefulness　of　this　method　is

demonstrated　with　r/?j-　and　μj-1､P-bi-2-naphthol(2)(MW=286)and　partially　deuterated

2(MW=288)as　chiral　analytes　and　cellulose　tris(5-nuoro-2-methylphenylcarbamate)(1;

MW=≫120　000　Da)as　a　chiral　adsorbent　(Figure　2-2-1)｡The　chiral　adsorbent　l,

which　is　soluble　in　CHC13,　showed　high　chlral　resolving　ability　as　a　chiral　stationary

phase(CSP)in　HPLC　and　can　resolve　the　enantiomers　of　2　with　high　selectivity.　The

interaction　between　the　chiral　adsorbent　and　the　chiral　analytes　has　been　investigated　in

detail　by　HPLC　and　NMRj　7

OCONH-R

OCONH-R
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､Azox
OCONH-R

CH3

≪
　　F
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OH
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X= HOrD

2

Figure　2-2-　1　.　Structures　of　cellu　lose　tris(5-nuoro-2-methylphenylcarbamate)

(1)and(/Q-　and　μEI｡P-bi-2-naphthol(2E
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2-2-2.　Experimental

　　　Reagents.　　　Cellulose　tris(5-nuoro-2-methylphenylc�)amate)(1)used　as　the

chlral　adsorbent　was　prePared　according　to　the　Previously　des�bed　procedure　by　the

reaction　of　cel】ulose　with　a　largeexcessof　5-nuoro-2-methylphenyl　isocyanatej　8　C/0-

andμj-　1　-　I　'-Bi-2-naphthol　(2)were　Purchased　from　Kankyo　Kagaku　Center(Yokohama､

Japan)and　Tokyo　Kasei(Tokyo,Japan),respectively､and　used　without　rurther

purmcation,　　The　op･ticaI　Purity　(>99%ee)was　confirmed　by　HPLC｡　Dcuterated

fRSJ-2　at　the　3　and　3'　positions　was　prepared　by　lithiation　at　the　3　and　3'　positions　oμμXJ-

2,　usinPI-BuLi　in　ether,　followed　by　quenching　it　with　CD3.0Dj　9　　Thc　resultinμμj-

2-φwas　resolved　into　the　enantiomers　by　chiraI　HPLC　on　l　as　a　CSP･　　A　mixturc　oF

μj-2　and　(&-2･j2　oΓμj-2-t/2　and　rRj-2was　dissolved　in　CHCI3(Iμl　nlLI),and　thc

solution　of　l　(10μgμL‾|)was　prepared　with　CHCly　　Thc　approPriatc　amount　of　each

solution　was　mixed,　and　the　solution　(1μL)was　injected　into　a　glass　capillary　tube　(1.4

mm　i.d･､　10　nlm　o.d･,　15　mm　in　length)､which　was　placed　on　thc　dircct　Probe,　Aner

evaporation　of　CHCI3･　it　was　directly　inserted　into　the　ion　source　to　nleasure　El　mass

sPectra.

　　　El　mass　spectrometric　measurement.　　Positive-ion　El　mass　spectra　were

reeorded　on　a　JEOL　(Palo　Alto,　CA,USA)JMS-AX505HA　instrument　operating　at　an

accelerating　voltage　of　3　kv　with　a　mass　range　of　m々50-800,　　The　tcmperature　of　the

ion　source　was　kePt　constant　at　about　1　50　゜C　by　an　ionization　current　oH　00　μA(without

chamber　heater　current),　As　soon　as　the　samPle　glass　tube　containing　l　μL　of　a　samplc

solution　was　introduced　into　the　ion　sourceμhe　direct　inlet　Probe　was　heated　from　room

temperature　to　400　゜C　at　32　oC　min‾l　and　the　magnetic　scan　was　started　at　a　scan　rale　or　3

s.　　　No　change　in　the　ion　source　temperature　was　observed　during　the　acquisition　time　of

more　than　20　min.
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　　　Calculation.　　ln　order　to　obtain　true　peak　intensity　without　isotopic　interference,

the　interf&ence　from　isotopic　Peaks　should　be　corrected　for　the　observed　peak　height,

The　author　can　introduce　the　foHowing　equations　(1)and(2)for　the　elimination　of

isotopic　interterence:

/286ob　°　/286　+/288　x　/7

/288ob　°　/288　+/286　x　a

(1)

(2)

where　/286ob　and　/288ob　are　the　observed　peak　intensities　at　M/t　286　and　288･　respectively･

/286　and　/288　show　the　true　peak　intensities　at　″7々286　and　288　゛hich　come　from　thenon-

deuterated　analyte(MW=286)and　from　the　deuterated　analyte　(MW=288),respectively､a

and　/7　are　the　isotopic　abundancesof　/286　and　/288　at　z77/z　288　and　/77/z　286　for　the　Pure

non-deuterated　and　deuterated　analytes,respectively,　　　Equations(3)and(4)are

obtained　by　reamlnging　the　equations　(1)and(2):

/286　°　(/286ob-/;'x　/288ob)/(1-axβ)

/288　°　(/288ob　-　a　x　/286ob)/(l-ax/))

(3)

(4)

Here,　･r7　and　βare　determined　from　the　mass　spectra　of　the　pure　non-deuterated　and

detracted　samples　and　found　to　be　O,04　and　O,05,　resPectively,　Thus,　the　net　or　true　peak

intensities　for　/2､86　and　/288　can　be　estimated･

2-2-3.　Results　and　Discussion

　　Figure　2-2-2　shows　the　reconstructed　ion　current　(RIC)profiles　ao71/z　286　(a)and

288(b)for　a　mixture　ofμj-2(MW=286)and(Sj-2-c/2(MW=288)(1:l　wt%)｡The

ratios　oDjl/z　286　to　288　in　the　mass　speclra　were　almost　constant　at　any　scan　numbet≒

However,　Zahorsky　et　aL20　reported　dinerent　Pronles　for　amixture　of　deuterated　and　non-
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deuterated　enantiomers　of　3,3'-diiodomesityl･　　They　showed　dinerent　vaporization　rates

for　the　deuterated　and　non-deuterated　enantiomers　in　their　El　mass　spectra　even　in　the

absence　of　a　chiral　host　compound,　They　measured　the　mass　spectra　at　constant　iow

temperalures(about　50゜C)and　compared　the　relative　abundance　of　the　two　nlolecular　ions･

The　scan　was　continued　for　more　than　l　h　for　the　sample　vaPorization･　　On　the　other

handjn　the　author's　study　the　direct　samPle　inlet　probe　was　rapidly　heated　from　ambient

temperatureat　a　rateof　32　oC　min{　The　sample　moleculesarevaPorized　within　4　min

(nearly　140　゜C)under　the　experimental　conditions｡　　Therefore,　the　efict　observed　by

Zahorsky　and　Musso　would　not　aPPear　on　the　mass　spectra　recorded　within　a　shor{

vaporization　time　at　high　temperatures･

　　　Figure　2-2-3　shows　the　typical　RIC　pronles　at　/1･/z　286　(a)andm/1288(b)for　a

mixture　of　the　chlral　analyte　(Sμ/y　and　μ?j-2　and　the　chiral　adsorbent　l　(】:|:2j　wt　%)｡

This　figure　is　quite　dif&rent　from　Figure　2-2‘2.　　1n　Figure　2“2“3,　two　unresolved　Peaks
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aPpear･　The　Peak　top　of　the　nrst　elution　appears　at　about　l-2　min　and　that　of　the　second

at　about　4-5　min,　　The　second　peak　lasts　up　to　10　min　corresponding　to　about　350　oC･

ln　addition,　as　the　concentration　of　l　increased,　the　peak　intensity　of　the　second　peak

relative　to　the　nrst　one　increased,　and　a　longcr　time　was　required　for　vaporization,　The

tendency　was　also　connrmed　seml-quantitative】y　from　the　measuremenl　of　the　ratio　of　the

afea　onhe　nrst　peak　to　that　of　the　second　peak:　the　ratios　decreased　as　the　adsorbent　l

increased,　　The　tendency　was　predominant　forμj-j2-2　over　tha､tfoμ&-2.　The　nrst

peak　may　result　from　the　vaporization　of　dissociated　and/or　weakly　associated　chlral

analyte　molecules　with　the　chiral　adsorbent　molecule･　The　second　Peak　may　afise　from

the　strongly　associated　chlral　analyte　molecules,　The　chiral　analyte　molecule　ofμμ/2-

2　was　adsorbed　more　strongly　on　the　adsorbent　l　than　the　molecule　ofμj-2.

　　The　mass　spectra　at　the　scan　numbers　of　30-35　(retention　time､M=1.55　min),80-85

(/?1=4.05),and　l40-145(M=7,05)in　Figure　2-2-3　are　shown　in　Figure　2-24　(a),(b)､and

(c),respectively､in　which　the　dim,rences　in　the　ratios　o07/z　288　to　,,7々286　are　obvious.

Figure　2-2-5　shows　a　plot　of　the　ratio　of　M/z　288　to　286　P･7M£45the　scan　number

(corrcsPonding　to　the　samPle　temperature)､　The　ratio　is　the　mean　value　of　six　scans　and

is　colTected　by　equations　(3)and(4)｡At　the　beginning　of　the　scn,　the　relative　peak

intensity　of�z　286　was　largcr　than　that　of�z　288,　As　the　sample　temPerature　was

raised､the　former　decreased　and　the　latter　increased｡　Around　the　end　of　the

vaporizalion,　the　relative　peak　intcnsity　oD71々288　was　larger　than　that　of�z　286,

These　results　clearly　indicate　that　themolecule　of　MW　=288[㈹-2-φ]vaPorizes　more

slowly　at　higher　temperature　than　the　molecule　of　MW=286[μj-2L

　　When　a　mixture　oOWj-24/2(MW=288)andμj-2(MW=286)was　used　as　the

analyte,　RIC　pronles　o071々286　and　288　also　showed　two　peaks　similar　to　Figure　2-2-3,

1n　this　case{herelative　intensity　of�z　286　to　288　(the　reciprocal　of　the　above　ratio

indicated　in　Figure　2-2-5)showed　the　same　tendency　as　that　in　Figure　2-2-5.　The

results　indicate　thaμSj-2　of　MW=286　1s　more　strongly　adsorbed　on　the　chiral　adsorbent

molecule　than　the　(Rj-2-j2　of　MW=288.
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　　　ln　additionjn　place　of　the　optically　active　adsorbent　molecule　19　oPtically　inactive

POlystyrene(Tohso,　Tokyo,　JaPan,　MW=I.02　×　105)　was　used　as　an　adsorption

compound.　　Thenlass　sPectra　of　a　mixture　of　W}-2-j2,μj-2､and　the　Polystyrene

(1:1:10　wt　%)were　similar　to　Figure　2-2-2　and　showed　no　dim5rence　in　the　relative　Peak

intensity　at　z77/t　288　to　286,　　This　result　accords　with　the　facHhat　polystyrene　has　no

chira】recognition　abilily･

2-2-4.　Condusion

　　　These　observations　indicate　that　βj-I,1'-bi-2-naphthol　is　more　strongly　adsorbed　on

ceilulose　tris(5-nuoro-2-methyiphenylcarbamate)thanμj-1,F-bi-2-naphthol,which　is

quit　consistent　with　the　HPLC　separation　results　for　the　phenylcarbamatej　7　The

phenylcarbamate　derivative　resolved　(Mj-2　and　C6E2-j2　comPletely　with　h､lgh

seleetivity　in　chlrai　HPLC,　and　r/?j-2　and　rRj-2-j2　eluted　nrst｡　　No　isotope　eact　was

observcd　in　the　resolution　of　2　on　the　CSP.

　　　The　different　desorPtion　between　the　chiral　analytG&andμj　molecules　from　the

chiral　adsorbent　molecule　can　be　detected　in　conventional　El　mass　sPectrometry　by　the

direct　insellion　method,　　This　method　may　be　used　to　distinguish　the　ch1rality　of　other

chiral　analyte　compounds　ofsITnall　molecular　weight,　if　they　show　the　peaks　in　their　EI

mass　spectra　in　the　Presence　of　the　large‘molecular‘weight　chiral　compounds　which　show

no　mass　spectra　with　EI,　Ci,　FAB　(SIMS)and　ESl　methods,
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Chapter　3

NNIR　Studies　on　ChlraI　Recognition　Mechanism　of

　　　　　　Other　Carbamate　Derivatives
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Chapter　3-1

Chromatographic　Enantioseparation　and　ChiraI　Diserimination

　in　NXIR　by　Trisphenylcarbamate　Derivatives　of　Cellulose,

　　　　　Amylose,01igosaccharides,and　Cyclodextrinsl

3-1-1.1ntro　duction

　　Phenylcarbamate　derivatives　of　cellulose　and　amylosc　have　been　used　as　effcctivc　chiral

stationary　phases　(CSPs)for　HPLC　enantioseparation　and　can　seParate　a　broad　rallge　of

racemates　including　many　drugsj　These　CSPs　give　practically　usefuI　HPLC　columns　not

only　for　analyzing　but　also　for　obtaining　enantionTlers.　However,　the　chiral　recognition

mechanism　al　a　nTlolecular　level　on　the　Phenylcarbamate　derivatives　of　polysaccharides　is　not

obvjous･　NMR　spectroscoPy　is　one　of　the　most　powernJj　tools　to　reveal　chiral　recognition

mechanism.Most　phenylcarbamate　derivatives　of　Po】ysaccharides　with　a　hjgh　chlral

resolving　power　as　CS　Ps　are　not　soluble　in　chloro6rm　but　so】uble　only　in　Polar　solvents,

such　as　tetrahydrofuran　(THF)､acetone,and　pyridine,　However,　in　such　polar　solvents,

chirj　discrimination　of　enantiomers　by　NMR　is　hardly　detected　due　to　strong　intcraction　of

the　solvents　with　the　polar　cm°bamate　residues　of　phenylcarbamate　derivatives　of

polysaccharides　which　may　be　important　adsorbing　sites　for　chiml　･discrimination･

Chart　3-1-1.
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　　Recently,　the　author　found　that　several　new　phenylcarbamate　derivatives　of　cellulose

and　amylose　having　nuoro　and　methyl　groups3　or　4-trimethylsilyl　grouP4　(la　and　2a)on

the　phenyl　ring　were　soluble　in　chloroform　and　exhibited　chiral　discrimination　in　lH　and

13C　NMR　as　well　as　in　HPLC,　These　nndings　Permitted　us　to　investigate　interactions

occurring　in　solution　using　NMR　sPectroscoPy　and　to　propose　a　chirj　discrimjnation

rationale　by　means　of　molecular　modeling　techniquesj　ln　the　following,　the　author

searched　other　Phenylcarbamate　derivatives　solublc　in　chloroform　and　found　that　cellulose

tris(3,5-dichlorophenylcarbamate)6　(lb)　and　　3,5-dimethylPhenylcarbamates　　of

maltooligosaccharides,　cellotetraose,　and　(z-,β-,and　Fcyclodextrins　(Cds)7werealso

soluble　in　chloroform　showing　ch1ral　discrimination　in　NMR･　Although　3,5-

dimethylphenylcarbamates　of　cellulose　(lc)and　amylose　(2c)are　one　of　the　most　widely

used　CS　Ps　in　the　world,　their　chiral　recognition　mechanisms　are　unsolved　because　of　poor

solubility　in　chlorok)nTI.　　However,their　oligomers　were　found　to　be　soluble　in

chloroform･　This　suggests　that　the　oligomers　may　be　useful　to　investigate　the　chiral

rccognitjon　mechanism　of　the　3,5‘dim2thy1Phenylcarbamates　of　cellulose　and　amylose

through　their　NMR　spectroscopic　study･

3-1-2.　Ex　perimental

　　Materials.　Cellulose(Avicel)and　amylose　were　purchased　from　Merck　and　Nakalj

(Tokyo､JaPan)､respectively　4-Bromoaniline,(3-aminoPropyl)triethoxysilane,and

triphosgene　were　of　guaranlecd　reagent　grade　from　Tokyo　Kasei,Trimethylchlorosilane

was　obtjned　from　NakalaE　Ethylmagnesium　chloride(2　mol/L　in　THF)was　purchased

from　Aldrich,　Porous　･‘;r)herkGIGUμj　was　ohtained　from　Macherey-Nagai　(Germany)or

Fuji　Silysia　Chemi�(Aichl､Japan).All　solvents　used　in　the　preparation　of　CS　Ps　were　of

analyti�reagent　grade,　carefully　dried,　and　distilled　before　use,　Solvents　used　in　the

chromatographic　experiments　were　of　HPLC　grade,　CDC13　(99　atom　%D｡Naka〕lai)was

dried　over　molecular　sieves　4A　(Nakalai)and　stored　under　nitrogen,　Racemates　were
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commercially　available　or　Prepa』red　by　the　usual　methodj　(S)-○)-I　,　F-Bi-2-naphth�

([a]25D-32≒c　L5　g/dL,　THF)and　Tr6ger　base　(+)-5([a]25D+280≒c　O･j　g/dL､　hcxanc)

were　obtained　from　Tokyo　Kasei　and　Aldrich,　respectively.　(S､S)-(-)-and(R､R)-(+)-

r9･x-stilbene　oxide(3)and(+)-benzoin(4)were　obtjned　by　chromatographic

enantjoseParation　using　ce11ulose　tris(3,5‘dimethylphenylcarbamate)as　a　CSP,6

　　Measurements.　ChromatograPhic　exPeriments　were　performed　on　a　Jasco　BIP-I

chromatograph　equipFd　with　U　V　(Jasco　875-UV)and　Po�meu･ic(Jasco　DIP-181C)

detectors　at　room　temPerature･　I　H　NMR　spectra　were　recorded　on　a　varian　vx　R“50{)S

s　pectrometer　(500　MHz　for　lH　and　470　MHz　for　l9F　NMR)using　tetramethylsi�e(TMS,

0　ppm)or(z,aμ4rinuorotoluene(-64　ppm)as　lhe　intemal　smdal'ds　for　lH　and　l9F　NMRヽ

respectively･

　　Synthesis　of　tris(4-trimethylsilylphenylcarbamate)of　cel　lulos　e　(la)and

amylose(2a).　4-Trimethylsilylphenyl　isocyanate　was　prepared　according　to　standafd

methods(Scheme　3-I-1).

　　Tris(4-trimethylsilylphenylcarbamate)s　of　cellulose　(la)and　amylose(2a)wcre

prepared　by　the　reaction　of　cellulose　(O.50　g)and　amylose(OjO　g)with　a　large　excess　of　t

trimethylsilylphenyl　isocyanate　in　dry　pyridine　(10　mL)at　ca.　80　({7　for　72　hA6　The

derivatives　obtained　were　isolated　as　a　methanol-insoluble　frJlion(yield　894%ror　l　a　and

84j%k)r2a),Elemental　analyses　and　IH　NMR　data　showed　that　hydroxy　groups　of

ce】lulose　and　mylose　were　almosl　quantitatively　converted　into　the　carbmate　moieties∠la

(IR(KBr)):3326(VNH),1738(vc4));IH　NMR　(Acetone-4,50(C):δO｡08,0,18,0.23

(s,CH3,27H),3y70､4.24,4.58,4.68,4.98(br､gjuct)se　protons,　7H),7,16　-　7,68

(aromatic,12H),8j7,8,48,8j2(br,NH,3Hy　Anal｡Caled　k)r(C36H4908N3Si3)n:　C､

58.74;　H,　6y71;　N､　5.7　L　Found:　C､　58.21;　H,　6.62;　N､　6.H.,2a(IR(KBr)):3346

(VNH),1　7　1　5　(vc=o);IH　NMR(Acetone4/6,　50℃):δO･07,　0･　14,　0･25　(s,　CH3,　27H),

3.97,4,37,4,53,4,64,5,02,5,41､5,52(2H)(br,91ucose　protons,7H),7j3　-　7,68
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(aromatic,12H),837,892(br,NH､3H),AnaL　Calcd　R)r(C36H4908N3Si3)n:　C｡　58y74;

H,

A
》
‰

　　　97%

b.p79-82°C

(0.08-Oj2　mmH9)

trjphos9ene

toluene,80°C

3)3)2

1)M9

2)2　eq｡　(CH3)3SiCI

　　99%

b.p76,79゜C
(O･07　゛　O･09　mmH9)

　　42%

b｡p48-52°C

(0‘04“O.05　mmH9)
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CH30H

H3)3

24h

　　61%

b｡p79,82°C
(0.11　-o｡15　mmH9)

　　Preparation　of　chlral　columns.　　A　column　packing　material　was　prePared　as

described　Previously5'6　using　macroporous　silica　gel　with　a　mean　Partic】e　size　of　7　μm　and

a　mean　poredillmeter�≒mO　nm　(Nucleosil　4000-7)which　had　been　treated　with　a　large

excess　of(3,aminopropyl)triethoxysilane　in　dry　benzene　in　the　presence　of　a　catalytic

amount　of　dry　Pyridine　at　80　℃ovemight,　The　derivative　l　a　or　2a　(Oy75g)was　dissolved

in　THF　(10　n!L)and　the　silanized　silica　gel　(3.0g)was　wetted　with　the　polymer　solution　as

uniforrnly　as　possible･　Then,　the　solvent　was　evaporated　under　reduced　pressure･　The

remaining　polymer　solution　was　adsorbed　on　the　silica　gel　in　the　same　Procedure,　The

packing　nlaterial　thus　obtained　was　packed　into　a　stainless-steel　tube　(25　×　046　cm　(i())

by　a　conventional　high-Pressure　slurry　packing　technique　with　a　modeI　CCP-085　Econo

packer　pumP　(Chemco)､The　Plate　number　of　the　colunln　was　2200　(la)for　benzene　with

hexane-2-propanol(98:2)as　the　eluenl　at　a　now　rate　of　Oj　mL/min,

　　The　CSP　2a　thus　obtained　could　not　be　used　as　a　CSP　for　the　eluent　comPosed　of

hexane　and　a　small　amount　of　2-ProPanol　(<1%)because　of　high　solubility　of　2a　in　the



eluent･　Therefore,　2a　was　chemi�ly　bonded　to　silica　gel　(Particle　size　5　μm､porc

diameter　50　nm)at　a　reducing　terminal　end　of　the　amylose　derivative　according　to　the

recently　developed　method?　The　plate　number　of　the　column　2a　wlls4800　for　benzene

with　hexane-2-propallol　(90:10)as　the　eluent　at　a　now　rate　of　Oj　mL/min｡　I､3,5-Tri-n1-

butylbenzenewas　used　as　a　non-retained　compound　for　estimating　the　dead　time　(㈲jo

3-1-3.Results　and　Discussion

　　Chromatographicenantioseparation.　　Figure　3-I-l　shows　a　chromatogram　of

the　resolution　of　racemic　Tr6ger　base　(5)on　a　colulm　packed　with　cellulose　tris(4-

trimethylsilylPhenylcarbalmte)(la)coated　on　silica.The　enm‘iome14s　eluted　at　retention

times　of　tl　and　t2　and　were　completely　separa�.　Capacity　factorsμ/{=(trto)/to　Dnd

£2″[=(t2　-to)/to　l　were　L51　and　3,61､　resPectively,　Separation　ljctor　a　l=£y4/'　Dnd

resolution　factor　/G　[=2(t2-tl)/(wl+w2)]were　estimated　to　be　239　and　339､　respectivcly,

(
E
c
々
S
)
`
5

　　　　　　　　　　　　　　　20　　　　　　　　　　　　　　　　　　40

　　　　　　　　　　　　　　　Elution　time　/　min

Figure　3-1-1.　Separalion　of　enanliomers　of　Tr6ger　base　(5)on　la
Chromatographic　conditions　are　shown　in　Table　3‘|-L
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Chart　3-1-2.
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　　Thc　chromatographic　results　of　enantioseparation　of　ten　racemates,　Mm-stilbene　oxide

(3),bcnzoin(4)､5､2-Phenylcydohexanone(6),navanone(7)､cobalt(III)

tris(acetylacetonatc)　(8),　I-(9-anthryl)-2､2,2-trinuoroethanol　(9),　1,2,2､2-

tetraPhenylethanol(10･)､μsx-cyc】opropanedicarboxylic　aeid　dianilide(11),and　2,2'-

dihydroxy-6,6'-dimethy】biPheny】(12)on　l　a　and　2a　are　given　in　Table　3-1　-L　For

comparison,resolution　results　on　tris(3,5-dimethyIPhenylcarbamate)s　of　ceHulose　(lc)and

amylose(2c)w　hich　al゛e　amonμhe　most　useful　CSPs　are　jso　shown　in　Table　3-1-1.The

solubility　of　l　a　in　the　hexan(y2-propanol(90:10)mixture　is　very　high､　and　therefore　the

chromatographic　resolution　on　l　a　was　p�ormed　using　a　hexane-2-proPanol(98:2)as　the

eluenL　Since　the　solubility　of　2a　in　hexane-2-propanol　system　is　much　higher　than　that　of

laμhe　author　could　not　evaluate　the　resolution　ability　of　the　coated-type　2a　column　using

hexalle-2‘propanol　system　Therefore,　4-trimethylsilylphenylcarbamate　of　amylose　was

chemicany　bonded　to　silica　gel　at　a　reducing　temlinal　end　onhe　amylose　derivative

according　to　the　recently　developed　methodj)
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Tab!e　3.1.1.　Resolution　of　3-12　on　Phenylcarbamate　derivatives　of　cellulose　and　amylosey

la&　　　　　　　　　　　　　　lcc　　　　　　　　　　　　　　　2aj 2C゛

3
　
　
4
　
　
5
　
　
6
　
　
7
　
　
8
　
　
9
　
　
0
　
　
1
　
　
7
-

O｡59(+)

221(-)

L51(-)

Oj7(-)

2､18(-)

L00(+)

L55

L29

239

1.83

L27

334

L66

2｣2

339

0､99

L29

229

O｡74(-)

2,43(+)

0,97(+)

L17(-)

L47(-)

O｡42(+)

2』3(-)

L37(+)

O,83(+)

236(-)

1.68

1.58

L32

L15

L41

ca｡1

2j9

L34

3.17

L83

3.22

438

L92

0.90

3.08

6.40

1.87

6』7

439

O,69(+)

116(-)

L54(+)

101(+)

2.09(+)

O｡60(-)

O｡66(-)

L03(+)

Oj71(+)

L20(+)

ca　l

L45

1,13

L36

ca｡1

L34

L11

1.40

L57

L07

434

L06

2j78

L11

2』1

L47

O｡42(+)

3,14(-)

Oj3(+)

O｡61(-)

O｡93(+)

025(-)

1,30(+)

2.65(+)

3.25(+)

146(-)

y04　　6.67

L21　　　1,23

1.58　　230

ca.1

L12　　0.77

ca.1

1,!5　　0.75

L98　　5,48

2.01　　3.59

2j1　　638

“Eluentヽhexane/2'propanol(90:10､V/V);now　rate､　Oj　mL/min｡　The　signs　in　Parentheses　rePresent　the　oPtical　rotation　of　the　nrst-eluting　enantiomeE

&Eluent,　hexanc/2-ProPanol　(98:2,　V/V);now　rate,　0j　mL/mh

c　Data.cited　from　reE　6.

J　Chemically　bonded4yPe　CSPs　was　used･

゛Data　cited　from　reE　2a｡



　　The　CS　P　l　a　showed　high　chiral　recognition　abihty　comparable　to　that　of　l　c　and

completely　resolv�a】l　of　the　six　racemates　(3-8)tested　in　the　Present　study.0ther

racemates(9-12)were　not　eluted　on　l　a.　ln　particular,　l　a　exhibited　a　high　separation　factor

k)r　the　racemate　8　((x=334)which　was　not　resolved　on　l　c,　The　elution　order　of　several

racemates(3-5)on　l　a　was　reversed　to　that　on　l　c,　indicating　that　chiral　recognition

mechanism　for　3　-　5　on　l　a　may　be　difkrent　from　that　on　l　c,

　　As　mentioned　above,　2a　was　successfully　chemically　bonded　to　silica　ge1,　and　the

resolution　on　2a　could　be　done　using　a　hexane-2-Propanol(90:10)as　the　eluent　for　a11

racemates(3-12).Although　the　amount　of　2a　chemically　bonded　to　silica　gel　(a　6.5　wt%

lo　silica　gel)was　smaller　than　that　oH　a　adsorb�on　silica　surface　(25　wt%)､the　chemjcally

bonded4yPe　CSP　2a　possesses　a　relatively　high　resolving　Power　and　seParated　eight

racemates.The　enantioselectivity　of　2a　seems　to　be　a　little　lower　than　that　of　2c　if　their　a

values　in　Table　3-　1　-l　were　compared　to　each　other,

　　Chiral　dis　criminatio　n　by　tris　(4-trimethylsilylphenylcarbamate)s　of

cellulose(la)and　amylose　(2a)in　N　MR.　　Since　l　a　and　2a　are　soluble　in

chloroform,　the　author　investigated　the　interaction　between　l　a　or　2a　and　enantiomers

occurring　in　solulion　by　NMR　spectroscopy,　Among　the　two　derivatives,　l　a　showed　an

interesting　chira】discrimination　ability　for　a　variety　of　racemates　including　Tr(5ger　base　(5)､

benzoin(4)､1,1≒bi-2-naphthol､mandelic　acid､　and　several　xr-alcohols　such　as　2-butanol

and　2-octanol　(see　below)｡The　cellulose　derivative　l　a　can　work　as　the　chiral　shin　reagent｡

　　Figure　yl-2　shows　the　500　MHz　lH　NMR　spectra　of　(±)-3　in　the　absence　(a)and

presence(b)oHainC[)CI3.The　methine　proton　signal　of　3　which　appears　as　a　singlet　at

δ1　87　1　was　enantionlerically　seParated　inlo　two　singlet　peaks　in　th･e　Presence　of　l　aj　This

clearly　indicates　that　l　a　can　recognize　the　enantiomers　even　in　solution･　On　the　basis　of　the

measurcment　with　enantiomerically　pure　(R,R)-(+)-and(S,S)-O-3　jt　became　dear　that　the

methine　Protons　(○-3,HI)were　more　largely　shined　to　downneld,　wh｡5as　the　(+)-3-HI

protons　scarcely　changed･
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Figure　3-1-2.　1H　NMR　spectra　of　3　(5　mg,　0,025　mmol)1n　CDC13　(LO　mL)at

22　゜C,　la:　O　(a),20　mg　(0.027　mmol　of　glueose　uniO　(b､c｡and　d)､acetone:　O　(a

and　b),15μL(c),and　65　μL(d).

　　ln　the　chromatographic　enanlioseparation　of(±)-3　on　CSP　la､　(+)-isomer　elutcd　nrst

followed　by　O-lsomer　and　complete　baseline　seParation　was　achieved.　This　indicates　that

O-isonler　is　adsorbed　morestrongly　on　l　a,This　elution　order　may　be　associaled　with　the

shin　of　the　O-1somer　of　3　observed　in　the　lH　NMR,　A　similar　good　correlation　between

NMR　and　the　chronmtography　for　enantiomers　has　also　been　observed　for　cellulose　tris(5-
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nuoro-2-methylPhenylcarbanute)and　enantiomers　of　l,P　-bl-2-naphthol　and　2､2'-

dihydroxy-6,6'-dimethylbiPhenyL5

　　　0kamoto　and　coworkers　evaluated　chir�　recognition　abilities　of　a　series　of

phenylcarbamate　derivatives　of　Polysaccharides　in　HPLC,2　and　the　obtained　results　indicate

that　the　most　important　adsorbing　site　for　chiral　discrimination　on　phenylcarbamate

derivatives　is　the　polar　carbamate　residue,　which　can　interact　with　enantiomers　P&hydrogen

bonding　and/or　diPole-dipole　interaction,ln　c8e　of　3,　the　cyclic　ether　oxygen　may　interact

with　the　NH　Proton　of　the　carbamate　residue　through　hydrogen　bonding　(Figure　3-I-3　(a)),

Therefore,　addition　of　a　comPound　capable　of　hydrogen　bonding　with　thc　NH　proton　wi11

Prevent　the　interaction　between　3　and　l　a　(Figure　3-　1-3　(b)),　This　was　co�irmed　by　the

change　of　the　methine　proton　(HI)resonance　of　3　in　the　presence　of　achiral　acetone.The

addition　of　acetone　(15μL)r�uced　the　chemical　shin　ditTerence∠xjδofthenlethine　proton

of3(Figure　3-　1　-2　(c)),and　a　further　addition　of　acetone　(total65μL)caused　no　splitting　of

the　melhine　proton　of　3　as　observed　in　Figure　3-　1　-2　(d).Schematic　model　for　these

changes　in　the　interaction　is　dcPicted　in　Figure　3-　I　J

9lucose　unit

○=〈
○

9lucose　unit

　　　　　　　　　　　　　　　○

ヽ`Ph+acetone　　O=d
　　　→　　　X

　　jPh

･y
　　　　　　　　　　　　　　　　　　　　　　　　　･　wwwwww･･w　　　i,｡/‾W

‾“゛“‾o♀p√‾‾‾≒∠ys``o%c“3
(a) (b)

CH3

Figure　3-1･3.　Schematic　interactions　of　3　(a)andacetone(b)with　the
phcnylcarbamoyl　residue･

　　Anjogous　change　in　the　l　H　NMR　of　thc　methine　proton　(HI)of　3　was　also　induced　by

thc　addition　of　2-ProPanol(5μL)in　place　of　acetone　(Figure　3-14(b)).　lnterestingly､

methyl　groups　of　2-propanol　shined　upfield　from　original　signal　(L2H　ppm,j=6,0　Hz)

and　split　into　a　pa1r　of　doublet　(L　I84　and　L　189　PPm,　∠X∠Xδ=2,5　Hz｡　j=6.0　Hz)(Figure
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3-1-4(d))､indicating　that　the　two　methyl　grouPs　are　magnetically　non-quivalent　in　the

presence　of　l　a,　The　chirality　of　l　a　seems　to　force　2-Propanol　to　bind　in　a　diastereotopic

envlronment,　allowing　the　recognition　of　enantiotopic　methyl　grouPs･

⑨/

(a)

nos2

y 2-propanol

(5μL)

/T)｡｡
∩㈲R‥

3.90 3.88 3.86 3.84 t22　1,20　1j8　1j6　6/ppm

Figure　3-1-4.　1H　NMR　spectra　of　the　methine　proton　resonances　of　3　in　the　presencc　of　la

before(a)and　after(b)addition　of　2-proPanohn　CDC13　(LO　mL)at　22　゜C.Thc　methyl

Protonresonancesof　2-ProPanol　(3μL)with(±)3(5mg)in　the　absence　(c)and　the　presencc

of　la　(20　mg)(d)arealso　shown.
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　　Figure　3-1　-5　shows　the　temPerature　effect　in　the　I　H　NMR　spectra　of　the　methine　proton

of(±)-3　1n　the　Presence　of　l　a,　At　lower　temperatures　the　resonances　onhe　methine

protons　of　3　(HI)werebetter　separate(L　Particularly,　theresonanceof　the　(-)-isomer　was

broadened　at　temPeratures　lower　than　O　{　This　indicates　that　(-)-isonler　nlore　dosely

interacts　with　l　a　at　lower　temPerature,

(-)-3 (+)-3

1.5Hzn

3.95 3.90 3.85

5　/　ppm

3.95 3,90 　3.85

6/ppm

Figure　3.1-5.　1H　NMR　sPcctra　o9　(5mg)in　the　presence　of　la　(20　mg)in

CDCI3(LO　mL)at　40　(a)､-20(b),0(c),20(d),30(e)､40(0,50(g),and

60　゜C　(h),

　　Figure　3-　|-6　shows　the　innuence　of　coneentration　oH　a　(A)and(±)-3(B)on　chiral

discrimination.　At　a　constant　amountof(±)-3,∠X∠Xδonhe　methine　Protons　of　3　(HI)

increased　as　an　increase　onhe　amount　of　l　a　(Figure　3-　1　-6　(A)),and　40　mg　of　la　was

found　to　be　enough　for　almost　baseline　separation　of　(±)-3　at　20　(n　On　the　other　hand､　at
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constant　concentration　of　l　a,　∠ljj　value　of　the　met〕hine　Protons　of　both　enantiomers　was

not　signincantly　changed　with　increasing　concentration　of(±)-3(03-60　mg)(Figure　3-l-6

(B))｡These　results　indicate　that　the　association　betwecn　l　a　and　3　is　in　equilibrium　and　the

exchange　rate　should　be　much　faster　than　NMR　time　scale,

(A)

3.90

(B)

3.85　　6　/　ppm　　　　3,90 3･85　　8　/　ppm

Figure　3.1-6.　Em･ct　of　concentration　of　la　(A)(40(a)､20(b)､10(c)､and　5　mg　(d))

on　the　lH　NMR　spectra　of　3　(5mg),and　3　(B)(Oj(e),5(0,　20　(g),and　60　mg　(h))

on　the　lH　NMR　spectra　oHa　(20　mg)in　CDC13　(lmL)at　20　゜C.
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　　ln　Table　3-I　-2　are　summarized　the　results　of　chiral　discrimination　of　other　racemates　by

lH　NM〕R　using　l　a　as　a　chir�selector　together　with　data　of　the　chromatographic

enantioseparation　on　l　a･　ln　lH　NMR　experiments,　proton　resonances　of　the　enantiomer

eluting　later　in　HPLC　on　l　a　may　be　expected　to　shift　more　largely　than　those　of　the　nrst

eluting　enantiomer,　The　result　for　3　in　lH　NMR　(Figure　3-】-2)is　in　good　agreement　with

the　HPLC　resu】t;　the　methine　protons　of　(-)-3　elutjng　later　in　HPLC　signincantly　shined　to

lower　neld.　However,　in　cases　of　4　and　5,　jδvalues　of　the　nrst-eluting　enantiomers　in　I　H

NMR　were　larger　than　those　of　the　second-eluting　cnantiomers,　Morcover,　l　a　could　not

discriminate(±)-8　1n　CDC13､　although　the　enantiomers　were　weH　resolv�in　HPLC　on　la

as　the　CS　P　,　This　discrepancycan　not　be　clearly　expljn�at　this　moment,　but　it　may　be

associated　with　the　different　solvent　systems,　The　chromatographic　enantioseParation　was

carried　out　using　a　mixture　of　hexane-2-Propanol,　whereas　the　lH　NMR　exPeriments　used

CDCly　From　Figure　3-　I　-4,　it　is　apparent　that　2-propanol　interacts　with　an　important　chiral

recognition　site　of　l　a　in　CDCi3　to　prevent　the　interaction　for　chiral　recognition　between　a

racematc　and　l　a,　　The　signincant　eff&t　of　structure　of　alcohols　as　a　rnobile　Phase

component　in　hexane-alcohol　system　on　chromatographic　enantioseparation　by

phenylcarbamate　derivatives　of　polysaccharides　has　been　reported;　the　elution　order　of

enantiomers　of　sevcral　racemates　on　the　CSPs　is　reversed　by　changing　a　mobile　phase

component,　for　instance　from　hexane-2-propanol　to　hexane‘ethanoL　I　I　　Therefore,　it　is

necessary　to　compare　lhe　resolution　results　of　3　-　5　using　chloroform　as　a　mobile　Phase　in

HPLC,　Moreover,　larger　A6　value　for　one　enantiomer　than　that　for　antiPode　in　NMR　wi11

not　always　indicate　the　stronger　association,　and　the　determination　and　comparison　of

association　constants　(£)of　both　enantiomers　toward　l　a　must　be　eva】uatedj　2　ln　the

interaction　between　cellulose　tris(5-nuoro-2-methyIPhenylcarbamate)and　enantiomers　of

l,P-bi-2‘naphtholμhe　binding　geometry　and　dynamics　between　the　cellulose　derivative　and

the　enantiomcrs　were　extensively　investigated　on　the　basis　of　spin“lattice　relaxation　time,　IH

NMR　titrations,　and　intermolecular　NOEs　in　the　presence　of　the　cenulose　derivative･　These

NMR　dala　are　fully　consistenl　with　the　chromatographic　elution　orderj
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Table　3-1-2.　Chiral　discriminationby　la　in　HPLC　and　lHNMR　for　racemates　3-8

Racemates

⑤

HPLC　“

　　a

L55(+)-(R､R)

L29(-)-(R)

239(-)-(R､R)

L83(-)

L27(-)

334(+)

proton

HI

NMR6

jδnppbl　jjy/　tppbl

O(+)､40

　
I
I

　
』
　
il
　
`
,
,
4

H
H

HI

{
Z
　
1
J
‘
　
j
4

　
H
H
H

HI

HI

H2

I

,|

,|

20､

OO､

7(

5(

5(

9(

)

)

)

5(+)

7(+)

､,7(+)

o6(+)

､-8(+)

)､4(+)

-22､-II

-7,,3

-10､-5

/?

4

7
″
`
j

(
U
　
U
z
『
,
!
　
'
`
J

I

H

4
'
々
J

3゛

4･μ{⊇》PE〈⊇〉　　　　○OH
　　H?

5≠

6g

7゛

8μ
Co(acac)･3

“Eluent,　hexane-2-propanol　(98/2).The　signs　in　Parentheses　represen{the　opti�

　rotation　and/or　absolute　configuration　of　the　nrst-eluting　enanliomer･

βla(20　nlg)in　CDCI3　(LO　mL).

c∠X∂(=&4)indicates　the　induced　shift　of　enantiomers　in　the　Presence　of　la｡δand　4　are
　the　chemical　shins　of　paticular　proton　of　a　racemate　in　the　presence　and　the　absence　of

　la,　respectively･

jj∠1δ(=IA4-A&|)(ppb;　part　per　bilion)indicates　the　difference　in　thc　chemj�shin
　between　enantiomers.

゛Racemate　5　mg,

X　Racemate　7　mg･

μRacemate　4　m&

/'Not　separated,
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　　The　Phenylcarbalmk　derivative　l　a　also　showed　ch1ral　recognition　n)r　many　racemates

in　CDC13;　6[instancc,　epoxy　derivatives,　yE-alcohols,　|　,　F　-bi-2-naPhthol　(13)､and

carboxylic　acids　(Figure　3-1-7).Although　a　large　number　of　d･igned　chiral　hosts｡　chiml

solvating　agents,　and　chifj　lanthanide　shin　reagents　have　heen　used　to　recognize　oPtical

isomers　in　solution　by　N　MRj　3j　4　only　a　few　oPticjly　active　PolyRlers　areknownror　this

Purpose,

fl

15j6

y≪4≒≪m≒☆2☆≒√
≒
CF3---

u
T

　μ

/　μ
　　/

C--CH3
t

CH

　　　　　　　　-1

　　　?　　　N
CHm-?-(CH2)5-CH3
　　　0H

　　y　　　N　　　y　　　N　　　7　　　N
CH3--♀-‘CH2-CH3　CH3〒-♀-(CHλ-CH3　CH3-♀-(CHj}4j-CH3
　　GH　　　　　　　　　　　　　OH　　　　　　　　　　　　　OH

①≠∠
‾‾　　　OH

?o゛
C---CH3

J,
t

　　+37

/

{yOy3
　　_j　‾9

　O､
cH3--xycH3

Figure　3･1'7.　Compounds　cnantiomcrically　recognizcd　by　la　in　lH　and　19F　NMR.　The　protons　and

nuorines　marked　with　analTowindica{c　thc　recognized　ones　and　ngurcs　rcprcsent　∠XA6(ppb)‥Negative

valuc　indicatcs　upficld　shift･　N,　S.:　no{separatcd･
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　　lnterestinglyjn　cases　of　xcc-jcohols,　such　as　2-hePtanol　and　2-octanol　(Figurc　3｣,7)､

the　methyI　Protons　at　the　end　of　the　longer　alkyl　chain　which　is　far　remote　from　the

asymmetric　center　were　enantiomericjly　seParated　in　the　presence　of　l　a･　w　hile　the　nTlethine

and　its　adjacent　methyl　protons　were　not　recognized,　This　suggests　that　the　alkyl　group

may　be　sPecifically　located　near　to　chiral　l　a　so　that　the　alkyl　methyl　pmtons　splil　into

enantiomers｡

　　IE3esides　amhsoifh4MHaJmjoQ&㎡m㎡yhGGlo　soluble　in　chloroform　and

is　capable　of　discriminating　enantiomers　of　3,　4,　and　1　3　in　lH　NMR　(Figure　3‘I‘8E

3

M
-
･
C
ー
‐

　
G OH　O

　X4.6

　　4

?"

-5

13

OH

OH

11

Ph

-7

Figure　3-1-8.　Compounds　enantiomerically　recognized　by　2a　in　lH　NMR･　Thc

protons　marked　with　an　arrow　indicate　the　recognizedonesand　ngures　rcpresent　AA6

(ppb).Negative　value　indicates　upfield　shifL

　　　Chiral　discrimination　by　cellulose　tris(3,5-dichlorophenyicarbamate)

(lb)in　N　MR.　Cellulose　tris(3,5-dichlorophenylcarbamate)(lb)a】so　resolves　many

racemates　as　a　CSP　for　HPLCj　However,　the　CSP　is　not　Practically　useful　due　to　high

solubility　in　hexane-2-Propanol　mjxtures･　This　defect　in　HPLC　can　in　contrast　be　a　merit

for　NMR　study;　l　bjs　dissolved　in　chloroform　in　the　presence　of　a　smJl　amount　of　2‘

proPanol　or　an　acid,　Therefore,　chiraldiscrimjnationof　enantiomers　was　studied　by　l　H　and

l3C　NMR　sPectroscopies　ina　similar　manner　to　l　a｡　The　results　are　summarized　in　Figure

3-1-9,　1n　the　presence　of　mande11c　acid(14),the　polymer　was　soluble　in　chloroform
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without　adding　2゛proPanol　and　completely　separated　the　enantiomers･　　As　Previously

describedμhe　enantiotoPic　methyl　protons　of　2゛ProPanol　split　into　a　Paif　of　doublet　in　lH

NMR　in　the　presence　of　l　a･　However,　in　the　presence　of　l　b,　the　methyl　protons　did　not

split,　but　the　methyl　carbons　of　2-proPanol　split　into　two　singlets　in　13C　NMR　(∠Xδ=O,9

ppm),although　the　l　3C　NMR　sPectrum　of　the　methyl　carbons　of　2-proPanol　with　l　a

showed　no　splittin&

5　　　　　　　　　+12　　　　　　　-12

　�‰≫y
　　y~

+6

N
j

　
(
‐
y

H
　
　
H

c
-
○

　　-9

　/
-CH3

　C02H

14

Figure　3-1.9.　Compounds　enantiomerically　recognized　by　lb　in　lH　and　13C

NMR,The　protons　and　carbons　marked　with　an　arrow　indicate　the　recognized

ones　and　figures　rePresent　AA6　(pPby　lb　was　dissolved　in　the　p｡;ence　onOμL

of　ypropanol,　while　l　b　was　soluble　with　mandelic　acid　(14)without　2-propanoL

　　Chiral　　discrimination　　by　　3,5-dimethylphenylcarbamates　　of

oligosaccharides　　and　　cyelodextrins　　in　　NMR.　　　　　　Tris(3,5-

dimethylphenylc�bamatc)s　of　cellulose(le)and　amylose　(2c)have　high　chiral　resolving

abilities　as　CSPs　for　HPLC,2　but　they　are　soluble　only　in　POlar　solvents　and　insoluble　in

CDCly　Theref6re,　it　is　dimcult　to　investigate　thelr　chirj　recognition　mechanisms　by

NMR　Howcver　3,5-dimethylphenylcarbmates　of　oligosaceharides　(16a　-　16c)which

possess　a　high　chiral　resolving　poweras　CSPs　for　HPLC7　werefound　to　be　soluble　in

CDClv　Therefore､studies　on　the　interactions　between　the　oli　osaccharides　derivatives　and　　　　　　　　　　　　　　　　　　　　　　　　　　　　g

enantiomers　by　IH　NMR　spectroscopy　is　exPected　to　serve　the　elucidation　of　the　chiral
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recognition　mechanism　of　l　e　and　2e･　3j-DimethyIPhenylcarbamate　of　cydodextrins

(CDs;　1　5a　-　1　5　c)7　and　celjotetraose　(17)are　also　tound　to　be　soluble　in　CDC13.

Chart　3-1-3.

RO

15a;　n　z　6

　b;n=7

　c;n=8

17:　n　==4

3.90 3.88 3.86　　3.84

　　　　5/ppm

Figure3-1-10.500MHzl

RO

16a;　n　z　3

　b;n=5

　c;n=6

Å
ヽ
'
･
y
Λ

{OR　R=--　≪

3.90 3.88 3.86 　3.84

6/ppm

H　NMR　spectra　of　3　in　CI〕)C13(LO　mL)a{22　゜C｡

Free　3　(a)､3　with　17(b)､15a(c),16a(d)､16b(e)､and　16c　(0;3(5　mg､Oj25

mmol)and　oligosaccharides(20　mg)｡
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　　Chiral　discrimjnation　for　3,　4,　and　13　was　investigated　by　IH　NMR　spectroscoPy

using　the　3,5-dimethylphenylcarbamatcs　15　-　17　and　the　results　are　summarized　in　Table　3-

1-3,　Figure　3-1-10　shows　the　500　MTHz　lH　NMR　sPectra　of　3　in　the　Presence　of　the　3,5-

dimethylphenylcarbamates,　The　methine　proton　(HI)signal　of　3　was　sPlit　into　two　singlets

in　　the　　presence　　of　the　3,5‘dimethylphenylcarbamates,　　　AIl　　the　　3,5-

dimethyjphenylcarbamates　of　linear　ohgosaccharides　used　in　this　study　can　recognize　the

enantiomers　in　solution,　although　only　15a　in　the　three　CD　3,5-dimethyIPhenylcarbamates

show�chiral　recognition,　The　H　I　Protons　oμ-)-3　shin　downneld　in　the　presence　of　the

linear　oligosaccharides　derivatives　and　me∠X∠Sδvalue　tcnds　to　incrcase　as　the　degree　of

polymerization(n)of　the　maltooligosaccharides　increases　(Figure　3-1-10(d-0),This　may

be　due　to　an　increase　of　the　regula]7ity　of　the　high-order　structure　of　the

maltooligosaccharidcs　in　the　order　3-mer,　5-mer,　and　6-mer.　0n　the　other　hands,　the　same

enantiomer　shins　upneld　(Figure　3-1-10　(c))in　the　presence　of　the　cyclic　oligomer　15a.

These　rcsults　indicatc　that　the　structures　of　the　3,5‘dimethylphenylcarbamates　of　linear-　and

cyclic-oligosaccharides　arc　quite　different.The　Hl　protons　of(-)-3　scarcely　changed.　ln　the

chromatograPhic　enantioseParation　of(±)-3　on　the　CS　Ps　derived　from　the　3,　5-

dimethylphenylcarbamates　of　oligosaccharides,　the　(+)-isomer　eluted　nrst　followed　by　the　(-

)-1somer　in　all　cases　except　for　the　resolution　on　the　CSP　prepared　from　17､　which　could

not　resolve　(±)-3.This　elution　order　of(±)-3　may　be　associated　with　the　shin　of　the　O-

1sornerof　3　observed　in　the　IH　NMR,　although　the　difference　in　solvents　us�in　NMR　and

HPLC　should　be　takcn　into　consideration　as　Previously　described,

　　Benzoin　4　was　also　enantiomerically　discriminated　by　15　-　17･　The　methine　Proton

(HI)was　seParated　into　a　pair　of　doublet　(∠Xδ=4.5　Hz､　J=6.0Hz)in　the　presence　of　1　6　c　､

but　the　OH　proton　was　not　spliL　On　the　contrarydhe　OH　proton　originally　appearing　as　a

doublet　al　δ4j56,　was　split　into　a　palr　of　doublets　in　the　presence　of　the　derivatized　CDs;

4j75and　4j85　ppm　fol｣5a　and　4,582　and　4･592　ppm　for　15b,　jj　°　5･O　Hz.　The

downrield　shin　of　the　OH　proton　must　be　due　to　hydrogen　bond　formation･　These　results

again　indicate　lhat　the　linear　and　cydic　derivatives　have　different　sterical　structures･

110



}
】
】

Table　3･1･3.R､esults　of　chiral　discriminationby　HPLC　and　IH　NMR　R)r　3,　4,　and　13　using　3,5-dimethylphenylcarbamates

of　cydodextrins　and　oligosaccharides

　Cyclodextrins
　　　　Or

01igosacdlarides

jμ(ppb)　∠1∠xδ(ppb)

HI

　H

13

∠1μ(ppb)　∠1∠1δ(ppb)

H4　H3
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Phenylearbamate　derivatives(20　mg)､racemates(5mg)in　CDCI3　(LO　mL)at　20±2　°C,

Not　seParated,

J　This　peakwas　broad　andover-wrapped　with　15b.
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Chapter　3･2

ChiraI　Discrimination　by　(jO･　and　(Sj-1-Phenylethylcarbamate

　　　　　　　　　　　　　of　Amylose　in　NMR

3-2-1.1n　tro　duction

　　　Phenylcarbamate　of　polysaccharides,　such　as　cellulose　and　amylose,　havc　becn　used

as　enective　chiral　stationary　Phases　(CSPs)for　HPLC　enantioseparation　and　can　separate　a

broad　range　of　racemates　induding　many　dnJgs　j　　These　CS　Ps　givc　practically　uscrul

H　PLC　columns　not　only　for　analyzing　but　also　for　obtaining　enantiomers,　　The　optical

resolving　abilities　of　the　carbamates　depend　greatly　on　the　substitucnts　on　the　phenyl

groups･　ln　other　carbamute　derivatives　of　polysaccharides･alkylcarhamatcs　such　as

methylc�bamate　and　cydohexylcarbamate　of　ceHulose　showed　poor　chiral　recognition･

whereas　some　of　the　tris(aralky】carbamate)s　of　cellulose　and　amylose　showed　characteristic

resolving　abilities　for　many　racemates　different　from　lhose　onhe　phenylcarbamates　onhe

polysaccharides　j　　　Among　the　aralkylcarbamates,　only　μPhenyjethyl“　and　l-

phenylpropylcarbamates　of　the　Polysaccharides　exhibit　high　chiral　recognion･　The　chiral

recognition　abilities　of　l　-phenylethylcarbamates　of　cellulose　and　amylose　depend　on　thc

chlrality　of　the　carbamate　group,　Particularlydn-1-phenylethylcm･bamate　of　amylosc　(1-

μj)(Chart　3-2-1)shows　high　chiral　recognition　and　is　commercially　availablej　However､

the　chiral　recognition　mechanism　at　a　molecular　level　on　the　phenylcarbamate　derivativcs　of

polysaccharides　is　still　unclear,　Because　most　of　the　Phenylcarbamate　derivatives　with　a

high　chiral　resolving　power　as　CSPs　are　soluble　only　in　PolJ　solvents　such　as　pyridine　and

tetfahydrofuran･　ln　such　polar　solvents,　ch1ral　discrim]1na{ion　of　cnantiomers　by　NMR　is

hardly　detected　due　to　strong　interaction　of　the　solvents　with　the　Polar　carbamate　residues

that　are　considered　to　be　the　most　important　chiral　binding　sites　for　ch1raJdiscrimination･
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Recently,　0kamoto　and　coworkers　found　that　severa】phenylcarbamate　derivatives　of

cellulose　and　amy】ose　are　soluble　in　chloroform,　This　jlowed　the　author　to　study　the

chira】recognition　mechanism　of　the　Pheny】carbamate　derjvatives　by　NMRj　Lately,　the

author　found　thaμ/0-j-Phenylethylcarbamate　of　amylose　(1{/?j)(Chart　3-2-I)and　l-μj

are　soluble　in　chloroform　and　exhjbit　chiral　discrimination　in　NMR･　ln　this　chaPter,

chromatograPhic　enantiosepafation　on　l　-μj　and　l-μj　was　investigated　and　their　chiral

recognition　mechanism　was　studied　byrneansof　IH,　13C,　and　19F　NMR　spectroscopies,

OCONH-R

``○/

ONH,R

R=
H

1-βjJ

3

　　CH

㈲-dー´s

　　≧》　　-

　　1-㈹

Chart　3-2-1.　Structures　oH　-Phenylethylcarbamate　derivatives

of　amylose,

3-2-2　.　Ex　perimental

　　　Chemieals.　Amylose(DP~300)was　a　gin　from　Nakano　vinegar　(Handa,Japan).

μE　and　μ0-1-phenylethyl　isocyanates　were　obtained　from　Fluka.　　(3-

AnlinoPropyl)triethoxysilane　was　of　guaranteed　reagent　grade　from　Tokyo　Kasei.　Porous

spherical　silica　gel　with　a　mean　particle　size　of　7　μm　and　a　mean　pore　diameter　of　100　nm

(Daiso　geI　SP-1000)was　kindly　supplied　by　Daiso　Chericj.AIl　solvents　used　in　the

preparation　of　CSPs　were　of　analytical　reagent　grade,　carefully　dried,　and　distiHed　before

use｡　So】vcnts　used　in　the　chromatographic　experiments　were　of　HPLC　grade･　　CDC13

(99.8　atom　%D､Aldrich)ws　dried　over　mo】eculaf　sieves　4A(Na�aiy　Racemlltes(2-9)

(Table　3-2-|)were　conlnlel℃ially　available　or　were　PrePared　by　the　usual　methodj
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　　　S　ynthesis　of　(S)-　and(R)-1　･phenylethylcarbamates　of　amylose｡　1-

Phenylethylcarbamate　derivatives　of　amylose　were　prepared　according　to　the　Previously

described　Procedure　by　the　reaction　of　amylose　with　an　excess　of　the　coiTesponding　l-

phenylethyhsocyanate　in　dry　pyridine　at　ca　80　℃j　The　phenyicarbamates　obtained　were

isolated　as　methanol-insoluble　fractions｡Elen71ental　analysis　and　l　HNMR　data　showed　that

hydroxy　groups　of　amylose　were　almost　quantitat〕ively　converted　into　the　carbamate

moietles･　1{/0(IR(KBr)):3420,　3330(VNH),1721(vc=t));IH　NMR(pyridine4/j,

80℃):6　L31　(br,CH3,9H)､y3　-　18　(br､glucose　prolons､7H)､4y71(br､CH　of

phenylethyl　group,　3H),6.6-7.5(aromatic,15H)､&6-8.0(br､NH,3HE　AnaL　Calcd

for(C33H3708N3)n:　C､　65.65;　H,　6j8;　N､　6.96,　Found:　C,　65,65;　H　620;　N､　6,85),

I-μμIR(KBr)):3420,　3330　(VNH),1721(vc=());IH　NM〕R(pyridine-6,80(C):δL2y

l.42(br,CH3､9H)､3j　-　18　(br,91ucose　protons､　7H)､4y73(br,CH　of　phenylethyl

group,　3H)､6.8-7.5(aromatic,15H)､6､8　-　8,1　(br､NH､3Hy　　Anal｡Calcd　for

(C33H3708N3)n:　C､　65,65;　H,　6』8;　N､　6j6,　Found:　C,　65,65;　H　6,24;　N､　6.84.

　　Preparation　of　stationary　phase.　Each　column　packing　materiaJwas　r)repJed

using　macroporous　silica　gel　as　described　previously3　and　ws　packed　into　a　stainless“steel

tube(25　cm　x　O,46　cm　L　D√)by　conventional　high-Pressure　slulTy　packing　technique　using

a　model　CCP-085　Econo　packer　Pump　(Chemcoy　l,3,5-Tri-/cz7.-butylbenzene　w　as　used

as　a　non-retained　compound　for　estimating　the　dead　lime　(to),

　　　Apparatus.　　Chromatographic　experiments　werc　p�ormed　on　a　Jasco　PU‘980

chmmatograph　equipped　with　a　U　V　(Jasco　UV-970)and　a　polarimetric　(J'asco　OR-990)

detectors　at　room　temperature,　A　solution　of　a　racemate　(I-1　0　1JI)was　in､jected　into　the

chromatograPhic　system　with　a　Rheodyne　Model　7　1　25　inμctor･　One　dimensional　l　Hy　3C,

and　19F　NMR　spectra　were　record�on　a　varian　Gemjni-2000　(400　MHz　for　lH　and　376

MHz　for　l9F)and　vxR-500(125　MHz　for　l3C)speetrometers,　AII　NMR　spectra　were

measur�in　CDC13　unless　spcin�otherwise･　Chemicai　shins　were　reported　in　par[s　per
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million(PPm)with　tetramethylsilane(TMS,0　ppm)､CDCI3(77.0　Ppm)､and　a,(x､a-

trmuorotoluene(-64,0　pPm)as　the　intemal　standard　for　lH,13C,　and　19F　NMR,

respectively･

3-2-3.Results　and　Discussion

　　Chromatographic　enantioseparations.　Figure　3-2-l　shows　the　chromatograms

of　the　resolution　of　(±)-2　on　columjns　Packed　with　l-9j　or　l-μj　coated　on　silica　geL

Racemate　2　w　as　hardly　s　eparated　on　l　-Mj　,　but　completely　separated　into　en　antionlers　o　n

the　l-μy　Theenantiornerseluted　at　retention　times　of　tl　and　t2･Capacity　factors,　£/'

[=(trto)/toDnd&y[=(t2-　to)/t{)],and　s　eparation　factors　(a=&2　W/　'),were　L97､　2,06　and

(a)
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(b)

(
E
c
々
S
)
`
5

0

βJ-(-)-2

20　　　10
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Figure　3-2-1.　C11romatopJn∽htJmhJof2onl{g(a)and
l-㈹(b)｡
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L05　on　lμ○｡L　95,　3.67　and　L　88　on　l　-μj､resPectively｡　The　dead　time　to　was

estimaled　by　using　l　j,　5-triwμ-butylbenzeneasanon-retained　compound,　ln　this　case,

the　seParation　factor　for　2　on　l　-μDs　larger　thJl　that　on　l{Rλand　the　elutjon　order　of

enantionlers　of　2　is　oPPosite,　This　indicates　thaG/0(-)-2　interactsnlore　strongly　with

CSP　I-r㈹thanμj-(+)-2､whileμj-(+)-2　interacts　more　s　ux)ngly　with　l-μμhanμμ{)-

2.

　　NMR　studies.　　The　chiral　recognition　abilities　of　l-phenylethylcafbamate　or

amylose　depend　on　the　ch1rjity　of　the　carbamute　grouP,　but　the　mcchanism　of　chirai

discrimination　atamolecular　levehs　still　unclear｡Howcver､the　authodound　l{/Oand　l-

μj　are　soluble　in　chloroform　ajnd　investigated　the　interaction　betwecn　l-t/O　or　l{O　and

enantiomers　occurring　in　solution　by　NMR　spectroscopy･

　　Figure　3-2-2　shows　the　lH,　13C,　and　19F　NMR　sPectra　oμ±E2　1n　the　abscnce　of　F

μjor　l{∫j(a),presence　of　l{/0(b)and　presence　or　i　-μj(c)1n　CDC13.The

assignmentsfor2were　referred　to　the　literaturej　ln　the　presence　of　l　-(μj　having　low

resolving　ability　for　2,　(±)-2　was　enantiomeri�ly　seParated　into　two　sets　of　p�(s　only　in

l9F　NMR,　0n　the　other　handjn　the　presence　oH-μJ　having　high　cdor　2､　splitting　due

to　the　enantiomers　was　observed　in　lH,　13C､and　19F　NMR｡

　　ln　lH　NMR,　hydroxy　and　anthryl　protons　(H10)onhe　enantiorners　or　2　werc

signincanUy　separated　into　two　Peaks　only　in　the　presence　of　l　-μλ　On　the　basis　onhe

measurement　with　enantiomerically　Pure　βj-　and　μj-2､it　became　deal{hat　the　hydroxy

protons(μj-2-OH)were　more　largely　shil�to　downneld　accomPanying　with　iine

broadening　than　the　corresponding　C/W2　-OH　,　､vhereashMXμJJOxsJmxa㈲4J

upneld　shift　and　broadeningjndicating　that　μj-　2　interactsrnorestrongly　with　l　-μ),Thc

downneld　shift　of　the　OHresonances　is　ascribcd　to　hydrogen　bond√7　and　the　upfield　s　hins

for　the　aromatic　Protons　of　2　are　Probably　due　to　π‘stacked　or　shielding　effect　by　a

neighboring　aromatic　ring　of　l{Sλ8　ln　the　presence　of　l{/0μhe　shin　onhe　hydroxy

proton　to　downfield　and　slight　line　broadening　were　observed,　but　no　spiitting　due　to　the
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enantiomers　was　detected･　These　larger　chemjcal　shift　movement　and　broadening　of　the

μj-2　resonanees　than　fμ-2　observed　in　the　IH　NMR　are　associated　with　the

chromatographic　elution　order　of　the　enantiomer,

　　　Simhr　splittings　of　2　into　enantiomers　in　the　presence　of　l　-μjwerealso　observed　in

l3C　NMR　spectroscopies　and　theμE2　carbonresonances　are　rnore　shined　to　downneld

and　broadened　as　seen　in　its　IH　NMR　sPectrum　However,　no　splitting　due　to　enantiomers

Nvasobserved　in　the　Presence　of　l　-μy　ln　19F　NM〕R,　trinuoromethyl　nuorines　of　the

enantiomers　of　2　were　signincantly　separated　into　two　peaks　both　in　the　presence　of　l{&j

and　in　the　presence　of　l　-μλbut　the　more　largely　shifted　enantiomers　to　downneld　were

oPposite　and　the　chemical　shin　differencej∠1δln　the　Presence　of　l　-μj　was　larger　than　that

in　the　prescnce　oH{/μ　These　N　MR　data　are　fully　consistent　w　ith　the　chromatographic

data　such　as　the　chiral　diserimination　abilities　and　the　elution　order　on　l{Rj　and　l{μ

　　　ln　Table　3-2-l　are　summariz�the　results　of　chiral　discrimjnation　of　other　racemates､

trans-stilbene　oxide　(3)､Tr㈲er　base(4)､1､2､2,2-tetraPhenylethanol(5),2,2'-dihydroxy-

6,6'-dimethylbiphenyl(6),navanone(7),benzoin(8)､and　1､1　'-bi-2-naphthol　(9)､by　lH,

13C,and　19F　NMR　using　l　-μj　and　l-μj　as　a　chiral　selector　together　with　data　of　the

chromatographic　enantioseparation　on　l　-μDnd　l{μ　The　signs　in　Parentheses　behind

㈲ures　of　a　and　∠1∠1δΓepresent　the　optical　rotation　of　thenlore　retained　enantiomer　and

more　shined　enantiomer,　respectively.　　The　agreement　of　these　signs　indicates　a　good

colleration　between　the　NMR　and　chromatographic　results.

　　　For　the　racemates　with　small　capacity　factor　£/≒such　as　3　‘　5,　in　spite　of　the

achievement　of　baseline　separations　in　H　PLC,　splitting　due　to　the　enantiomers　was　not

observed　in　lH　NMR,　To　the　contrary,　for　the　racemutes　with　high　valuesofO≒splitting

was　observcd　in　I　H　N　MR､　even　incaseof　low　value　of　seParation　factor,　Strong　binding

of　a　racemate　to　poiysucdlaride　derivatives　seems　necessary　for　dear　detection　of　splitting

due　to　the　enant.ionlelx

　　　ln　NMR　exPeriments,　the　peaks　of　the　second　eluting　enantiomer　in　HPLC　nmy　be

exPected　to　shin　more　largely　th㈲those　of　the　nrst　eluting　enantiomel≒The　results　of　2･　5　･
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Table　3-2-1.　Chiral　discrimination　by　l-βj　and　l-μj　in　HPLC　and　lH,　13C,　and　19F

NMR　for　racemates　2　-　9

HPLC“

Å/y　L97

a=|.050

&/'4)31

a=1.28(+)

&/UO,90

a==2.38(+)

Å/21.42

a=L26　0

£/･　L93

a=1,18(+)

I{/?)

NMR(∠XA6　ppm)μ

　IH)　　c

l3C)d　　c

l9F)-0.034　0

IH)

IH)

IH)

W
�
�

　
m

C

C

t

:-0.()810

:+0,0H(-)
:+0.019(-)

:+0.003　0

IH)HI:+0.003(+)

IH)　Hy+0.003　0

h　　OH:-O｡033　0
　H)H41+0.0100

HPLC“

£/SI,95

a=1.88(+)

λy=O,61
a=I.19(+)

£/SO･74

a=1.86(+)

Å/4L95

(z=~I(+)

&/SI.75

a=I.31(+)

&/'=3,02

a=~1(+)

&/″仝4･29

a=L98　0

£/S2.87

a=L59(+)

1-μj

NMR(AA5　ppm)/'

　IH)　OH)O｣83(+)

　　　　H10:+0.037(+)

13C)J　-O･036(+)･'O'037(+)

　　　　-O｡170(+)

19F)-O.044(+)

IH)

IH)

IH)

(

(

OH:-O｡010(+)

　　　　OH:-0.0140
1H)　HI:+O､009(+)

IH)HI:+O｡004(+)

W
�
�

　
n

IH)

:-O｡007(+)

:-O｡019　0
:+0.004　0

:+0.003　0

OH:-0.052(+)
H4:+0.0H(+)

2 {‰T
　　　　　○

3　　/A々
　　　Ph

(㈲J
5

6

7

8

9

　Tr-CH-Ph

　　　l
　　　OH

　OH　HO　HI

⇔T{≫
　Me　Me　H3

　　　O　HI

　oμj　‰≒
　　　　　H2

《E}-cHI-c･CTyH3　£/u3･73
‾　　|　　　|l　　　　　　　　a=l.140

　　0H　O
　　　H4

　　joH&/゜746　　11　20H　　　a°‾IO

“Thc　sign　in　parcnthcscs　rcprescnts　thc　oPtical　rotation　of　thc　more　retained　cnantiomer･　Eluent,

hcxanc/IPA=90/|()｡

bl-μμ)r　l-(/0(20　mg)､racemate(5mg)in　CDCi3(O.9　nlL)at　21　±I゜C,　j∠X∂(=|∠Xδs-j41)

indicatcs　thc　dilTcrcncc　in　thc　chcmical　shin　hctwecn　enantiomers｡　∠Xδ(=¥δ)indicatcs　Lhe

induccd　shin　or　cnantiomcrs　in　thc　Prcscncc　orl-μJ　or　l-μλδand　4　are　the　chemical　shins　or

par{icular　pro{on　or　a　raccmatc　in　the　prcsencc　and　ahsence　oi｣-βJorl{/0,『espectively｡

Ncgativc　valuc　indicatcs　downneld　shilt　Thc　sign　in　parenthescs　rcprescnts　the　optical　rotation

oF　thc　nlorc　shincd　cnantionlcr｡

゛Not　scparatcd.

゛/1-μj　or　l-μJ(30　mg)､｢accmatc(30　mg)in　CDCI3　(O≒9mL)at　21　±I゜C.
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Jld　9　1n　IH　13C,　and　l9F　NMR　are　in　good　agreement　withthe　HPLC　resulty　However､

in　the　case　of　6,　the　proton　resonances　onhe　nrst　eluting　O-6　in　H　PLC　shined　rnore

largely　thoseof(+)-6.Acl｡･exPlanation　for　this　discrepancy　can　not　be　given　at　this

moment,　but　this　may　be　due　to　solvent　effecL　The　chromalograPhic　enantioseParationxvas

carried　out　using　a　mixture　of　hexane-2-propallol　,　w　hereas　CDCI3　was　us�for{The　lH

NMR　experiments,　ln　the　HPLC,　2-propanol　in　the　eluent　must　strongly　interact　with　μxj

and　l-μμo　innuence　the　interaction　between　racenTlateand　l　-rSj　or　l-C/μ　A　signincant

enect　of　alcohols　as　a　mobile　Phase　component　in　a　hexane-alcohol　system　on

chromatograPhic　enantioseparation　using　phenylcarbamatc　derivatives　of　polysaccharides

has　been　reported;　the　elution　order　of　several　racemates　on　thc　CSPs　was　reversed　by

changiyng　a　mobile　Phase　component,　f6r　instance　from　hexane'2-proPanol　to　hexane‘

ethanoL　9　Therefore｡　1t　isnecessary　to　compare　the　rcsolution　results　using　chloroform　as　a

mobile　phase　comPonent　in　HPLC,　Moreoverμhe　larger　A8　V�ue　for　one　enantiomer　tha11

its　antipode　in　NMR　does　not　always　indicate　the　stronger　association,　and　this　means　that

the　determination　and　comparison　of　association　constants　(£)of　both　enantiomers　toward

l-(Rj　and　l-μj　are　necessaryjo　ln　the　interaetion　between　cellulose　tris(541uoro-2-

methylPhenylcarbamate)and　enantiomers　of　l､Pーbl-2-naphthol,the　binding　geometry　and

dynamics　between　the　cellulose　derivative　and　the　enantiomers　were　extensively　invesligated

on　the　basis　of　sPjn-lattice　relaxatjon　tjme,　IH　NN4R　titrations,　and　intermoiecular　NOEs　in

the　Presence　of　the　cellulose　derivatjve,　These　NMR　data　are　fully　consjstent　with　thc

chromatographic　elution　orderjb　An　analogous　study　must　be　done　tor　fujj　understanding

of　the　mechanism　of　the　present　system.
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Chapter　4

StructuraI　Analysis　of　Amylose　Tris(3,5-dimethylphenylcarmate)

　　　　　by　NMR　and　lts　Chiral　Kecognition　Mechanism

4-1.　　1ntroduction

　　　　Phenylcarbamate　derivatives　of　Polysaccharides　such　as　cellulose　and　amylosc

show　high　chiral　recognition　for　various　enantiomers　including　nlany　drugs　when　thcy　are

used　as　chiral　stationary　phases　(CSPs)for　high-Performance　liquid　chromatography

(HPLC)･j Resolving　abilities　of　the　phenylcarbamate　derivatives　depend　on　the

substitutions　on　the　phenyl　group,and　therefore,many　CSPs　consisting　of

Phenylcajrbamate　derivatives　for　HPLC　have　been　prepared･　Among　{hem,　3,y

dimethylphenylcarbamates　of　both　cellulose　and　amylose　show　particularly　high　dliral

recognition　for　many　racemates　and　appear　to　be　among　the　most　practically　useful

CSPsλ3　　However,　their　chiral　recognition　mechanism　is　still　obscure,　since　thc

derivat,ives　are　soluble　only　in　polar　solvents　such　as　pyridine　and　tetrahydrofuran　(THF),

in　which　one　cannot　detect　chiral　recognition　by　NMR　spectroscopy　because　the　polar

solvents　pre&rentially　interact　with　the　phenylcarbamate　derivative　rather　than

enantiomers｡2　　Moreover､thedeterminationof　Precise　structures　of　the　Polysaccharide

derivatives　in　the　solid　state　and　in　solution　is　dimcult,　although　it　should　be　necessary　for

elucidation　of　the　chiral　recognition　mechanism　at　a　molecular　levei.　　Recently,　thc

author　found　that　ceHu】ose　tris(5-nuloro-2-methylphenylcarbamate)(CFMPC)4　is　soluble

in　chloroform　and　exhibits　a　high　chiral　recognition　ability　for　many　racemates　including

1　,　F-bi-2‘naphthol　in　NMR　as　well　as　in　HPLC,　and　the　binding　geometry　and　dynamics

between　CFMPC　and　the　enantiomers　could　be　investigatcd　on　the　basis　of　spin-lattice

relaxation　tim･e,　IH　NMR　11trations,　and　intermolecular　NOEs　in　the　presence　of　CFMPC,
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OH

OH

CH3

and　a　rationale　model　for　the　complex　was　able　to　be　proposed　using　the　structural　data　of

cel】ulose　trjsPhenylcarbamate　(CTPC)determined　by　x-ray　analysisj　Moreover,　the

interaction　energies　between　the　CDCj3-lnsoluble　�】ulose　derivatjves,CTPC　and

cellulose　tris(3,5-dimethylPhenylcarbamate)(CDMPC)and　enantiomers　were　�culated

by　using　various　computational　methods　with　molecular　mechanics　(MM)and　molecular

dynamics(MD)simulations　to　gain　in≒ht　into　the　mechanism;　the　results　onhe

calculations　were　i　n　good　agreement　with　the　chromatographic　resolution　results　j

Chart　4-1.

CONH-R

ADMPC

○/

2

　　　　On　lhe　other　hands,　the　structures　of　amylose　phenylcarbamate　derivatives　have

not　yet　been　determined　by　x-ray　and　amylose　Phenylcarbamate　derivatives　including

amylose　tris(3､5-diHjthylphenylcarbamate(ADMPC)(Chart　4-1)with　high　degree　of

polymerization(DP)and　amylose　trisphenylcarbamate　(ATPC)were　also　soluble　only　in

Polar　solvents･　Therefore,　the　author　could　not　explore　the　interaction　between　the

amylose　derivatives　and　enantjonlers　by　means　of　NMR　and　ca]culations　because　of　Poor

solubijity　in　chloroform　and　lack　of　structural　inforlTlation　of　amylose　derivatives,

respectively,　　However,　recently,　the　author　found　that　low-molecular-weight　(DPd00)

ADMPC　prepared　by　enzymatic　POlymerization　of(FD-glucose　l-phosphate　dipotassium

catalyzed　by　a　phospholylase　isolated　from　potato　using　maltopentaose　as　a　primer7'8　1s

128,



soluble　in　chloroform　and　exhibits　chlral　discrimination　toward　many　enantiorners　in

NMR　as　well　as　in　HPLC･　　This　Permits　the　author　to　investigate　the　interaction

between　ADMPC　and　enantiomers　in　solution,　　To　propose　a　rationale　model　for　chiral

recognition　mechanism,an　exact　structureof　ADMPC　in　solution　should　be　determined

b　NMR　because　of　absence　of　x-rav　data　of　ADMPC　and　its　derivatives｡　y　　　　　　　　　　　　　　　　　｡

　　　　ln　this　Chapter,　the　structure　of　ADMPC　was　investigated　by　NMR　using　2D

NOESY　technique　combined　with　computer　modeling,　and　the　conlparison　of　NMR　and

HPLC　results　in　the　same　solvent　(chloroform)was　performed｡　The　binding　geometry

ofADMPC(S)-1-(9-anthryl)-2,2､2-trinuoroethanol(1)xvasalso　investigated　by　lH　NMR

titration　and　molecular　modeling･

4-2.　Results　and　Discussion

　　　　NOESY　studies.　　The　recent　development　of　2[)NMR　techniques　has　given　a

very　powerful　tool　for　the　elucidation　of　the　exact　structures　of　biopolynTlers　and　synthetjc

polymers,9　　1n　this　regard,one　of　the　more　promising　techniques　is　NOESY

spectroscoPy,　which　measures　the　through‘sPace　interaction　between　nucieis･lo　　For

protons　in　polymer　systems,　the　strength　of　through-space　interactions　depends　upon　the

distance　between　them,　which　allows　the　calculation　of　interproton　distanccs　and　the

conformation　of　the　POlymer　in　solution　at　a　molecular　leveL　　Figure　4‘l　shows　the

NOESY　spectrum　of　ADMTPC;　a　number　of　NOE　cross　peaks　were　observed　in　the　region

of　glucose-glueose　(A)､NH　of　carbamate　residues-methyl　on　the　phenyl　group　(B)､

NH-glucose(C)､and　NH-NH　protons　resonances　(D)｡　The　chemical　shins　oi'　the

glucose　protons　(μ/-μ6)of　ADMPC　were　assigned　from　lhe　COSY　exPeriment,　The

assignments　of　the　m･ethyl　protons　on　the　phenyl　grouPs　and　NH　protons　resonances　at　the

2,3-　or　6‘position　of　a　glucose　unit　wcre　attajned　by　comparing　the　NMR　data　of

regioselectively carbamoylated model polymers,　　amylose　　　6-(3,5,

dichloroPhenylcarbamate)-2､3-b･is(3､5-dimethylphenylcarbamate)　and　amylose　2､3-
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bis(3,5-dichlorophenylcarbamate)-6-(3,5-dimethylphenylcarbamate)j　l　　The　assignment

of　the　two　methyl　protons　at　the　2'　and　3-positions　has　not　yet　been　attained　because　of

dimculty　of　regioselective　substitution　on　the　two　hydfoxy　groups　at　the　2-　and　3-

positions　of　a　glucose･
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Figure　4-1.　500　MHz　NOESY　spectrum　at　a　mixjng　time　of　50　ms

of　ADMPC　in　CDC13　at　30　oC｡

　　　ln　order　to　proposean　exacl　structureof　ADMPC,　the　author　has　to　determine　the

intcrproton　distances　of　the　glucose　protons,　e,g･,　μ/-/μ'(a　Prime　rePresents　a　nuclei　of

the　adjacent　glucose　residue)､by　measuring　peak　volumes　ofcrossand　diagonal　Peaks　at

different　short　mixing　times　and　then　determine　the　torsion　angle　about　the　glycoside

bond　denned　by　two　dihedral　angles,　HI-CI-O-C4'㈲and　H4'　-C4'-O-C　I　(Ψ)(Figure　4-

2),
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Figure　4-2.　Dimer　structureof　ADMPC,　Glycoside　bond

(μ7-C/-θ-C4'-/μ')is　denned　by　two　dihedral　angles　(φ,Ψ),
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Figure　4-3.　Stack　plot　of　a　NOESY　sPectrum　at　a　mixing　time　of

50　ms　of　ADMPC　in　thc　region　between　glucose　protons　in　CDC13

at　30　oC｡
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　　　　The　author　nrst　estimated　the　peak　volumes　of　cross　peaks　in　the　glucose　proton

resonances　of　ADMPC　by　means　of　2D　NOESY　method　acquired　at　different　short

mixing　times　(25　-　50　ms)according　to　the　Buchanan's　method｡12　　Figure　4-3　shows

the　exPanded　2D　NOESY　spectrum　in　the　glucose-glucose　region･　The　diagona1

e】ements　corresPond　to　the　ID　IH　NMR　spectrum　and　the　cross　Peaks　represent　the

through-space　interactions　between　the　glucose　protons　fronTl　which　the　interproton

distances　information　can　be　extracted.　　The　peak　volumes　of　both　the　diagonal　and

crosspeaks　vary　as　a　function　of　mixing　time;　the　peak　volumes　of　the　diagonal　peaks

decay　with　an　increase　in　the　mixing　time,　while　those　of　thecrosspeaks　increase　until

they　reach　a　maximum　value　after　which　they　also　decay･

　　　　The　cross-peak　volumes　A(1.)as　a　function　of　the　mixing　time　(≒)can　be

described　as　follows　(equation　l):where　Ao　are　the　peak　volumes　at　zero　mixing　time

obtained　by　extrapolating　the　peak　volumes　to　zero　mixing　time　and　R　is　the　matrix

(cquation　2)of　relaxation　rates　(the　diagonal　(j=j)and　ofFdiagonal　(j≠y))μ

A(T,,,)゜AO£{R‰

　
･
　
　
　
″
1

£
9
‘
―

(y4

Rjr

(1)

(2)

The　experimentaHy　measured　peak　volumes　A(Tm)and　the　peak　volumes　at　zero　mixing

timc　Ao　can　be　used　to　determine　the　relaxation　rate　matrix　at　each　≒jog{14

　　　　1n　NOESY　spectra　one　may　not　observe　a　cross　peak　for　protons　far　away　from

each　other　more　than　4　Aj　5　　Cross　peaks　overlapPing　with　other　peaks　and　those

derived　from　both　the　same　and　adjacent　glucose　protons　can　not　be　used　to　determine　the

proton　distance　because　of　lack　of　accumcy,　and　thereR)re,　some　isolated　cross　peaks　were
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selected　to　determine　the　Peak　volumes　(in　this　case　μ2,μ4,μ/-μ4≒andμj-μ4)and　the

cross　relaxation　rates　(%and(7XJ)were　estimated.　The　cross　relaxation　rates　depend

upon　the　inverse　sixth　Power　of　the　proton　distance･　ThereR)re,　the　author　can　estimate

“deslred　p･｢oto“　dista“ce(9)if“protoll　dist“11ce　(4)is　krlown　or　determined　to　use　as　the

intemal　reference　according　to　the　equation　3,

(y･y_r√6
--―

(7x　/‰6
(3)

　where　4　and　Qafe　the　known　and　unknownprotondistances　and　4.　and　%al℃cross

relaxation　rates,　resPectively･　　ln　calculating　interproton　dislances,　the　gcminal　protons

(μ64,　and　μ6R)at　C6　are　suitable　as　the　intemal　re&rcncej　2　　Howeverjn　thc　casc　of

ADMPC　the　geminal　proton　peaks　seriously　overlap　with　μj　andμ2　protons　and　thc

author　can　no･t　determine　the　individual　peak　volume　accurately,　　The　au{hor　then

examined　the　other　proton　distances　in　the　same　glucose　ring　of　several　amylosc　ester

Table　4-　1　.　Proton-proton　distances　(Å)of　amylosel6　and　amylose　ester

derivatives17　estimated　by　x-ray　analysis

　　　　　　　　ATV“　　ATisoB/7　　ATA　IF　AmylosJ

left-handed　helix　5/4

μ/-μ4

μ7-/yμ'

μ2-μ4

μj-μ4

μj-/μ

4.10

235

2.56

2.98

2.98

4/3

4 10

2.93

2.63

2.98

2.98

9/2

4.09

2.72

2.62

2.98

2.98

6/|

3.97

226

2.59

2.97

2.97

“ATV:　amylose　trivalerate･　z゛ATisoB:　amylose　triisobutyra{e,(jATA　II:

amylose　triacetate　lL　jPotassium　hydroxide　amylose　dodecahydrate.
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derivatives　determined　by　x-ray　analysis　(Table　4-1)1　6'　1　7,　Although　these　ester

derivatives　have　a　len-handed　helical　structure　with　a　dinerent　pitch,　there　are　only　slight

differences　in　the　Proton　distances　between　μ2-μ4　andμj-μ4,　This　indicates　that　the

interProton　distances　in　the　same　glucose　ring　seems　to　be　indePendent　of　the　structure　of

the　amylose　derivatives,　Moreover,　the　interProton　distances　for　μ/-/Rμare　more　than

4　A,　and　thereforeμhe　cross　Peak　can　be　regarded　fTrom　the　μ/and　/μ'protons･　　Using

the　Proton　distances　betweenμ2-/μandμj-Zμin　the　same　glucose　unit　as　the　internal

re&rence,　the　distance　ofμ7-/μ'protons　was　estimated　to　be　2.83　-　2,96　Å,

　　　　Strudure　of　ADNIPC.　　ln　order　to　obtain　the　information　about　the　glycoside

bond　geometry　between　two　adDcent　glucose　rings,　a　dimer　model　of　ADXIPC　shown　in

Figure　4‘2　was　constructed　and　the　μ7-μ4'　distance　and　energy　pronles　depending　on　the

two　dihedral　angles　defined　by　φandΨwere　calculated;　φandΨwere　rotated　at　6゜

intervals　individually　and　the　distances　of　the　μ7-μ‘μand　the　Potential　energy　were

measured　to　plot　the　three-dimensional　distance　(Rgure　4-4A)and　energy　Pronles　(Figure

4-4C),　Figure　4-4B　shows　the　contour　maP　extracted　from　Figure　4-4A.　Contours

are　drawn　by　O｣3Aintervals　and　the　total　energy　map　was　superimposed　on　Figure　4-4B

(Figure　4-4C)｡Thereare　numerousPossible　dihedral　angles　which　satisfy　the　estimated

μ/jμ'distance(2.83　-　2.96Å)｡　The　total　energy　contour　map　estimated　from　the

dimer　model　of　ADMPC　in　Figure　4-4C　displayed　that　the　areas　with　high　total　energies

are　colored　in　black,　and　the　total　energies　become　lowered　when　the　color　gradually

changes　from　red　to　yellow,　The　energy　pronle　combined　with　the　distance　pronle

indicates　that　the　combinalion　oμφ,Ψ)satisfying　the　distance　ofμ7-Zμ'(2,83　-　2.96Å)

and　the　lowest　total　energy　onhe　dimer　is　(-68j゜,-410゜)indicated　by　a　white　arrow,

These　dihedral　angles　give　the　len-handed　4/3　helical　structure　for　ADMPC･
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Ψ
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Figure　4,4.Thrcc-dinlcnsional　distancn　A)and　encrgy　profileOC)of　dimer

model　of　ADMPC.　Thc　conlour　map　(B)is　cxtractcd　Fronl　(A)and　contours　arc

drawn　by　0.13　A　intervals.The㈲al　cncrgy　conlour　map　is　suPerimposed　wjlh

the　distancecontour　map(C).
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　　　　The　Polymer　model　of　ADMPC　was　then　constructed　using　the　obtained　dihedral

angles　and　oPtimized　under　three-dimensional　periodic　boundary　conditions　according　to

the　rePorted　methodj'6'18　　The　full　structure　ofADMPC　is　shown　inFigures　4-5A　and

B,　while　the　main　chain　is　shown　in　Figures　4-5C　and　D　for　darity･　　The　optimized

structure　of　ADMPC　has　a　similar　left-handed　4/3　helix　to　amylose　triisobutyrate

(ATisoB)17　and　the　glucose　residues　are　regularly　arranged　along　the　helical　axk　A

chiral　helical　groove　with　polar　carbamate　groups　exists　along　the　main　chain,　The　polar

carbamate　grouPs　are　Preferably　located　inside,　and　hydrophobic　aromatic　groups　are

placed　outside　the　polymer　chain　so　that　polar　enantiomers　may　Predominantly　interact

with　the　carbamate　residues　in　the　groove　through　hydrogen-bond　formation･

　　　　Comparison　of　NMER　and　HPLC　results.　　As　described　above,　ADylPC　of

DP≪100　is　soluble　in　chloroform　and　this　nnding　permits　the　author　to　investigate

interactions　occurring　in　solution　using　NMR　spectroscopy,　　Moreover,　the　utilization

of　the　chemically　bonded-tyPe　CSP　based　on　ADMPC　enables　the　author　to　use

chlorofbrm　as　the　eluent　in　HPLC,7　and　thereforeμhe　author　can　directly　compare　both

HPLC　and　NMR　results　using　the　same　solvent　(chloroform)for　the　nrst　time｡　ln

Table　4,2are　sunlrnarized　the　results　of　chiral　discrimjnation　of　some　racemates　by　l　H

and　l9F　NMR　using　ADMPC　as　achiral　selector　together　with　dala　for　the

chromatographic　enantioseparation　on　ADMPC　using　hexane/2-ProPanol　(9/I,V/V)and

dry　chloroforrnas　the　eluents･　When　the　enantiomers　eluted　at　retention　times　of　tl　and

t2,capacity　faetors(&/'and£y)and　separation　factors(a)were　evaluated　as　(tFto)/to,(t2-

to)/to､and　a=£2'/&/',respective¥　　The　dead　time　(t())was　estimated　by　using　l､3,5-tri-

?c/7-butylbenzeneas　a　non-retained　compound,

　　　　The　capacity　factors　of　most　of　the　racemates　using　chloroform　as　the　eluent　were

smaller　than　those　using　hexane/2-propanol　as　the　eluent,　and　the　racemates　6　-　9were

not　resolved　in　chloroform　and　the　elution　order　of　the　enantiomers　of　l　and　2　was
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Figure　4･5.　0plimlzed､lnlclurc(A　and　Bμnd　lhc　maln　chain　(C≒mdD)o｢

ADMPC.Along【o　the　chain　axis　{A　and　CMnd　pcrpendicular　lo　thc　chain

axiHB　and　D}.
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Table　4-2.　Chiral　discrimjnation　by　ADMPC　in　HPLC　and　NMR　for　l　-　9

　　　　　　　　　　　　　　　HPLC“　　　　　　　　　NMR

ycH-OHM(‰
H2　HI

UOHCΣ゜¨

a(Hex/IPA)/)(x(CHC13)(

kll°1,81

e=1.39(-)

kl'゜821

a=1.09(―)

kl'=O,42

a=3,04(-)

kl'゜2,46

a=2,1　1　(+)

kl'゜2,65

(x=L98(-)

kφ3』4
(x=L21(+)

kl'゜O.53

a=L58(-)

kll=O,93

a=L05(‐)

kl'゜O.09

a=~1(+)

kl'゜L59

(z=L36(+)

klSOj74

a=1.57(+)

kl'゜O,08

a=2.440

kμLOI
(x=L72(+)

kl'゜O,21

a=I｡6IO

kl'゜O,32

a=L00

kl゛゜O,03

a=L00(-)

kl'゜OJI

(Z=1.00

kl'=O｣0

(x=~|(+)

AA5(Ppm)j

IH)OH:J.032(+)

　　HI:+O,010(-)
19F)Ny

IH)OH:J｣34(+)

　　HI:+0.009(-)

　　H2:+O｡008(-)

IH)HI:　J.010　(-)

IH)OH:-Oj98(+)

　　　HI:+0.010(-)

1H)H1:　J.013

IH)N｡S

IH)N,S

IH)N,S

IH)N,S

1

2

　　　　　HI　O　Ph

3　　　　Pj》∠⊆x〈HI

4

5 Tr-CHI-Ph
　　　l

　　　OH

1

6〈}XN{》

m㈲T

8

9

“Flow　ratc,　0j　n71L　minΛThc　sign　in　parenthcscs　reprcsents　thc　optica1　rotation　of　the

nrst-cluted　cnantiomcl≒　¥SP,coatcd-type　CSP.　Eluent,　Hexane-2-propanol　(90/10),

TSPJhcmically-hondcd　typc,　Elucnt,　dry　CHCly　j　AA5　(=IA6yA6μ|)1ndicates　the

d11Tcrcncc　in　thc　chcmical　shin　bctwecn　cnantionlcrs,A6　(=6F6)indicatcs{hc　induced

shirt　orcnantiomcrs　in　the　prescnce　of　ADMPC,　6　and　6r　are　the　chemical　shins　of

particular　proton　oF　a　raccmatc　in　thc　pfcscncc　and　ahsence　of　ADMPC,　rcspectivcly･

Ncga{ivc　valuc　indicatcs　downncld　shirt･　The　sign　in　parcntheses　reprcscnts　thc　optical

rotation　of　thc　morc　shiacd　cnantiomel≒
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j

reversed　as　shown　in　Figure　4-6　for　the　resolution　of　l　on　ADNIPC　with　hexane/2-

Propanol　and　chloroform　as　the　eluents･　　The　HPLC　result　using　chloroR)rm　as　the

eluent　agreed　with　the　NMR]esults;　the　OH　proton　of　the　μE(+)-isomer　of　l　was　more

largely　shined　to　downfield　accompanying　with　the　line　broadning　lhan　the　corresponding

(M-OH　in　NMR　(Figure　4-7)､indicating　that　the　μEl　interacted　with　ADMPC　more

strongly　than　the　(&j-1.　The　downneld　shin　of　the　OH　proton　may　be　ascribed　to

hydrogen　bond　ef&ctsj9'20

(A)

(
E
c
々
S
)
9
D

0

kll°t81

k2122･52

(z=t39

　　10

Elution　time　(m㈹

(S〉-(+)-1

(RF(-)-1

20

(
E
⊂
々
S
)
y
D

0 　　　10

Elution　time　(min)

20

Figure　4-6.　Chromatograms　onhc　cnan{ioseparation　or　l　on　coated4ype　ADMPC　wilh

hexane-2-propanol(90/10)as　the　elucnt　(A)and　chcmically　honded,{ypc　ADMPC　wl{h

CHC13　as　the　eluent　(B)at　25　゜C,　COlumn,25×Oj6(i､dj　cm;　now　ra{c､0.5　mL　minΛ
　　　W

(A)

-o⑥

(B)

　2.｡96　　2.92　　2.88　3.50　　　3.46　　3.42　　3.38　　　3,34

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　5/ppm

Figure　4-7.　1H　NMR　sPectra　of　OH　proton　oH　(201jmM)in　the　absence　(A)

and　presence　(B)of　ADMPC(DP　62.　36,8　mM　glucose　units)in　CDC13　at　2　PC｡
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lnteraetion　of　ADMPC　and　(SL)-1.　1H　NMR　titrations　of　ADMPC　with　μE　and　C&-1

wereperformed　in　order　to　obtain　the　information　with　respect　to　binding　sites　of

ADMPC　in　the　complexation,　Figure　4-8　shows　the　lH　NMR　sPectra　of　the

glucoseprotons(μ7-μ6)region　of　ADMPC　in　the　absence　and　the　Presence　ofμj-1.

Theμ7,μ2,　and　μ4　Protonresonancesof　a　glucose　unit　of　ADMPC　were　remarkably

afTectcd　by　the　addition　oG9-l　and　shifted　uPneld　uPon　binding,　whereas　the　other

glucose　Proton　resonancesslightly　move･　　The　signincant　upneld　shifts　of　these　Proton

resonances　indicate　that　an　anthryl　ring　ofμ)-l　may　be　dosely　located　above　the　μ7,μ2,

andμ4　protons　directed　toward　the　same　glucose　ring　so　that　it　can　significantly　affect　the

ring　current　enecL　　The　movement　of　the　glucose　proton's　chemical　shins　in　the

presence　ofμEl　was　rclatively　smaIL
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5,5　　5.0　　4.5　　4.0　　3.5　　3.06/ppm

Figure　4-8ヽChanges　of　glucose　protons　resonanees　(μ/-μ6)of

ADMPC　in　the　absenee　(A)and　presence　ofμμ+)-1(|､2(B)､2j

(C)､5.0(D),10(E)､15(F)､and　30mg　(G))in　CDC13　at　23　゜C｡
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　　　　The　HPLC　and　NMR　exP�ments　demonstrate　thatμj-l　comes　in　a　chiral　groove

of　ADMPC　directed　toward　the　μ7,μ2,　and　/W　protons　of　the　glucose　through

intermolecular　hydrogen　bond　between　the　OH　protons　and　probably　the　carblonyl

oxygens　of　ADMPC･　Although　2D　NOESY　spectra　xvere　measured　under　various

conditions　for　the　ADMPC{Sj-l　comPlex,dear　intemlolecular　NOEs　for　the　complex

were　not　observed　at　Present.　　Therefore,　a　Precise　nTlodel　for　the　comPlex　can　not　bc

proPosed･　However,　on　the　basis　of　the　HPLC　and　NMR　titration　data,　a　modei

structure　for　the　ADM:PC{j-l　comPlex　can　be　ProPosed,　The　energy-minimized　μJ,

l　was　manually　Placed　in　the　groove　of　themain　chain　ofADMPC　so　that　the　l　H　NMR

titration　results　as　well　as　intermoleculaf　hydrogen　bonds　werc　visually　satisncd,　　Thc

comPlex　was　further　energy　minimized　to　relieve　unfavorable　van　der　Waais　conlacts.

Rgure　4-9　shows　the　lowest　energy　structure　of　the　ADMPC-μEl　complex｡The　OH

proton　ofμEi　forms　hydrogen　bonding　with　the　carbonyl　oxygen　of　the　carbamate　grouP

at　the　2-position,　The　distance　between　the　hydrogen　and　oxygen　is　L968　Å,which　is

short　enough　for　hydrogen　bonding.　　Moreover,　the　anthry】ring　is　hvorably　positioned

above　the　μ/,μ2,　and　/μprotons　and　the　interaction　model　explains　the　uPfield　shin　of

theμ/,μ2,andμ4　protons　of　the　glucose　residue　in　the　presence　of　μj-L

4-3.　Conclusions｡

　　　　Low-molecular-weight　ADNIPC　is　soluble　in　chlorofoml,　and　exhibited　chiral

discrimination　for　nTlany　enantiomers　in　NMR　as　well　as　in　HPLC,　0n　the　basis　onhe

NOESY　sPectroscoPic　studies　coupled　with　a　comPuter　modeling,　a　ldt-handed　4/3

helical　structure　was　obtained　as　the　most　probable　one　for　ADMPC.　Moreover,the

utilization　of　the　same　solvent　(chloronT)rm)in　NMR　and　HPLC　brought　about　a　good

agreement　in　the　results　of　NMR　and　HPLC･　　These　results　should　provide　usen』|

information　both　for　understanding　the　chlral　discrimination　mechanism　of　the　other

polysaccharide-based　CSPs　and　for　designing　the　more　excellent　CSPs･
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Hgure　4-9.Computcr-generated　depiction　of　lhe　complcx　or

ADMPC-μμ1.The　glucose　carbon　at()ms　and　lheμ/.Z72,andμ4

pmtons　ol'　the　glucose　rcsidue　of　ADMPC　are　shown　in　green　and

ol';lngc.　respeclively.　Dashed　lines　corresponding　hydrogen　bonds.
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4-4.　Experimental

　　　　Materials.　Amyloses(degree　of　polymerization　(DP)-60(AS-10)and　DP

゛100(AS-16))and　3,5-dimethylphenyl　isocyanate　were　kindly　supPlied　from　Nakano

vinegar(Handa,Japan)and　Daice1(Osaka,Japan),respectively,　(3-

AminoPropyl)triethoxysilane　was　of　guaranteed　reagent　grade　fronyl　Tokyo　Kasel｡

Porous　sPherical　silica　gel　(Daiso　gel　SP-1000)with　a　mean　Partide　size　of　7　μm　and　a

mean　pore　diameter　of　l00　nm　was　kindly　supplied　from　Daiso　ChenlicaL　　AII

solvents　used　in　the　preparation　of　CSPs　were　of　analytical　reagent　grade,　carei1111y　dried,

and　distilled　before　use,　　Chloroform　used　in　chronTlatograPhic　experiments　was

dist111ed　in　the　Presence　of　CaH2　aner　removing　ethanol　as　a　stabihzer　by　washing　with

water,　and　other　solvents　were　of　HPLC　grade･　　CDC13　(99.8　atom　%D)was　purchased

from　Aldrich　and　was　dried　over　molecular　sieves　4A　(Nacalai),　2､2≒Dihydroxy-6,6≒

dimethylbiPhenyl(4)was　a　gin　from　Dr･Kanoh　of　Kanazawa　university･　Other

racemates(1-3,5-9)(Table　4-2)were　commercially　available　or　were　prePared　by　the

usual　methodjl

　　　　Synthesis　of　amylose　tris(3,5-dimethylphenylearbamate)(ADMPC)｡

Amylose　tris(3､5-dimethylphenylcarbamate)(ADMPC)was　prePared　according　to　the

previously　described　procedure　by　the　reaction　of　amylose　with　a　large　excess　of　3,5‘

dimethylphenyl　isocyanate　in　dry　pyridine　(20　mL)at　cα,80　゜C　for　24　hj　　The

phenylcarbamoylated　amylose　derivative　obtained　was　isolated　as　a　methanoljnsoluble

fractjon　and　dried,　After　the　amylose　derivative　was　dissolved　in　chloroform,　the

insoluble　Parts　were　removed　by　nltration･　The　soluble　parts　were　reprecipitated　in

methanol　,　centrifuged,　anddried　in　vacuo　at　60　oC　for　2h｡　IHNMR　data　showed　thal

hydroxy　grouPs　of　amylose　were　almost　quantitatively　converted　into　the　carbamate

moieties,IR(KBr):3381,　3324　(VNH),1735(vc=o);IH　NMR　(CDC13,　20　゜C,

TMS):61.73､L84､2』8(s,CH3,9H),3.75,4.34,4,46､4.82,4.96,123,5.41(br,91ucose

protons,7H),6.0-7｣(br,aromatic､9H),7j2,933(br,NH,3H)｡
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　　　　lnstruments.　　ChromatograPhic　exPeriments　were　P�brmed　on　a　Jasco　PU`

980　chromatogmPh　equiPPed　wjth　a　UV　(Jasco　875-UV)and　a　polarimetric　(Jasco　OR-

990,　Hg　without　n】ter)detectors,　Enantjoseparations　were　Performed　usjng　two

dim･rent　tyPe　of　CSPs;　one　is　a　ChiralPak-AD　(Daicel)and　the　other　is　a　chemically

bonded-type　AD7　using　hexane/2-propanol　(9/1,　V/V)and　dry　chloroR)rm　as　the　eluent､

resPective¥　The　latter　CSP　was　prePared　by　the　enzymatic　POlymerization　of(z-D-

glucose　l-Phosphate　diPotassium　catalyzed　by　Potato　phosPhorylase　using　a　primer

d�ved　from　maltopentaose,　A　solution　of　a　racemate　(3　mg　mL‘1)was　injected　into

the　chromatographic　system　(O｡5-10μL)using　a　Rheodyne　Model　7　1　25　injector,　0ne

dimensiona1　1H　and　l9F　NMR　spectra　were　recorded　on　a　varian　Gemin1　2000

spectrometer　operating　at　400　MHz　for　lH　and　376　MHz　for　19F･　　2-D　NOESY

spectrum　was　obtained　on　a　varian　INOVA　500　sPectrometer･　　　A11　NMR　spectra

were　measured　in　CDCly　　Chemical　shins　were　reported　in　parts　Per　m111ion　(ppm)

with　tetramethylsilanc(TMS,0　pPm)and　a,(x,(Ftrinuorotoluene(-64.0　ppm)as　the

intemal　standard　for　lH　and　19F　NMR,　respective¥

　　　　IH　NNIR　titration.　The　lH　NMR　titration　experiments　were　performed　to

obtain　information　with　respecHo　binding　sites　of　ADIVIPC　in　the　comPlexation,　The

concentration　of　amylose　derivative　ADNIPC　was　maintained　at　a　constant　value　in　the

presence　of　increasing　concentrationsofμj-　or{&-I｡A　18.4　mM　solution　of　ADMPC

in　CDC13　was　prepared　in　a　5-mm　NMR　tube　and　the　initial　NMR　sPectmm　was　recorded･

To　this　was　dire�y　added　μj-　ol{Rj-1(L2,L3､2.5､5.0,10,and　lO　mg,　respectively)､

and　NMR　spectra　were　taken　for　each　addition　of　l･

　　　　2D　NMR.　　NOESY　experiments　were　recorded　in　the　phase　sensitive　mode　at

30°C　without　degassin&　　The　NOESY　spectra　for　ADMPC　were　collected　into　1024

complex　points　for　256　tl　increments　with　a　spectral　width　of　6667　Hz　at　mixing　times　of
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25‘50　ms.　The　data　matrix　was　zero　filled　to　1024　and　apodized　with　a　Gaussian

function　and　Fourier　transformed　in　both　dimensions,　　Cross-peak　volumes　were

obtained　as　the　sum　of　data　by　Pr9jecting　2D　data　onto　the　axis　parallei　to　the　screen　axis

with　summing　algorithm･22

　　　　MOleeular　modeling.　　　Molecular　modeling　and　molecular　mechanics

calculation　were　performed　with　the　Dreiding　force　neld　(version　221)23　as　implemented

in　CERIUS2　software　(version　3j,　Molecular　Simulations　lnc,,　Burlington,　MA,　USA)24

and　pcff　forceneld25　available　with　the　Discover　sonware　(version　4nO,　MSI)26　running

on　anlndigo2-Extreme　or　an　lndigo2-lmpact　work　station　(Silicon　Graphics),　Charges

on　atoms　of　ADMPC　andl　were　calculatedusing　QEq27　in　CERIUSy　and　total　ch11rges

of　the　molecules　were　zero｡

　　　　The　initial　structure　of　AI)NIPC　was　constructed　using　the　structure　of　amylose

triisobutyrate(ATisoB)postulated　on.　the　basis　of　x-ray　analysisj　7　First,　a　rePeating

unit　of　ADM〕PC　was　obtained　by　rePlacement　of　the　isobutyrate　wilh　3,5-

dimethylphenylcarbamate　at　the　2-,　3-　and　6“positions　and　CH30　at　the　l‘　and　4“positions･

The　side　chains　at　2-,　3-,and　6-positions　of　the　repeating　unit　was　then　stabilized　using

the　Conformational　Search　in　CERIUS2.　The　monomeric　unit　of　ADMPC　was　allowed

to　construct　a　dimer　and　the　two　dihedral　angles　defined　by　μ/-C7-θヽG'(φ)and　S'-

CFθ-C7(Ψ)were　nxed　to　be　O゜　as　the　initjal　structure　for　�eulation,　Caleulatjons

of　thedimer　was　thenperformed　using　Phi-Psl-Map　Program25　in　Discover(Figure　44).

Using　a　pair　of　dihedral　angle　(φ(-68j)andΨ(-42.0))detemined　by　NMR　and　the

above　calculatjons､　a4-mer　with　a　ld-handed　4-fold　(4/3)helix　was　constructed　by

Polymer　Builder　in　CERIUS2,　　The　4-mer　was　placed　into　a　simuiation　cell　(x=t40､

y=40､and　z=11613Å)under　three-dimensional　periodic　boundary　eonditions　by　Crystal

Builder　in　CERIUS2.　The　unit　cell　volume　wasexpanded　to　the　directions　perpendicular

to　the　Polynler　axjs(z)to　avoid　interactions　between　the　periodic　polymer　and

neighboring　ones　in　other　cells.　The　energy　minimjzation　was　then　accomplished　by
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Conjugate　Gradient　200　(CG　200)and　then　by　Fretcher　Powell　(FP)until　theroot　mean

square(rms)value　became　less　than　O,01　kcal　moPI　A{

　　　　The　initial　coordinates　ofμE　and　μj-l　were　taken　from　the　crystal　structure　data

ofβ9-128　in　the　Cambridge　Structural　Database　2D　GraPhics　Search　Systemj9　　The

initial　structure　was　further　energy-minimized　with　CG200　and　FP　using　the　Dreiding

force　neld.　　The　optimized　μj-l　was　manually　Placed　into　the　interaction　site　of

ADMPC　so　that　the　result　of　titration　in　NMR　as　well　as　intermolecular　hydrogen　bonds

were　visually　satisned,　The　complex　was　further　energy　minimized　by　CG200　and　FP

to　relieve　u�avorable　van　der　Waals　contacts,　while　the　geometry　of　ADMPC　was　fixed,
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Chapter　5

ComputationaI　Studies　on　ChiraI　Diserimination　Meehanism　of

　　　　　　Phenylcarbamate　Derivatives　of　Cellulose

5･1.1ntroduction

　　　Since　optically　active　compounds　have　recently　been　arouscd　wide　interest　in　mally

nelds　dealing　with　Pharmaceuticals,　naturaI　Products,　agrochemicals,　and　&IToelectric　l　iq　u　id

crystal,　understanding　of　chiral　recognition　at　a　molecuIJ　level　is　or　increasing　imPortance･

Moreover,chiral　recognition　plays　an　essential　role　in　the　neld　of　enantioseParation･

Chromatographic　enanUosepJations,　particularly　by　　high‘pelformance　　liquid

ehromatography(HPLC)､have　signincantly　advanced　in　pasHwo　decades,　and　afe　now

generally　recognized　in　many　nelds　as　one　of　the　most　Powerful　melhods　availablc　for

obtaining　bo･th　pure　enantiomers　and　for　determining　enantiomer　composition　j　‾5　The

preparation　of　chiral　stationary　phase　(CSP)capable　of　effective　chiral　recognition　is　the　key

to　this　separation　technique･　Many　CSPs　for　HPLC　have　been　prepJed,　and　thcy　can　bc

dassined　into　two　types,0ne　consists　of　a　chlral　smjl　molecule　bound　to　a　support　silica

gel,　and　the　second　is　derived　from　a　chiral　polymer･　A　great　number　of　former　CS　Ps　have

been　prepafed,　and　the　elucidation　of　the　chiral　discrinlination　mechanism　on　the　CS　Ps　has

been　attemPted　using　spectroscopic6‘12　and　comPutational　methods,】3‘17　Cyclodextrin‘

based　CSPsl5“18　and　Pirkle-type　CSPs　loj　l　'　19゛2l　are　among　the　most　intensively　studid

CSPs｡The　rationj　models　of　interactions　between　the　CS　Ps　and　cnantiomers　have　been

Proposed　on,the　basis　of　the　x-ray　analysis22'23　and　the　solution　NMR　cxperiments

including　NOE　studies･AcornPuter　simulation　involving　molecular　mechanics　(MM)and

molecular　dynamics　(MD)are　also　aPP11ed　to　calculate　the　interaetion　energies　between　the

CSPs　and　enantiomers,　Especially,　Lipkowitz　d&have　been　extensively　studying　the
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mechanism　for　the　chiral　recognition　from　theoretical　viewPointsj　3‘　1　7

　　Macromolecules　such　as　Proteins,　Polysaccharide　derivatjves,　and　synthetjic　chiral

polymers　have　also　been　used　as　polymeric　CS　Ps　to　separate　a　wide　range　of　racemates　and

many　polymericCSPs　are　now　commercially　availablej‾5　However,in　contract　to　the

sman　molecule　CSPs,　the　chiral　recognition　mechanism　on　the　polymeric　CSPs　is　sti11

obscure,　probably　because　the　ch1ral　polymers　usually　have　a　number　of　different　binding

sites　with　a　din1rent　amnity　to　enantiomers　and　the　determjnation　of　their　exact　structures　in

both　solid　and　solution　is　not　easy･

　　Phenylcarbamate　derivatives　of　polysaccharides　such　as　cellulose　and　amylose　appear　to

be　among　the　most　useful　polymeric　CSPsj'4　Thcy　can　separate　a　broad　range　of

enantiomers　and　give　practically　useful　HPLC　columns　when　they　are　coated　on

macroporous　silica　gel.　The　chiral　recognition　mechanism　at　a　molecular　level　on　the

polysaccharide-based　CS　Ps　is　still　uncleaf　except　fc)r　a　few　cases,　although　the　most

imPortant　adsorbing　site　for　chiral　recognition　has　been　considered　to　be　the　carbanmte

residues　on　the　bas　is　of　the　chromatographic　enantioseparation　resulk　N　MR　spectroscoPy

isa　very　powerful　tool　for　understanding　the　nature　of　ch1ral　discrimination　occurring　in

solution,　8　reported　for　small　molecule　CSPsj゛12　However,　most　Phenylcarbamates　of　the

polysaccharidcs　with　a　high　resolving　ability　are　soluble　only　in　polar　solvents　such　as

acetone,　Pyridine,　and　THF.　ln　these　Polar　solvents　the　derivatives　show　poor　chiral

recognitionbecause　the　solventspre&rentially　interact　with　the　polar　carbamate　residues.24

Therefore､it　was　dimcult　to　elucidate　the　mechanism　for　discrimination　between

enantiomers　by　NMR　spectroscopy　in　these　solvents,However,　0kamoto　and　coworkers

recently　found　that　several　phenylcafbamate　derivatives,　for　instance　tris(4-

trimethylsiliyphenylcarbamate)(CTSP)25･26　and　tris(5-nuoro-2-methyIPhenylcarbamate)

(CFMPC)27　of　cellulose,　are　soluble　in　chloroform,and　discriminate　enantiomers　in　IH　and

l3C　NMR　sPectroscoPiesaswell　as　in　HPLC.　ln　the　IH　NM〕RofμJy-stilbene　oxide　(1),
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the　methine　Protons　of　the　oxirane　ring　Je　enantionlerically　discriminated　to　show　a　set　of

two　peaks　in　the　presence　of　CTS　P　in　CDCly　The　competition　experiments　using　acetone

suggcsts　that　l　may　be　adsorbed　on　the　NH　proton　of　the　c�bamate　residues　of　CTS　P　j6

These　NMR　studies　also　indicate　that　the　most　imPollant　adsorbing　sites　for　effective　chirtd

seParation　are　the　carbamate　residues,　which　can　interact　with　enalitiomers　mainly　through

hydrogen　bonding･　CFMPC　also　exhibits　a　high　chirj　recognition　abihty　for　l　,　P-bi-2-

naphthol　in　NMR　as　well　as　in　H　PLC,　and　the　hydroxy　alld　some　aromatic　Protons　and

carbon　resonances　of　l　j　≒bi‘2-naphthol　are　clearly　separated　into　a　Pair　of　peaks　duc　to

enantiomers　in　the　presence　of　CFMPC　in　NMR,　Therefore,　the　binding　geometry　and

dynamjcs　between　CFMPC　and　the　enantiomers　could　be　invcstigated　on　thc　hasis　of　spin-

lattice　relaxation　time,　IH　NMR　titrations,　and　intermolccular　NOEs　in　the　presencc　of

CFMPC,　and　a　rationale　model　lor　the　complex　was　able　to　be　proposed,　This　permitted　the

author,　for　the　nrst　timeμo　investigate　the　ch1ral　interaction　occurring　in　solution　by　N　MR

sPectroscoPyj7　However,most　phenylcarbamntes　of　the　polysaccha17ides　with　high

resolving　ability　are　soluble　only　in　Polar　solvents,　as　described　previously,For　these

CDC13-insoluble　phenylcarbamate　derivatives　of　polysaccha2rides,　a　computer　simulation

involving　MNl　and　MD　cjculations　may　be　a　useful　and　enective　approach　for　elucidating

the　mechanism　for　the　chiral　recognition　and　for　predicting　the　elution　order　of　enantiomers･

　　　ln　this　chapter,　the　author　reports　computational　studies　on　the　chiral　discrilTljnation

mechanism　of　CTPC　and　CDMPC　(Figure　5-1),which　are　commercially　available　CSPs　for

HPLC,　Especiany､among　the　tris(phenylcarbamate)derivatives　of　eellulose　so　far　prepared,

CDM〕PC　shows　excellent　resolving　ability　for　a　variety　of　racemates　and　is　used　as　one　of

the　most　poPular　CSPs　in　the　world･　The　structures　of　CTPC　and　CDMPCwere

constructed　on　the　basis　of　x-ray　analysis　data　of　CTPC.As　a　racematc,　Mwly“stilbene

oxide(1)and　benzoin(2)were　selected　(Figure　5-IE　l　has　an　ether　oxygen　capable　or

hydrogen　bonding　and　can　be　completely　seParated　by　HPLC　on　CTPC　and　CDMPC　with
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Figure　5-I.　Structurcs　of　cellulosc　phenylcarbamatc　derivativcs　(CTPC

and　CDMPC)and　raccmatcs　(l　and　2)｡

1nversion　in　elution　order､　while　2　can　be　resolved　on　CDMPC､　but　not　resolved　on　CTPC.

These　chromiltographic　results　were　simulated　with　comPutational　calculations　using　various

methods｡

5-2.　Experimental

　　　Computational　method.　　MM　and　MD　calculations　were　performed　with　three

forcenelds;　CHARMm　forcefield28-3o　as　imPlemented　in　Quanta/CHARMm　program31　(ver

4,0､Molecular　Simulations　lnc,,　Burlington,　MA),Dreiding　forceneld　(version　2Jj)32　as

imPlemented　in　CERIUS2sonwafe　(version　L　6,　MSI)33,　and　pcff　forceneld3436　available

with　the　Discover　sonware　(version　4.　0,　0,　MS　I)37　running　on　an　lndigo2-Extreme　and　an

lndigo2-lmpact　work　stations　(Silicon　Graphics),Charges　on　atoms　were　calculated　using

Charge　Equilibration　(QE(1)method38　in　CERIUS2;　total　charges　of　themolecules　were　zero,

　　　The　calculated　total　encllies　(£)in　each　forceneld　are　expressed　in　the　Srms

£゜£bond　lcnglh　+£bond　anglc　+£�ledral　anglc　+£impropcr　torsion

+≒lcctrosla{ic+£van　dcr　Waals (CHARMm)

゜£bondlcnμh+£bond　anglc　+£dih�ml　angle　+£Timproper　torsion

+£elec{rostatic+£van　dcr　Waals　+£hbond
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£゜£bond　length　+4ond　angle　+£dih�ml　angle　+£improper　torsion　+£cross　tclTn

　+£electrostatic+£van&r　Waals

where

(pdT)

£Jross　tenn°ΣΣ/‰(/7-4))φ'-/yo)+ΣΣ/‰(θ-19o)(a'-go)
β　/,

+Σ

+Σ

{

+

+

Σ

Σ

Σ

Σ

θ　∂゛

4(/7-㈲(9-ao)

(&-㈲meosφ+‰cos2φ+‰cos3φ]
　ψ

Σ(&'-&o)[Vlco9+F2cos2¢+‰cos3φ1
e

Σ(θ-19o)[Fl　eos　φ+X/2　eos2φ+‰cos3φ]
　φ

ΣΣ£oμosφ(θ-θo)(el-θ'o)

(3)

(4)

where&1s　the　bond　length　and　%is　the　reference　value,　and　a　and　φare　the　bolld　angle　mld

the　torsion　angle,　respectively･　Several　cross-coupling　terms　£cross　tcnllare　used　in　{he　pctT

forcefield　such　as　bond-bond,　angle‘angle,　bond-angle,　bond‘torsion,　angle4orsion,　and

angle-angle-torsion.

　　　The　Dreiding　forceneld　uses　a　“special"　hydrogen　bond　potential　to　describe　the

interaction　between　atoms　involved　in　hydrogen　bonds･

　　　Calculation　of　interaetion　energy　between　CTPC　and　enantiomers.　The

interaction　energies　(E')in　the　CHARMm　and　PcfTforcenelds　derived　from　van　der　Waals

force　and　electrostatics　force　between　an　atom　/　and　an　alom　y　can　be　calculated　with　the

following　equation:

CHARMm

£'゜£elcctrostatic+£van　dcr　W�s

£elcctro｡tic=Σ(㈲/j)/(4πEOQ)

£vandcrwaals　°　Σ{(X
　　　　　　0≫j

/Oj2-(R/Q)6}
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pcff

£electrostatic　°Σ(9♀)/(£○
0≫j

£van　dcr　waals　=Σ{(X/09-(R/06}
G7≫1

j
　
　
　
j

C
　
　
　
C

where　9/　and　9　represent　electric　charge　of　atomO　and　y,　respectively,£Os　the　em5ctive

dielectrjc　constant,　and　%is　the　interatomic　distance　computed　from　the　Cartesian

coordinates,　The　two　non-bonded　parameters　/W　and　β4　arederiv�from　the　atom

polarizabilities　and　the　efkctive　number　of　outer　sheH　electrons,

　　　ln　the　Dreiding　R)rceneld,　hydrogen　bond,　(H　bond)potential　is　one　of　components　of

interaction　energy　(E'),

F　°　Z1lectrostalic　+£van　der　Waals　+£H　bond

£elcctro｡tic=GΣ(9μ)/(EQ)
(/>/

£van　dcr　Waals　=Σ[μ){(‰/012-2(‰/06}]
　　　　　　　○>y

£H　hond　°　Σ[£)){5(‰/012-6(‰/Olo}]

(10)

(11)

(12)

(13)

where£is　the　dielectric　constant(ε=l　for　a　vacuurn)and　conversion　factor　(G)ls

332,0637･　/?θand　Z)θare　the　bond　length　and　bond　strength　(weH　depth),resPective¥

　　lnteraction　energies　were　calculated　by　four　methods　b8�on　three　programs　supplied

by　MSI,　which　were　used　as　such　or　modined　as　below,

　　Method　l.　　　MOlecular　lnteraction　program　in　Quanta　was　used　with　the

CH　ARMm　forceneld.　The　detailed　calculation　method　was　already　reportedj9　First,　a

center　of　a　cubic　sampling　box　is　placed　on　an　atom　f　of　CTPC･　Here,　the　size　of　the　cubic

sampling　box　is　specified　as　r,　and　the　mesh　size　is　specined　as　r≒Then,　each　enantionler

is　placed　at　the　grid　points　and　is　allowed　to　rotate　from　Oo　to　360o　along　the　x,　y　and　z　axes

individually　at　angle　intervals　(4,%,,9),　The　interactjon　energies　are　calculated　lor　a

given　set　of　grid　points　and　(4,ωv,9)･
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　　Method　11.　　The　Biends　program　in　CERIUS2　which　was　developed　to　calculate

the　conlpatibility　of　binary　mlxtures　ranging　from　smaU　nlolecuks　to　large　macromolecular

systems　based　on　a　modmed　Flory‘Huggins40　was　applied　to　calculate　interaction　energies

with　the　Dreiding　forceneld･　The　program　uses　the　Monte　Carlo　atomistic　simulations　both

to　generate　thousands　of　different　n71olecular　orientations　and　to　cjculate　their　Pair‘

interaction　energies.41　This　aPproach　generates　energetically　favorable　conngurations　by

emPloying　a　Monte　Carlo　technique　that　indudes　exduded-volume　constraints･　The

procedure　used　in　this　chapter　(Figure　5-2)lncludes　the　following　steps;42

X

MOlecule　l

y

×

step3

X

step　4

y

step　2

　　step　5　　　　　　　　　　step　6

Figure　5-2.　Consecutive　steps　for　a　calculation　of　the　pair　energy　of　a　single

configuration,　Details　are　available　in　the　text.

　　　Step　l,　Structures　of　each　cnantiomer　and　CTPC　or　CDM〕PC　are　constructed　and

optimized･　The　overall　shape　of　each　mo】ecule　is　rePresented　by　its　van　der　Waals　surface･

　　　Step　2,　The　centers　of　mass　of　both　molecules　are　Positioned　near　the　origin　of　the

Cartesian　coordinate　frame,　while　the　coordinates　of　molecu】el(CTPC　or　CDMPC,　whi{e

in　Figure　5-2)are　unchanged　during　the　calculations,

　　　S　teP　3　,　A　particular　aimtation　of　molecule　2　(an　enantiomer､　gray　in　Fjgure　5-2)is

selected　randomly　using　three　Euler　angles.
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　　　Step　4,　A　vector　(n)that　Points　from　the　origin　to　the　surface　of　a　unit　sphere　is

randomly　chosen,

　　　SteP　5,　MOlecule　2　is　translated　along　the　vector　determined　by　step　4　until　the　van　der

xvaals　surfaces　of　each　molecule　just　touch　ea£h　other.

　　　Step　6.　The　interaction　energy　between　the　molecules　is　calculated　and　stored,

　　　Step　7.　SteP　3　through　6　are　rePeated　a　sPecined　number　of　times.

　　　Method　lII.　The　modined　Blends　program　was　used　and　the　details　are　describcd

in　Results　and　Discussion｡

　　　Method　IV.　The　Flexiblend　module43　in　lnsight　II　/　Discover　was　emPloyed,

which　has　been　used　for　the　rapid　estimation　of　polymer　miscibility.　First,　two　molecules

are　placed　with　their　centers　of　mass　coincidcnt,　and　are　randomly　oriented　in　space,　and

then　positioned　relativc　to　each　other　using　the　Slide　Together　method:　The　nTlolecules　are

injtiany　placed　far　from　one　another　and　moved　together　by　a　given　increment.　The

intermolccular　energy　is　evaluated　at　each　step･　lf　at　a　given　step　the　energy　exceeds　the

given　energy　limit,　one　steP　back　is　taken,　and　if　the　energy　is　then　below　the　limit,　the

resulting　structure　is　accepted　as　a　starting　configuration･　The　starting　configurations　are

relaxed　by　MM　energy　minilnimtiorL　The　procedure　is　repeated　until　a　specifi�number　of

conngurations(1,000)is　obtained｡

5-3.Results　and　Discussion

　　　Coordinates　of　racemates　and　polysaccharides.　The　initiaJstructure　of　the

(&,R)(+)-lwas　constructed　by　the　MM　calculations｡The　energy　minimization　of　the

obtainedslructure　was　perform�by　using　Conformational　Search　in　CERIUS2,　The

energy　minimization　was　accomPlished　by　Conjugate　Gradient　200　(CG200)u　ntil　the　root

mean　square　(rms)value　became　less　than　OJkcal　moFI　A-l　or　500　steps　of　the
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mjnimization　are　Performed･　Four　lowesFenergy　structures　wereextracted　and　further

minimizations(rms　O｡01　kcal　nlol-I　A-|)wereperformed　by　CG200　and　Fletcher　Powell

(FP)on　each　structure　The　most　symmetri�structure　was　adoptd　The　μ,n-O-lwas

constructed　as　that　of　the　9,　Rμ+)-L

　　　The　initial　atomic　coordinates　of　the　9　E(-)-2　were　taken　from　the　crystj　structure

data44　in　the　CambridgeStructuraI　Database　3DGraPhics　Search　System45　and　the　structure

was　further　energy　minimjzed　with　CG　200　and　FP　using　the　Dreiding　force　neld　until　the

rms　value　became　less　than　Oj}l　kcal　mol‘I　A{　The(S)-(+)-2　was　constmcted　as　thalof

thμ/0-(-)-2.

　　　The　polymer　model　of　CDMPC　was　constructed　using　the　structure　of　CTPC

postulated　on　the　basis　of　x-ray　analysis　according　to　the　previously　reported　method　with　a

modincationj7j9　F1rst,　a　full　energy　minimization　of　a　repeating　unit　of　CDMPC

contining　CH30　groups　at　the　l゛　and　4“positions　of　a　glucose　unit,　was　performed　using

the　Conformational　Search　in　CERIUSy　The　energy　minimization　was　done　nrs{by　CG

200　and　then　FP　until　the　rms　value　became　less　than　Oλ)l　kcal　nloFI　A{　Next,the

monomeric　unit　of　CDMPC　was　allowed　to　construct　a　trimer　with　len-handed　3-fold　(3/2)

helix　by　PolymerBuilder　in　CERIUS2　according　to　the　structure　of　CTPCj6　Thc　[rimer

was　plac�lnto　a　simulation　ce11　(x=40､y=40,and　z=14,441Åμnder　three-dimensional

periodic　boundary　conditions　by　Cryst〕al　Builder　in　CERIUSy　The　unit　cell　volume　was

expanded　to　the　directions　perpendicular　to　the　polymer　axis　(z)to　avoid　interactions

between　the　periodic　polymer　and　neighboring　ones　in　othcr　celk　The　energy　minimization

was　then　accomplished　by　CG　200　and　FP　until　the　rms　value　became　less　than　O･O】kcal

mol‘|Å`I,　respectively,　The　MD　calculalion　was　applied　to　the　optimjzcd　trimer　in　the　cell

at　300　K　for　lO　Ps　with　a　step　size　onfs　using　Constant　NVT　(HOOVER)method.Thc

structures　with　lower　energies　were　extracted　from　the　tr4jectory　nles　and　the　MM

calculations　as　described　above　were　perR)rm�for　these　extracted　struclures　again･　The

resulting　optimized　trimer　with　most　symmetrjcal　structure　in　the　unit　cell　was　connected　to

give　a　nanomer　(9mer)as　the　model　polymer　of　CDMPC,
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(a)

(b)

(c)

(d)

Figure　5-3.　0Plimi/cd　struclures　or　CTPC　(a　and　b)and　CDMPC　{c　and　d).

PerPendicular　to　lhe　chain　axiqa　and　c)and　along　to　lhe　chain　axis　{bandd).
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　　　A　repeating　unit　of　CTPC　was　obtjned　by　replacement　of　the　methyl　groups　on　the

Phenyl　grouP　of　CDMPC　with　Protons･　The　Polymer　model　of　CTPC　was　constructed　and

optimized　in　the　same　way　as　that　for　CDMPC,The　structures　of　CTPC　and　CDMPCare

shown　in　Figure　5-3･　The　oPtimized　structures　of　CTPC　and　CDMPC　have　a　similar　len-

handed　3/2　helix　and　the　glucose　residues　are　regularly　alTanged　jong　the　helical　axis･A

chiral　helical　groove　with　Polar　carbamate　groups　exists　along　the　main　chain･　The　polar

carbamate　groups　are　Pre&rably　located　inside,　and　hydrophobic　a』romatic　groups　are　placed

outside　the　polymer　chain　so　that　polar　enantionlers　may　predominantly　interact　with　the

carbamate　residues　in　the　groove　through　hydrogen-bond　formation･　Both　structures　are

similar,　but　the　aromatic　rings　of　CDMPC　are　arranged　differently　parallel　to　the　helical　axis,

Probably　due　to　the　steric　hindrance　of　the　methyl　groups　on　the　phenyl　nloiety･　This　may

be　responsible　f6r　the　reversed　enantioselectivity　of　CTPC　and　CDMPC　toward　some

racemates.

　　　Caleulation　of　interaction　energy　between　CTPC　or　CDMEPC　and

enantiomers　.　Figure　5-4　shows　chromatograms　of　the　resolution　of　racemic　l　and　2　on

HPLC　columns　packed　with　CTPC　and　CDMPC.　Racemic　l　is　completely　resolved　on

CTPC(a=1,46)and　CDMPC　((x=2.42),　However,the　order　of　elution　is　reversed;　the

β,Rj-(+)-isomer　eluted　nrst　followed　by　the　μ,SJ-(-)-isomer　on　CTPC､　whereas　the

μ,Sj-(-)-isomer　eluted　nrst　on　CDMPC｡Racemic　2　is　completely　resolved　on　CDMPC

((z=1.58),but　not　separated　on　CTPC　((mIE

The　methods　used　for　calculating　the　interaction　energy　are　roughly　divided　into　two　types,

which　difTer　in　the　way　to　generate　enantiomers,ln　Method　l,　enantiomers　were　generated

around　the　NH　Protons　or　C°O　oxygens　of　the　carhamoyl　grouP　of　CTPC　and　CDMPC,

which　may　be　considered　to　be　the　most　important　adsorption　sites　for　l　or　2,　0n　thc　other

handjn　Methods　II,　111,　and　lv　enantiomers　were　randomly　generated　by　{he　Monle　Carlo

method　on　the　surface　of　CTPC　or　CDMPC　molecule,　The　ca]culation　results　using　these

methods　ale　described　below.
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(a)

(b)

(c)

(d)

Figurc　5.4.　Chromatograms　or　thc　enantioscparation　of　l　and　2　on　CTPC　(a　and　c)and　CDMPC

(b　and　d)with　hcxanc-2-propanol(90/10)as　the　clucnL　COlumns､　25　×　046(i｡d.)cm;now　rate､

0.5　mL　minΛ

　　　Method　l.　ln　the　c8e　or　l　dhe　cyclic　ether　oxygen　may　interact　with　the　NH

proton　of　thc　carbamate　residue　through　hydrogen　bonding.　Thereforeμhe　samPling　boxes

(r=4Å)were　placed　as　centered　by　the　NH　Proton,　then　the　mesh　size　(r'=O‥5Å)was

specined,　and　at　each　grid　point　each　enantiomer　was　rotated　at　15゜　intervals　for　the　x,　y,

and　z　axcs,　lndividuany　(Figure　5-5a).The　size　of　the　samP1㈲;boxes(r=4Å)is　suitable

for　thecalculationof　the　interaction　energyj9　The　calculation　was　cafriedoutat　each　NH

proton　at　the　2-,3-　and　6“positions　of　glucose　units　of　4,　5　and　6　in　order　to　avoid　the

innuence　of　the　end‘groups,　since　CTPC　used　as　the　CSP　is　a　Polymer　with　degree　of

Polymerization-200(Figurc　5-5b),ln　the　case　of　2､　either　the　hydroxy　Proton　and/or　the

C°O　oxygen　of　2　may　interact　with　the　C°O　oxygen　and　the　NH　proton　of　the　carbamate

residue,　respectively,　and　therefore,　the　sampling　boxes　were　placed　as　centered　by　the　NH

proton　and　the　C゛O　oxygerl･　The　calculation　results　were　evaluated　with　the　lowest

interaction　energy　and　the　distribution　of　the　interaction　energy,
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Figure　5-5.　Method　of　calculation　of　interaction　energy　between　CTPC　or　CDMPC

and　enantiomers　oH　or　2　(aE　Nanomer　of　CTPC　(b).
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　　　The　results　of　the　calculations　for　CTPC　and　l　are　shown　in　Table　5-I｡　The

interaction　energies　between　CTPC　and　the　μ,Sj-(-)-lwerelower　than　those　between

CTPC　and　the　(/?,/0-(+)-l　excePt　on　4-6　(6-position　at　glucose　unit　No,　4)and　6-2,

Figure　5-6a　shows　the　distribution　of　the　interaction　energy･　The　number　of　the　interaction

energies　for　the　μ,5μ-)-lunder　100　kcal　mol-l　was　more　than　that　for　the　(R,y-(+)↓
　　　　　　　　　　　　　　　　　　　　　　　　　　　φ

These　data　suggest　that　the　μ,SJ-(-)-l　may　more　strongly　interact　with　the　CTPC　than　the

Table　5･1.　The　lowest　interaction　energy　(kcalmorl)betweenCTPC　or　CDMPC　and

l　calculated　by　Method　P

Glucose　No｡

and　Position

4-2

4-3

4-6

5-2

5-3

5-6

6,2

6-3

6-6

　　　　　　CTPC

(/?,/?)-(+)-I　　C∫｡y)-(-)-1

-5.49

-18.9

-47.4

,22.6

,15』

,39.6

-16｣

,2L4

-36.2

-23.6

-42.0

-44.0

,27,2

-373

-44,0

-14』

-36.8

-4L4

“r°4Å･r'゜().5Å･ωx･(oy･　and　a)z°15≒see　tcxt･
/'Dashcs　indicatc　ovcr　l　00　kcal　mol‘　1　(l　cal=4j84　J),
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Figure　5･6.　Distrihut1{)n　or　intcraction　cncrgy　under　l00　kcal　morl　betwecn　CTPC　and　(/?,RJ-　o｢

μ｣J-I(a);be{wccn　CDMPC　and　r/?,/○-　oΓμ,5J-1(b).
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lnteractionener9y(kcal　morl)

r&βj-(+)-L　The�culation　results　for　CDMPCand　l　are　also　presented　in　Table　5-　l　and

Figure　5-6b.Most　of　the　towest　interaction　energies　between　CDN4PC　and　l　Nverelarger

than　those　between　CTPC　and　l　,　and　�hnteraction　energies　on　3-position　were　over　100

kcal　mol{　However,　the　interaction　energies　between　CDMPC　and　thGR./0-(+)-lwere

lower　than　those　between　CDMPC　and　the　μ,n-(-)-l　except　on　4-6,　and　the　distribution

of　the　interaction　energies　also　indicate　the　r　R,　&μ(+)-I　Preference｡

　　　ln　the　case　of　CTPC　and　2,　the　lowest　energy　aHhe　NH　Proton　was　observed　kT)r　the

μj-(-)-isomer,whereas　the　lowest　energy　at　the　C=O　oxygen　was　observed　for　the　μj-

(+)-isomer(Table　5-2)/rhe　difTerences　of　the　lowest　energies　bctween　thμ&H>)-and　the

μJ-(+)-isomer　at　the　salnePosition　are　relatjvely　smalL　Moreover,　in　the　distribution　of

interaction　energy　under　100　kcal　moFI,　there　is　not　a　significantdinerence　between　the

μ0-(-)-and　thμSE(+)-isomer(Figures,　5-7a　and　b)｡However､the　number　of　interaction

energies　less　than　100　k�mol“　l　at　the　C°O　oxygen　is　more　than　those　at　the　N　H　proton･
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Figure　5-7.　Distribution　of　interaction　energy　under　l00　kcal　morl　between　CTPC　and　μμa)and

r/0-2(b);between　CDM〕PC　and　rSj-　(c)and　r/0,2　(d)at　the　C=O　and　the　N-H　positions｡
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Table　5･2.　The　lowest　interaction　energy　(kcal　moFI)betweenCTPC　or　CDMPCand　2　at　NH　or　C゛O　Positions　calcuiated

by　Method　l“

Glucose　No｡

and　posltlon

4-2

4,3

4-6

5-2

5-3

5-6

6-2

6-3

6-6

CTPC

　　　　N-H

(R)-(-)-2(S)-(+)-2

　　17.7　　　9.00

　-39.0　　　-314

　-39.4　　　-319

　-27.9　　　-23.8

　-45.8　　　-34.4

　-41.2　　　-40.6

　-30.6　　　-28.4

　-28.0　　　-28.0

　-32.0　　　-38.0

N,H

(7?)-(-)-2(y)-(+)-2

15.8

1L3

,27j

738
_17

32.4

27』

　S94〃･9W

,y91

62.5

,3.19

-25.7

52.2

4L6

36.7

39.4

　-

-16.8

CDMPC

　　　　C=O

(R)-(-)-2(y)-(+)-2

　　93.4　　　76.6

　　1　L9　　　8.52

　-27』　　　-29.5

　　20.0　　　　18.7

　,30j　　,10.7

　,23.5　　,3　LO

　　55j　　　　48.2

　-29.8　　　-25.4

　-28｣　　　-26.2

　　　　C=O

(R)-(-)-2(∫)-(+)-2

　-123　　　,15j

　-33.4　　　-37.4

　-27､9　　　-29.5

　,29.0　　　,34j

　-373　　　-40』

　-32.0　　　-29.6

　-33.0　　,33｣

　-38.0　　　4L9

　,33.8　　　,30.4

“r°4Å･r≒OjA･(l)x･(oy･　and　(|)z　2　15°･　see　text'
&Dashes　indicate　over　100　kcal　morl(l　cal=4.184　J)｡



This　means　that　the　main　interaction　sites　for　2　seems　to　be　the　C°O　oxygen　of　the

carbamate　residue　of　CTPC,ln　the　chromatographic　resolution　of　2　using　CTPC　as　a　CS　P,

the　enantiomers　are　not　res�ved(oy1),and　therefore､　the　cjculation　results　seem　to　be　in

agreement　with　the　observed　chromatographic　resolution　on　CTPC,　ln　the　case　of　CDMPC

and　2,　there　is　no　signincant　dim3rence　in　the　lowest　interaction　energies　between　the　(/0-

(-)-and　the　μj-(+)-isomer(Table　5-2)､whereas　clear　difference　in　number　of　the

iteraction　energy　under　100　kcal　mol‘l　at　theC=O　was　observed(Figures,　5-7c　and　d)｡

These　results　indicate　that　the　interaction　at　the　C°O　oxygen　may　contribute　to　discriminate

the　enantiomers　of　2　and　the　calculation　results　appear　to　agree　with　the　chromatographic

enantioseparation　result(Figure　5-4　(d)),

　　　Method　II･　ln　this　method　each　enantiomer　with　a　particular　orientation　was

randomly　generated　one　million　times　on　the　surface　of　a　CTPC　or　a　CDMPC　nlolecule

denned　by　a　specinc　van　der　NVaals　radius　in　the　Dreiding　fol℃e　Field　and　the　interaction

energies　between　CTPC　or　CDMPC　and　l　or　2　for　each　comhination　and　the　average

interaction　energy　were　calculated･　To　avoid　the　innuence　onhe　end-grouPs,　enantiomers

were　generated　on　the　surface　of　the　middle　part　of　CTPC　and　CDMPC･The　results　are

summarized　in　Table　5J　The　averaged　interaction　energies　for　the　two　enantjomers　(l　and

2)were　almost　equal,　while　a　slight　dif&rence　in　the　energy　was　observed　for　the　average

of　the　lowest　20　interaction　energies,　However,　this　difference　is　smaller　than　the　expected

energy　difference　from　the　observed　chiral　HPLC　results.The　comPuter　graPhics　of　the

interaetion　between　the　CTPC　and　the　μ,SE(-)-l　with　lhe　lowest　energy　i,s　shown　in

Figure　5-8,　Both　enantiomers　exist　on　outsjde　of　CTPC　surface,　far　from　the　carbamoyi

residue　inside　the　CTPC.　This　means　that　the　enantiomers　can　not　interacl　with　the

c�bamoyl　groups,　which　must　be　the　most　imPortant　sites　tor　emcient　chlral　discrimination･

Consequently,　this　method　is　not　suitable　to　simulate　the　chromlltographic　enantiosepara{jon

results.
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Table　5-3.　1nteractioncnergics(kcal　moFI)calculatcd　by　Method　ll　and　the　energy　differcnce

estimatcd　by　chiraI　HPLC

CTPC　and　l

　　　　　　　　　(μ,/?)-1(XS)-1

　　　　total　“　　-　L24　-　L24

　AV｡

　　　lowcst　2(μ　-9,88　々87

-∠UG(k�morl{　O.23(S,S)

CDMPC　and　l

(/l,μ)-1(Sβ)-1

-I.14　　-】｡14

-8.80　　-8j3

　　0.53(μ,μ)

CTPC　and　2

(R)-2　(S)-2

1.21

12.0

~0

L22

12.2

CDIVIPC　and　2

　(/?)-2　(∫)-2

1.14　　-L15

930　-922

　027(/?)

“The　avcraged　interaction　energics　tbr　onc　million　combinations　of　CTPC　or　CDMPC　and　l　or　2･

b　The　avcrage　of　the　lowest　20　interaction　energies,

c　Thc　dilTcrcnce　in　rrce　encrgy　(-∠X∠IG),-∠1∠IG　was　estimatcd　by　the　enantioseparation　factor　(a)using　the

cquation,∠X∠1G　゛　-/?T　l　n　a,whcrc　/?　and　T　are　thcgas　constant(】.987　cal　morlK“I)and　the　absolute

tcmperaturc　in　K,　rcspcc{ivcly･　Thc　conriguration　of　the　morc　retained　enantiomcr　is　shown　in　parenthcscs･

Table　5-4.　Total　and　components　of　interaction　energies　(kcal　morl)between　CTPC　and　l

calculated　by　Method　III

Total

　　　　　　　　Lowest　AV.

(μ,/?)-(+)-1　-27.1()-1171

(XX)-(-)-1　-27j7　-16｣7

VDW
-

Lowcst　AV｡

2L20

21.72

1161

12.66
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　Coulomb

Lowest　AV.

･8.36

9.19

107

142

　　H,bond

Lowest　AV｡

3』9

2.96

-O｡03

-O｡09



　　　MethodIII.　0n　the　basis　of　the　above　results､the　author　considered　that　if

enantiomers　could　be　generated　inside　of　the　poiynTler　surface､　enantionlers　could　interact

with　the　carbamoyl　grouPs･　which　will　lead　a　djfTerence　in　interaction　cnergy,　TO　Ehieve

this　strategy･　Met]hod　ll　was　modined:　a　downward　scaling　of　the　van　dcr　xVaals　radii　of

atoms　was　Performed　and　then　the　radii　was　retumed　to　hlil　value　with　stagewise

mininT11zation･　This　method　was　developed　by　Suter　d&,to　construct　models　of　well-

relaxed　amorphous　glassy　polymers　andwas　called　a　“blowing　up"　techniquej7

　　　To　generate　enantiomers　inside　of　the　polymer　surface,　the　initial　van　der　Waals　radil

of　atoms　were　reduced　to　70　%of　the1r　full　values　denn�in　the　Dreiding　force　field,

Each　enantiomer　of　l　was　then　randomly　generated　lO,000　times　on　the　surhce　of　a　CTPC

molecule　denned　by　the　van　der　Waals　radius,　and　these　struclures　were　storcd　in　an　cnergy

nle,　This　step　was　repeated　100　times　using　different　random　seeds　(100　energy　t41cs　were

constructed)and　the　ten　lowest　energy　structures　in　each　energy　nle　wel℃selccted(10　x

100)｡Further,a　four-step　“blowiyng　up"　technique　described　below　was　pertormed,　while

the　geometry　of　CTPC　was　nxed;

　　　SteP　1　:　Thevander　Waals　radii　of　atoms　increased　to　80　%onheir　fuli　values　and　the

MM　calculations　were　Performed　using　CG200　until　the　residual　rms　forceonhe　su･ucture

reaches　below　1.0　kcal　mol-　i　A‘I｡

　　　Step　2:　The　van　der　Waals　radii　of　atoms　incresed　to　90　%onheirfull　values　and　the

MM　calculations　were　done　as　SteP　L

　　　SteP　3:　The　van　der　Waals　radii　of　full　values　were　employed　and　the　M〕M　calculations

werePerformed　using　CG　200　until　the　residual　rms　forceof　the　structure　reaches　below
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(a)

(a)

(b)

Figure　5-8.　Calculatc(I､truclurc　dthe　CTPC-μ､SEl　complex　ohtained　by　Method

II.vicw　along　lhc　hclix　axis　(a)and　perPendicular　lo　lhe　helix　axis　(b).

(b)

Figure　5-9.　Calculilted　strllclure　oOhe　CTPCH5.XJ-　l　conlplex　formed　lhrough

hydrogcn　bonds　obtalned　by　Melhod　lH.　view　along　thc　hclix　axis　(a)and

PerPendiculaMo　lhe　hehx　axis　(b).

170



the　averaged　and　the　lowest　interaction　energies　were　signincantly　lower　than　those

calculated　by　Method　II,　1ndicating　the　usefulness　of　this　method　arld　the　attractive

interaction　between　them,　The　interaction　energy　between　CTPC　and　the　μ,XE(-)-l　were

lower　than　those　between　CTPC　and　the　ψ,Rj-(+)-l　excePt　for　minimum　energy　of

hydrogen　bond　force･　Figure　5-9　shows　the　computer　graPhics　of　the　interaction　between

CTPC　and　the　μ,Sj-(-)-l　with　the　lowest　hydrogen　bond　energy,　The　μ,xj-(-)-l　is

bound　in　a　chiral　groove,　and　each　Phenyl　group　may　interact　with　the　phenyl　groups　of

CTPC　through　π-πinteractions;　the　ether　oxygen　atom　of　the　μ,n-(-)-l　is　locatcd　near　the

NH　proton　of　CTPC　and　can　form　a　hydrogen　bond.　Comp�ed　゛/ith　the　model　(Figul゛e　5-

8)having　the　lowest　interaction　energy　in　Method　II,　the　fS,S)-(―)-l　apparently　gets　into　the

inside　of　CTPC　enough　to　form　a　hydrogen　bonding　with　the　NH　proton　onhe　carbamoyl

group(Figure　5-9)｡

　　　　Method　IV.　ln　this　nlethod,　enantiomers　were　generated　outside　of　CTPC　and

approached　into　the　direction　tow　ard　the　chiral　groove　of　CTPC.　This　method　appears　to

reproduce　the　motion　of　an　enantiomer　during　the　actual　enantioseparation　by　H　PLC･

Generation　of　enantiomers　was　Performed　by　the　Flexiblend/Slide　Together　algorithm.43

Each　enantiomer　with　a　Particular　orientation　was　initially　generated　at　a　distance　of　l5　Å

apaft　from　the　CTPC　center　and　approached　to　the　CTPC　center　by　O･2　Astep･　The

intermolecular　energy　was　evaluated　at　each　step,　lf　the　energy　exceeds　the　given　limit

energy(105　kcal　mol“I),one　steP　back　is　taken,　and　if　the　energy　is　then　below　the　limit,　the

resulting　structure　is　considered　to　be　an　acceptable　starting　connguration,　This　procedure

was　repeated　until　l,000　conngurations　were　obtajined,　Thestructures　were　relaxed　by　MM

energy　minimization,　while　the　geometry　of　the　CTPC　was　fixed,　The　minimization　was

allowed　to　Proceed　until　the　maximum　derivatives　reaches　below　l　k�　mol‘|Å{　Asa

result,　the　numbers　of　the　total　interaction　energy　under　100　k�mol‾l　between　the　CTPC

and　enantiomers　of　l　were　998　for　the　rR,/0-(+)-l　and　999　for　the　W　SE(-)-1,and　the

averages　of　themwere-2　L　19　and　-2　L　03　kcal　mol‘≒respectively,　This　indicates　that　the
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μ,SE(-)-l　may　interact　more　tightly　with　the　CTPC　than　the　μ7,/0-(+)-1.which　agreed

wen　with　the　chromatographic　resolution　results,

5-4.Co　nclusio　ns

　　　　The　interaction　energies　between　CTPC　or　CDMPC　and　rmn∫-stilbene　oxide　or

benzoin　were　calculated　by　using　various　forcenelds　and　methods,The　signincant

differences　of　interaction　energies　between　enantjomers　aPPeared　only　in　the　cases　where

enantiomers　were　generated　inside　of　CTPC　or　CDMPC.　The　results　indicate　that　the　polar

carbamate　residues　of　cellulose　derivatives　may　be　the　most　imPortant　adsorbing　site　for

polar　racemates　and　may　Play　a　role　in　the　chiral　recognition.

　　　　The　calculations　agreed　with　the　observed　results　for　the　chromatographic　resolution

on　CTPC　and　CDMPC,　The　adaptability　of　these　methods　to　various　kinds　of

Polysaccharides　derivatives　and　racemates　must　be　investigated･　ln　this　chapter,　interactions

bctween　a　single　molecule　of　the　polysaccharides　and　an　enantiomer　are　taken　into

consideration,since　polar　racemates　may　interact　pre&rentially　with　poiar　carbamate

residues　inside　the　POlymer　chain.　However,　besides　these　Polar　interactions,　the　π‘π

interaction　between　the　phenyl　groups　of　phenylcarbamate　derivatives　of　polysaccharides

and　thc　aromatic　grouPs　of　an　enantionTler　may　Play　a　role　in　the　chiral　recognition,　because

several　nonpolar　aromatic　compounds　can　jso　be　resolved.48`50　Especially　under　reverse-

phase　conditions　using　aqueous　eluents,　hydrophobic　chiral　cavities　between　the　polymer

chains　may　play　an　important　role　for　chiral　discrimination･　Further　computational　studies

are　required　for　more　accurale　Prediction　of　chromatograPhic　enantioseparation･　Moreover,

thc　use　of　MD　calculations　may　be　needed,　However,　the　author　believes　that　the　methods

reported　here　may　be　useful　for　a　qualitative　understanding　of　the　chira｣recognition

mechanism　of　ccllulose　phenylcarbamates,　This　aPProach　is　not　restricted　to　the　study　of

chiral　recognition　and　nlust　be　aPplicable　to　a　variety　of　bimolecular　interactions.
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Chapter　6

Enantioseparation　of　Catenane,　Rotaxane,and　Pretzel-shaped

　　　　N/loleculesand　Observation　of　Cireular　Dichroisnl

6･1.1ntro　duction

　　　ln　the　course　of　template　synthesisl　of　amide-connected　rotaxanes2j　by　threading　a

dumbbell　part　through　a　prepared　wheel,　F･　V6gUe　d　a/･　successfully　synthesized　the

[2〕|rotaxane　l　and　the[I]rotaxane　2　(Figure　6-1)｡4　These　mechanically　bonded　mokules

are　the　nrst　examples　for　rataxane　cydoenantiomers,5　consisting　of　a　dumbbell　and　a　whecl

which　are　not　chiral　themselves･　The　object　and　its　mlrror　image　in　this　case　result　from

different　sequences　of　the　sulfonanlide　group　and　the　three　amide　groups　on　the　wheel　in

rotaxanes　l　and　2,　bearing　an　unsymmetrical　because　of　the　amide　groups　and　sulfonamjde

group(Figure　6-1),　The　wheels　differ　in　the　sequence　of　their　connectivities,　　0ne

enantiomer　has　a　clock-wise　direction　with　respect　to　the　unsymmet〕rical　dumbbe11,　whereas

the　other　enantiomer　shows　the　opposite　arrangement　(Figure　6-1)｡

02

　T
4･

o≠
2|||

　　　　　la　　　　　　　　　　　　　　　　　　　　lb

Figure　6･1.　Cyeloenantiomeric　[2]rolaxane　l　(mirror　plane　gray　shaded,　arrows　indicate　the

sequenee　of　the　atoms)and[】]rotaxane　2,
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　　ln　1988,　Sauvage　et　�,published　the　first　synthesis　of　a　topologically　chira15'6

catenane,7'8　and　nve　years　later,　thesarnegrouP　achieved　the　partia】separation　into　the

enantiomers　in　cooPerationwith　Okamoto　ez�,9　1n　1996,　F,　V6gtle　et　al,　reported　the

synthesis　of　toPOlogically　chiral　sulfonamide　catenane　3　jjo　To　introduce　this　tyPe　of

chirahty　into　a　catenane,　the　rings　must　have　a　sequence　infomlation,　Depending　on　the

orientation　of　the　sulfonamide　groups,　catenane　3　possesses　two　stereoisomers,　3a,　b

(Figure　6-2E

　　ln　this　chapter,　enan6oseparation　of　cycloenantio･meric　rotaxane　(1,2),topologieally

ehiral　catenane　(3),and　Pretzel-shaped　molecule(4)(Figure　6-2)was　examined　on　3,5-

dimethylphenylcarbamates　of　cellulose　and　amylose,and　the　pronounced　circular

dichfogram　of　these　enantiomers　was　observed･
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Figure　6-2.　Topologically　chiral　sulfonamide　catenante　3　(mirror　plane　gray

shaded)and　pretzel-shaped　molccule　4,
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6-2.Results　and　Discussion

　　　The　high　contormationj　nexibility　of　the　molecular　parts　of　rotaxane　l　,　w　hich　leads　to

decreased　structural　dissymmetry　of　the　enantiomers　compared　to　more　rigid　molccules,

oPens　the　enantiomers　by　the　use　of　usual　H　PLC　and　chiral　column　materials,　Surprisingly

enantioseparation　of　the　cydoenantiomeric　rotaxane　l　was　lound　to　be　possible　by　HPLC

on　“Chiralpak　Alyj　I　The　separation　factor　(z　was　found　to　be　L　48,　and　almost　complete

resolution　was　obtajinedj　2　ln　this　seParaLion　the　(+)-enantionler　xvas　eluted　nrst　(Figure　6-

3a).

　　　The　HPLC　chromutogram　of　the　enantioseparation　of　rotaxane　2　(on　“Chlralcel

OD"12)showsadear　baseline　separation　with　a=L　69,　and　(-)-enantionler　waseluted　f1rst

in　this　case　(Figure　6-3b),13　Figures　6-4a　and　b　show　the　circular　dichrograms　onhe

enantiomers　of　l　and　2.

(a)

5

　kl･=3,16(+)　　　CokJr"｢1:　Chiralp8k　AD

m　　{Eluent:　Hexane/2-Propanol=82/18　　　　　　　　　　　　Flow-『ateyl｡O　ml/min

(
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3
N
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々
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″
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kll=Z43(-)　　　Colo“1rl:　Ch㈲lcelOD

PWjyW?TI{HUEEEOμ85/15　　　　　FIow,rate:　1.0　ml/min

y

Elution　time(min)
0

Figure　6-3.　Chromatograms　of　resolution　of　the　cycloenantiomeric　[2]rotuxane　l　(a)

and[|]rotaxane　2　(b),
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Figure　6-4.　Cireular　dichrograms　oH-4　in　t�luoroethanol(TFE)(-)-1:　O,9　×　10‾4M,

(+)-1:　L2　×　10⌒4M(aE(-)-2:　I.5　x　l04　M､　(+)-2:　1.1xi04M(b),(-)-3:　L3　x　l04　M,

(+)-3:　Ll　x　10`4M(c),(-)-4:　2.2　×　104　M､　(+)-4:　L4　×　10゛4　M　(d),
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　　　The　successful　enantiosepafation　of　the　cydoenantiomeric　rotaxane　2　encouragcd　the

author　to　seParate　thecorresponding　catenane　l　4　racenute　3　under　similar　conditions　j　5

Again　a　basehne　separation　of　this　toPologically　chiral　sPecies　was　accomPlished　with　the

(+)-enantiomer　being　elutednrst｡A　very　large　separation　factor　(x=6,95　vaiue　xvas

measured(Figure　6-5ay

　　　lntermolecular　bridging　of　the　two　sulfonamide　units　in　catenane　3　leads　lo　molecule　4

with　a　molecular　graph　equaling　that　of　a　pretzeL　I　6　Enantioseparation　of　this　topologically

chiral　comPound　also　was　accomplished　in　the　k)｢m　of　a　baseline　separation　(the(-)-

enantiomer　elutednrst)agin　with　a　large　separation　factor　a　(120)(Figure　6‘5b)y　The

circular　dichrogramsof　3　and　4　(Figures　6-4c　and　d)show　pronounced　Cotton　elTects　in

the　aromatic　chromoPhore　region･

(8≒FnEEEEanol=60/40　　　　　(゛)‰μ]{EEE･･=ヽ･　az　｡　Flow‘rale:　1　･O　mlr/min　　　　　　　　　　　　　　　　　　‘　　　　　　　Flow-｢ate:　1.0　ml/mjn
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Figure　6-5.　Chromatograms　of　resolution　of　the　topologi�ly　chlral　sulfonamide

eatenane　3　(a)and　the　pretzel-shaped　molecule　4　(b)｡
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　　The　opti�rotation　values　were　determined　by　using　Tr6ger　Base　([a]D=281゜)as　a

standard,　The　chromtographic　analysis　was　p�

comPounds　l　-4,　Using　this　calibration　value　the　[(x]D　values　are　20゜　for　l､　84゜　for　2､　and

1　68o　for　3　and　4　j　8　These　opticj　rotationvalues　are　smjler　than　those,　e･　g･　,　of　the　Tr6ger

base,　but　neverthe】ess　appreciable/　Such　pronounced　values　have　not　been　observ�

Previously･

6･3.Conclusion

　　　Cycloenantiomerism　of　rotaxanes　has　been　observed　for　the　tT1rst　time,　The

corresPonding　racemates　2　were　blaseline　separated,　A　topologically　chiral　sulfonamide

catenane　3　and　pretzel-s　haped　molecule　4　have　been　completely　separat�into　the　Pure

cnantiomers,　too,　These　nndings　allow　a　more　general　and　more　quantitative

understanding　of　mechanic�ly　bonded　chiral　molecules,　whose　chirality　dePends　on　atom

sequence　mformatlon,

　　　lntroduction　of　additional　chromophores　in　the　future　w111　give　more　pronounced

Cotton　enects　and　will　possibly　permit　determjnation　of　absolute　conngurations･

Furthermore,　the　chirality　ought　to　be　increased　by　afTixing　substituents　at　the　sulfonamide

groups　that　render　the　molecule　less　sylllmetrical･　Second,　the　circumrotation　of　translation

of　the　wheel　could　be　innuenced　by　the　size　of　the　attached　substitutjonsj9　　1f　this　is

achieved,　it　may　be　possible　tosteer　or　even　switch　chhlity,　e{depending　on　temPerature

or　light,20
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