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ABSTRACT: Fourb-cyclodextrins (CDs) were prepared bearing either an (N,N-dimethylamino)propylamino group
(1), an (N-methyl)-piperazino group (2) or a benzylamino group (3), or seven methylamino susbtituents (4).
Association constantsK in water with di- and tripeptides reach up to 200M

ÿ1, and after protection at theN-terminus
up to 680Mÿ1. Appreciable binding occurs only in the presence of lipophilic amino acid side-chains, with preference
for this at theC-terminus. A moderate sequence and side-chain selectivity is observed with1, 2 and3, but less so with
the highly charged4 where ion pairing dominates. Detailed NMR analyses with advanced techniques including T-
ROESY and GHSQC allow full assigment of most1H and 13C signals, with extraction of many substituent and
complexation induced shifts changes (SIS and CIS values, respectively). The CIS values and NOE cross peaks from
ROESY experiments provide for insight into the binding modes of selected complexes, indicating, e.g., the
simultaneous presence of complexes with a peptide phenyl unit approaching from both the narrow and the wide side
of the CD cavity. With3 one observes self-inclusion of the pendant phenyl ring within the cavity, and its replacement
by analytes such as peptides, or by adamantanecarboxylic acid. The inclusion modes are illustrated with force field
simulated structures and many NMR spectra, which are made available in electronic supplements. Copyright 2001
John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc: (NMR shift
tables; 3D coordinates for molecular structures; 1D- and 2D-NMR spectra)
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INTRODUCTION

The binding of lipophilic substrates inside the cavity of
cyclodextrins (CDs) has been the focus of many
investigations.1 Surprisingly, the complexation of
peptides has until now received little attention, in
contrast to many other studies with bioactive guest
compounds, including amino acids.2 Non-covalent
interactions with peptides are of paramount importance
for understanding mechanisms of protein folding, but
also for, e.g., pharmaceutical applications. The low
toxicity of CDs and their increasingly economic
availability makes these host compounds particularly
amenable for, e.g., drug protection and delivery. Also
for these reasons the design of suitable artificial peptide
receptors, which are less developed in comparison with
host compounds for nucleotides, should be pursued on
the basis of CDs. The present study addressed this need,
with an emphasis on a better understanding of the

underlying complex structures in the functional state of
solution.

Most of the literature on CD complexes is restricted to
measurements of association constants, including many
thermodynamic studies. The wealth of information from
these data, however, has not led to a consistent picture of
the relevant binding mechanisms with CDs, which are
more diverse than with other host compounds, and still a
matter of significant controvery.2,3 Often it is not even
known whether and which lipophilic parts of the substrate
are bound within the CD cavity. It has been shown that it
not necessarily the geometric fit that determines this,
against chemical intuition or predictions from computer-
aided molecular modelling.4 The obvious remedy here is
the use of NMR methods, which in view of the
underlying complex CD spin systems require application
of high fields and of advanced NMR techniques.5 The
complications are particularly large if the inherent
symmetry of the CD moiety is distorted by substitution;
such complexes are the main focus of the present study.

Complexes of native, unsubstituted CDs with peptides
are very weak, which might be one reason why they have
rarely been studied. We decided to use aminocyclodex-
trins, which have been found to be very effective host
compounds for nucleotides and even nucleosides.6 The
presence of a positively charged side-group in the CD can
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leadto relativelystrongsaltbridgeswith theC-terminus
of peptides;togetherwith thelipophilic side-chainpartof
aminoacidsenhancedandeventuallysequence-selective
recognition might be feasible. CDs with pendant
aromatic side-chainshave been used in particular by
Ueno and co-workersfor fluorimetric assaysof many
analytes.7 Detailed NMR analyses7 with such host
compoundshave already provided clear evidencefor
self-inclusionof the pendantaromaticside-chainwithin
the CD cavity, which can be expelled by addition of
stongerbindinganalytes.

RESULTS AND DISCUSSION

Theamino-CDsinvestigatedareshownin Fig. 1.

Syntheses, protonation state

Monoaminocyclodextrins 1–3 were preparedfrom the
correspondingmono-6-O-tosylateby nucleophilic sub-
stitution (seeExperimentalsection).The monotosylate
was obtainedunder aqueousconditionsusing toluene-
sulfonyl chloride(T. Ikeda,Tokyo Instituteof Technol-
ogy,personalcommunication)giving thesameyieldsand
purity reported before for pyridine as solvent.12 The
recentlyreported13 higheryields with p-toluenesulfonic
anhydrideasreactantwerenot reproduciblein ourhands.

The heptaamino-CD4 was preparedaccordingto a
procedureby Breslow et al.14 Insteadof the b-CD-6-
heptatosylate,the b-CD-6-heptaiodidewas usedfor the
nucleophilic substitution. Following the synthesisof
Ashton et al.,15 the iodide was preparedand converted
into thedesiredamine4 in amorereproducibleway than
thatwith theuseof the tosylate.

Thechargesfor themonosubstitutedCD derivatives1–
3 were estimated from known pKA values of the
correspondingamines(seefootnotesto Table 1). NMR
experimentsat pD = 2.4,7.4 and12.4,however,showed
significantdifferencesdueto ligationof theaminesto the
CD moiety,with protonationdegreesasgivenin Table1

(seealsoS_TableI in the supplementarymaterialat the
epocwebsiteat http://www.wiley.com/epoc). Thehepta-
substituted4 wasestimatedto bear4–5positivecharges
on thebasisof potentiometricinvestigationsby Hamelin
et al.16 with a comparable6-heptaamino-b-CD.

Association constants

K valuesweremeasuredusingacompetitionmethodwith
the fluorescencedye 1-anilinonaphthalene-8-sulfonate
(ANS),whichprovidesasensitivechangeof fluorescence
emissionupon addition of the substrates,also giving
evidencefor anintracavityinclusionmode.Evaluationof
binding isothermswith known equations17 (seeExperi-

Figure 1. Investigated amino-CDs

Table 1. Protonation degree and overall charges of
monoamino-CDs 1±3 (calculated from 1HNMR measure-
ments at pD = 2.4, 7.4 and 12.4)a±c

CD Protonationdegree(%) Overall chargeat pD 7.4

1 N-14, 50; N-3, 90 �1.4
2 N-1,<10, N-4, 60 �0.7
3 60 �0.6

a At 298K in D2O, c(NaCl)= 1� 10ÿ2 mol lÿ1, pD = 7.4corresponds
to pH = 7.0.
b Literature values/overall chargesat pH 7.0 of the underlying
unsubstitutedaminesfrom potentiometricmeasurementsin water at
298K (all valueswithin 0.16units)36. For 1 (1,3-diaminopropane),35

10.9, 9.0 /�2; for 2 (dimethylpiperazine),35 8.54, 4.63 /�1; for 3
(N-methylbenzylamine),9.57,lowestliteraturevalue.36

c At valuesof pD = 2.4and12.4only thefully protonated,or thefully
deprotonatedforms, respectively,exist. The protonationdegree is
determinedfrom the ratio the differencesin the chemicalshifts of
protonslocatedcloseto theprotonationsitebetweenpD = 7.4and12.4
to thechemicalshift differenceof the whole rangepD = 2.4 and12.4
(seesupplementarytableS_TableI).

Figure 2. Fluorescence competition of the complex Ac±Gly±
Phe, ANS and the cyclodextrin 4 in water, pH 7.0,
c(NaCl) = 1� 10ÿ2 mol lÿ1, T = 298 K, �ex = 360 nm, �em =
500 nm (for ®tting equations and parameters, see Experi-
mental)
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mental) yielded satisfactory linear fitting for a 1:1
stochiometry (Fig. 2) and binding constantsfor the
amino-CDs 1–4 (Table 2). Limiting factors for the
determinationsand the errors in K were often low
solubilities of the peptides; in several cases only
approximatevaluesor upper or lower limits could be
given.

Af®nity variations

Appreciableassociationof the peptideswith the CDs
(Table2) wasonly observedin thepresenceof lipophilic
amino acid side-chains.Thus, the tripeptide Gly–Gly–
Gly showednoaffinity abovethedetectionlimit with any
CD host.Removalof thepositivechargein asubstrateby
converting it into the N-acetyl derivative leads, as
expectedon the basisof ion pairing. to an increasein
the associationconstants.This is especiallyso with the
heptasubstituted4, in which themanychargesleadto ion
paring as the dominating factor. Here, the K value is
increasedby a factor of almost 10 by neutralizingthe
positivechargeat thepeptide,whereasthe increasewith
host1 or 3 is only moderate.

With a seriesof tripeptidescontainingalwaystwo Gly
and either Phe, Trp or Leu units, we investigatedthe
possible sequenceselectivity of the host compounds.
With all CD hostsexceptthe benzylderivative3 the K
values,as far they could be measured,are larger if the
lipophilic aminoacid is at theC-terminus—thislocation
allowssimultaneouscontactof thecarboxylateto theCD

ammoniumgroupsandthe aromaticside-chainwith the
CD cavity. NMR datawith anotherpeptide(seebelow)
supportthis inclusion mode.The alternativedipeptides
Phe–Glyand Gly–Pheshow, in line with the discussed
inclusion mode,within error the sameK valuesas the
tripeptideas long as the terminal sequenceis Gly–Phe,
but a much largerconstantwith the heptamino-CDand
Phe–Gly,with a differentsequence.In thestructurewith
thisdipeptide,optimumion pairingis nothinderedby the
interactionsbetweenthe lipophilic partsof the hostand
guest.Thepresenceof anadditionalanionicchargein the
Asp-containingpeptides leads to a moderateaffinity
increasein comparisonwith Phe–Glyor Gly–Phe,and
this only with theAsp–Phe-sequence.

Selectivitywith respectto thenatureof theaminoacid
side-chain is again only moderate,but in line with
expectationsbasedontheincreasinglipophilicity. Again,
thedominatingion pairingwith thehighly chargedhost4
leadsto decreasedselectivity.

Host 3 differs from the othersby the possibility of
competingself-inclusionof the pendantphenyl unit, in
line with related literature systemsof Ueno and co-
workers.7 This geometryis establishedby the observed
NMR shifts andNOEs,andalsoby an experimentwith
addedadamantanecarboxylicacid and with the added
peptides,whichexpelthephenylunit from thecavity(see
below). NMR analysesalso exclude the presenceof
intermolecularassociationsat the measuringconditions
(asindicatedin Fig. 3). Theintramolecularoccupationof
theCD cavity by thephenylring in 3 leadsto anaffinity
decreasetowardspeptides,which in view of theK values

Table 2. Association constants, (Kass. (Mÿ1) and free complexation enthalpies, DG (kJ/molÿ1) of complexes with the
aminocyclodextrins 1±4 from ¯uorescence titrations with 1,8-ANS in water, [pH 7.0, c(NaCl) = 1� 10ÿ2 mol lÿ1, T = 298 Ka,b

1 2 3 4

Complex Kass. DG Kass. DG Kass. DG Kass. DG

Gly–Gly–Glyc <5 >ÿ4.0 <10 >ÿ5.6 <5 >ÿ4 — —
Phe–Gly–Gly 13 ÿ6.3 19 ÿ7.3 20 ÿ7.4 56e ÿ10.0
Gly–Phe–Gly 23 ÿ7.8 37 ÿ8.9 36 ÿ8.9 20 ÿ7.4
Gly–Gly–Phe 50 ÿ9.7 48 ÿ9.6 27 ÿ8.2 72 ÿ10.6
Phe–Gly 22 ÿ7.7 — — 25 ÿ8.0 206 ÿ13.2
Gly–Phe 49 ÿ9.7 — — 35 ÿ8.8 78e ÿ10.8
Ac–Gly–Phe 80 ÿ10.9 — — 53 ÿ9.8 680 ÿ16.2
Phe–Asp — — — — 19 ÿ7.3 — —
Asp–Phe — — — — 73 ÿ10.6 — —
Trp–Gly–Gly 10 ÿ5.6 <20c >ÿ7.3 37 ÿ9.3 52 ÿ9.8
Gly–Trp–Glyd — — — — — — —
Gly–Gly–Trpc <50 >ÿ9.7 <100 >ÿ11.4 <50 >ÿ9.7 <100 >ÿ11.4
Leu–Gly–Gly <3 >ÿ2.7 <10c >ÿ5.6 5 ÿ4.0 45 ÿ9.5
Gly–Leu–Gly 18 ÿ7.1 <10c >ÿ5.6 12 ÿ6.2 13 ÿ6.4
Gly–Gly–Leu 19 ÿ7.4 21 ÿ7.4 21 ÿ7.5 31 ÿ8.5

a Error in K <15%.
b Kass.(b-CD/Gly–Gly–Phe)<10Mÿ1, in line with literature37 datafrom UV–VIS measurementsfor thea-CD/Gly–Gly–Phesystem(Kass.= 8.1–10-
4 M
ÿ1 in water,pH 9.0).

c No fluorescencechangeobserveduponaddingpeptideto thesystem1,8-ANS/CD.
d Too low solubility of thepeptide(<5� 10ÿ4mol lÿ1).
e Error<20%.
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obviously is only partially compensatedby interactions
betweenthe expelledphenylring outsidethe CD cavity
andlipophilic partsof thepeptides.

NMR analyses

Assignment and measuring methods. Owing to the
complexationthe chemical shifts of both cyclodextrin
andpeptideprotonschange,sothatespeciallyin thecase
of the mono-substituted derivativesseparateassignment
for the complexhasto be made,taking into accountthe
stoichiometryand the binding energetics.Characteristic
patternsfor a-glucosidic protonsare a doublet with a
constantaround4 Hz for H-1, a doubledoublet(10 and
4 Hz) for H-2 andtripletswith acouplingconstantaround
10Hz for H-3 andH-4, theformerusuallyresonatingata
0.3–0.4ppm lower field. Only the pattern of the spin
system comprising H-5 and H-6a,b protons usually
changesowing to substitutionand/orinclusionshielding
effects. Unresolvedor second-orderspectrafor these
protonswereobservedevenat 500MHz, dependingon
the chemical shift difference between them. These
signalsoften overlap with someothers; determination
of the coupling constants (3J5,6) is difficult, thus

precludingdeterminationof the preferredconformation
of thesubstituentswith respectto theglucosering. Well
separatedsignals are only observedwith substituents
with largeanisotropyor field effects.For theassignment
of theseprotonsmeasurementof a 2D C–H correlation
such as HSQC or GHSQCis more advisablethan the
usuallyfirst acquiredCOSY. Determinationof the 3J5,6

couplingconstantscouldbeachievedin stronglycoupled
systemswith theaid of thecoupledversionof theHSQC
experiment.18 In the hetero-correlationexperimentthe
carbonNMR spectrumis obtainedin addition;with this,
theassignmentof thecloselyresonatingC-2,C-3andC-5
atomscouldbemadeunambiguously.

A particularproblemwith the heptasubstitutedcom-
poundsis their low solubility in water.Protonationof the
nitrogen atoms leads to better solubility. However,
complicated spectra are obtained at the pH values
between5 and 7 usually necessaryfor complexation
studies,owing to thedifferentprotonationdegreeandthe
pH dependenceespeciallyof the H-5 and H-6 signals.
DMSO is usually a better solvent in this case for
identificationpurposes.

Observation of different shifts in monosubstitutedCDs
doesnot necessarilyindicaterestrictedmotions,but is in
line also with the existenceof predominantconforma-
tions.16,19Forall compoundsandcomplexesacquisitionof
2D TOCSY,GHSQCandT-ROESYwasnecessary.The
areabetween4.1and3.5ppmis alwaysa superpositionof
manysignalsandonly occasionallycontains a signalwith
the necessaryshielding separation.For the investigated
compoundsthis wasthecase,wheneithera phenylring is
fully or partially immersedin theCyD cavity, owingto the
anisotropyeffectsof thecorrespondingring currentand/or
whenthe 6-aminonitrogenis fully protonated.

The2D TOCSYspectra4 afford separatesetsof signals
for the different glucoseunits. From the tracesof the
corresponding anomeric protons, assignment of the
remainingsignals can be made,taking into accountthe

Figure 3. Complex geometry for intermolecular inclusion of
the benzyl ring in 3

Figure 4. TOCSY NMR spectra of the 1±3 (only CyD protons are shown), illustrating the proton shift
dispersion due to different substitution
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coupling pattern of the signals.Owing to the different
resolutionin both directions,tracesandcolumnsusually
give supplementaryinformation for the overlapping
regions.Whensevereoverlappingof moresignalsoccurs
and/orwhen second-order effectsdue to small chemical
shift differencesbetweenvicinal protons(mostlyH-4,H-5
and/or H-5, H-6) arise, 1D TOCSY experimentswith
different mixing times facilitate unambiguous assign-
ments.For the compoundsstudied,COSY-typespectra
even in the DQF (doublequantumfilter) versionof the
experimentgavesevereoverlapping,andwerethereforeof
little use.

In thesecondassignmentstepthrough-spaceconnectiv-
ities betweenthe different glucoseunits areestablished.
Wefoundit mostusefultomeasureT-ROESYspectrawith
an800msmixingtime,aswith thisversiontheartifacts(J-
crosstalk, TOCSYtransfer,etc.)areminimizedandthe
intensitiesof the crosspeaksare maximized.The main
crosspeaksarealwaysobservedbetweentheanomericH-1
protonsandH-2 protons,belongingto the sameglucose
ring,andH-4protons,belongingtoadjacentglucoserings.
Theintensitiesofbothtypesofcrosspeaksarecomparable,
correspondingto anaveragedistanceof 2.4Å, according
to the minimized structures(CHARMm/QUANTA V.
4.020). Largecrosspeaksarealwaysobservedbetweenthe
geminalnon-equivalentH-6protons(averagedistance1.8
Å) and betweenthe 1,3- diaxial H-3/H-5 and H-2/ H-4
protonsof eachglucosering(averagedistance2.7Å).Near
diagonalsignalsareoftenobscured,but theabsenceof a
crosspeakof the above-mentionedtype betweenpeaks
withachemicalshiftdifferenceofmorethan0.1ppmhelps
toavoiderroneousassignments.In theROESYspectrawe
oftenobservedalsoJ-crosstalk mainly betweenH-2 and
H-3 and betweenH-3 and H-4; thesecrosspeakswere
used,however,alsoasaid for assignment.

Assignmentof the 13C NMR spectrais donewith the
helpof inverse-detectedheteronuclearcorrelation(HSQC
or GHSQC).21 Replacementof the oxygenby a nitrogen
atom (or by anothersubstituent)in the glucose ring A
moves the C-6 and C-5 carbon chemical shifts to
considerablyhigher fields than the remaining glucose
carbonatoms.The correlation then allows an unambig-
uousassignmentof the protonsin theglucosering A and
thus of the whole molecule, taking into account the
through-bondconnectivity from the TOCSY and the
through-spaceconnectivityfrom theROESYspectra.The
heterocorrelationexperimentsarealsousefulfor determi-
nation and/or confirmation of some difficult proton
assignments.Besidesthe nuclei in the substitutedring A,
which are usually easyto assign,the remainingcarbon
atomsresonatein well-definedchemicalshift ranges: 101–
103ppm for C-1, 80–85ppm for C-4 andaround61ppm
for C-6; only therangebetween71and75ppmcomprises
C-2, C-3 and C-5 carbonatoms.In order to achievethe
necessaryhigh resolution,we foundit easyandusefulfor
thesesystemsto usefolding22 in the carbondimension.
For this purpose,the carbon excitation frequency was

centered around 73ppm, in the middle of the most
crowded region and the sampling frequency for the
carbonswasadjustedto a spectralwidth of 10ppm,with
a very high resolution(Fig. 5). Undertheseconditionsthe
C-1/H-1 pairsarefolded threetimes.However,owing to
the separateregion of the anomericproton shifts, which
are very well resolved,they could be phasedseparately.
Thesignalsfor C-6/H-6andC-4/H-4arefoldedonce,with
someoverlap.In this case,recalculationof theregionand
acquisition of a new spectrum are inevitable. Linear
predictionin F1 wasalwaysusedfor achievingof a better
resolution in the carbon dimension with a significant
signal-to-noiseratio increase.23

Substituent-induced 1H NMR shifts (H-SIS). In the
supplementaryTablesS_TableII and III the calculated
substituent-inducedproton and carbon NMR shifts of
compounds1–4 aregiven;Figure4 showstheCDprotons
partsof the TOCSYspectraof the compounds1–3. The
dispersionof the anomericprotonsis 0.09–0.14-ppm,
although theseprotons are at a considerabledistance
from the substitution site. The non-anomericprotons
show two different patternsdependingon the substitu-
tion. For the fully protonatedcompounds1 and 2 (at
pD = 2.4), having an aliphatic pendantgroup, distinct
signalsonly for theprotonsof ringsA, B, G andF were
identified, whereasthe protons of rings C, D and E
possessnearly identical chemical shifts. It should be
noted that when the nitrogen atom in ring A is not
protonated,no appreciablespreadof the chemicalshifts
for the individual glucose protons is observed. A
hydrogen bond between protons of the protonated
nitrogen at ring A and nearby oxygen atoms may be
responsiblehere.24 Our shift data and the minimized

Figure 5. Inverse heteronuclear C±H correlation (GHSQC)
NMR spectrum of the complex of 3 with Ac±Phe±Gly,
acquired with high resolution in the second dimension
(SW1 = 10 ppm)
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structure (Hyperchem5.02) show that the protonated
nitrogenis locatednearring B, andhydrogenbondscould
exist betweenit andboth the O atomin ring A andalso
the O-6 of ring B (seeFig. 6). At pH 7.00, wherethis

nitrogen atom is protonatedto a lesserextent, only a
small dispersionof shifts in the unsubstitutedrings is
observed,precludingtheir unambiguousassignment.

Self-inclusion of the benzyl ring in the CD
cavity of 3

Dilution experiments at constant pD = 7.4 in the con-
centrationrange1� 10ÿ2–5� 10ÿ4 M do not show any
chemical shift variation, indicating no intermolecular
cavity inclusion of the phenyl ring (Fig. 3). Figure 9
illustrates the characteristicdispersionof the chemical
shifts of all protons, especially of the H-5 and H-6
protons,which indicateinclusionof thephenylring from
theprimaryside.This is supportedby theobservedNOEs
between the phenyl protons and some H-5 and H-3
protons(ringsA, B, E andF), disappearingonaddition of

Figure 6. Minimized structure of 1. The proximity of the
protonated nitrogen atom to O 6 of ring B and O in ring A
can be seen. Protons are omitted for a better view

Figure 7. 1H NMR Spectra of 3 (b) and its complexes with (a)
ADCA and (c) with Ac±Gly±Phe

Figure 8. Preferred conformation for the benzyl ring of 3 in
the CyD cavity according to the NMR data

Figure 9. Shielding differences between 3 and 1 showing
the net chemical shift effect arising from the introduction of
the benzyl ring in the CD cavity
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an equimolar quantity of adamantane-1-carboxylic acid
(ADCA) as competing guest (see also Fig. 7). More
detailedanalysesof thechemical shift datarevealthatthe
benzylring hasapreferredconformationin theCD cavity,
sincethelargestshieldingsareobservedfor theprotonsof
theoppositely lying ringsG andD (seeFigs7 and8).

In this conformation, the protonatednitrogen atom
points in the directionof ring B andcanbe involved in
hydrogenbondinganalogousto thatin 1 and2. However,
only thechemicalshiftsof the protonsin ring A showa
pronouncedpH dependence(see supplementarytable
S_TableI), indicatingthat thepreferredconformationof
the phenyl ring does not changewith pH. From the
differencesin the chemical shifts of 3 and 1 the net
chemicalshift effect arisingfrom the ring currenteffect
could be calculated,as shown in Table 3 and Fig. 9.
Literaturedataon compoundswith an aromaticpendant
groupat theprimaryCD side7,25–27(seealsosupplemen-
tary table S_TableIV) show that the largestchemical
shift dispersion of identical atoms in the individual
glucoseringsis observedfor theH-6 atoms,locatednear
thesubstituent,andalsofor theinner-cavityH-5 protons.

A characteristicdispersionis alsoobservedfor the H-3
protons,whereasfor theothermoredistantprotonsH-1,
H-2 and H-4, smaller but measurablevalues are also
detected.It should be noted that the values for the
differently substituted naphthyl (dansyl) groups25–27

showcomparablevaluesthat areabout3–4 timeslarger
than those for the correspondingphenyl groups. The
smallervaluesin 3 correspondto the smallershielding
coneof the phenyl group as comparedwith that of the
naphthlenering, andto the fact that thephenylring is in
equilibrium betweenthe two preferredconformations,
oneinsideandtheotheroutsidethecavity.

13C SIS values

Small but measurabledispersionof the carbonchemical
shifts in thesubstitutedcompoundsis detected,allowing
assignmentof the individual signals through hetero-
nuclear correlation. This was possible for all carbon
signalsin 3, but for 1 and2 individual signalscould be
assignedonly for the nuclei in rings A, B andG, which

Table 3. Shielding differences between 3 and 1 for the glucose units A±G (D� � 10ÿ2 in ppm) at T = 300 K in D2Oa,b

Proton A B C D E F G

H-1 ÿ1.5 8.4 7.3 0.2 8.0 5.1 ÿ8.7
H-2 ÿ0.3 2.4 1.0 ÿ2.4 1.0 1.0 ÿ6.6
H-3 ÿ8.9 3.6 1.3 3.6 ÿ5.7 2.0 ÿ19.6
H-4 ÿ3.4 8.4 0.8 ÿ5.0 1.7 6.2 ÿ2.8
H-5 ÿ11.6 ÿ1.1 ÿ15.0 ÿ33.0 ÿ1.0 ÿ1.0 ÿ53.7
H-6a ÿ27.3 12.5 ÿ5.0 ÿ29.0 ÿ1.0 9.0 ÿ13.1
H-6b ÿ6.7 ÿ2.0 ÿ1.0 ÿ26.0 ÿ2.0 9.0 ÿ45.0

a c(1, 3) = 2.0� 10ÿ2 mol lÿ1, c(NaCl)= 1.0� 10ÿ2 mol lÿ1, pD = 2.4.
b D� (Hz) = [�(3)ÿ (�(1)]; negativevaluescorrespondto shieldingandpositiveto deshielding.

Table 4. 1H CIS values (D� � 10ÿ2 in ppm) in the complex of 1 and Ac±Gly±Phe for the glucose units A±G in D2O at pD = 7.4 and
300 Ka

Proton A B C D E F G

H-1 ÿ1.0 9.0 for B, C, D ÿ2.0 ÿ4.0
andE

H-2 <5.0 <4.0 for
B, C, D, E, F and

G
H-3 ÿ1.0 ÿ4.0* ÿ9.0* ÿ10.0* ÿ15.0* ÿ1.0 ÿ2.0
H-4 ÿ3.0 <5.0 for B, C, <ÿ4.0 <ÿ9.0

D andE
H-5 ÿ14.0 <ÿ11.0* for B ÿ14.0 ÿ10.0

C, D andE
H-6a 19.0 <12.0* <12.0* <6.0* <8.0 <10.0 <12.0*
H-6b 9.0 <ÿ12.0 <12.0* �15.0–25.0 <8.0 <10.0 <6.0*
CH2(Gly) CH2(Phe) C-a C-b C-c H-o H-m H-p
ÿ6.2 ÿ12.5 56.2 12.5 ÿ12.5 ÿ6.2 ÿ12.5 ÿ12.5
N(CH3)3 CH3
0.6 ÿ6.2

a Determinedfrom the shift differencebetweenthe complex [c(1) = 1.2� 10ÿ2 mol lÿ1, 80% in complexedstate,c(Ac–Gly–Phe)= 6� 10ÿ2

mol lÿ1, c(NaCl)= 1.0� 10ÿ2 mol lÿ1] and1 at pD 7.4.
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giveseparatesignalsespeciallyfor C-1,C-4andC-6.It is
difficult to explain thesesmall differencesbecausethe
effects due to conformational distortions, which are
visibleparticularlyin 13C shift variations,areof thesame
order of magnitudeas field and anisotropyeffects. It
shouldbe notedthat in all compoundsthe carbonatoms
C-3 resonatealways at slightly lower fields than the
usuallyoverlappedC-2 andC-5 carbons,which couldbe
usedfor differentiationof the correspondingprotonsin
thecomplexes(seebelow).

NMR shift analyses of the complexes/inclu-
sion modes

Assignmentof thesignalsin thecomplexeswasdonein
the same manner as with host compounds. The
complexation induced shifts (CIS), measuredfor the
complexesof 1, 3 and4 with theacetylatedGlyPhe,are
givenin Tables4, 5 and6. Inclusionof thephenylring of
Ac–Gly–Phe in 4 is obvious from the complexation
inducedprotonshifts: the highershieldingobservedfor
H-5 thanfor H-3 protonsindicatesthat thearomaticring
is closerto the primary side,fully in line with the NOE

results (see below). The 13C CIS values were also
determined(Table 6), but seem to give insufficient
selectivityfor structuralelucidation.

In thepeptidecomplexesof 1 and3 we werenot able
to usethe CIS valuesfor determinationof the complex
mode.The CIS valuescould be determinedonly if the
chemicalshiftsof thefreeandof thecomplexedform are
known.This wasnot thecasefor 1; theshiftsof thefree
form couldnotbereliablydeterminedbecauseof thetoo
heavily overlappedprotonspectrumat pD = 7,4, which
is the value in the complexationexperiments.Large
shieldingsareobservedfor protonsH-3 andH-5, located
insidethe cavity, andalsofor someof the H-6 protons,
but, the valuesobtainedfor H-6 arenot reliable for the
abovereason.The dataindicateinclusionof the phenyl
ring in the CyD cavity, but no conclusion on the
inclusion mode could be drawn solely from shift
arguments.

TheCISvaluesfor thecomplexof Ac–Gly–Phewith 3
(seeTable5) could beexactlydetermined;theobserved
shielding and deshielding, however, do not allow
unambiguousconclusionsto bedrawnon thecomplexa-
tion mode.

NOE analyses of the complexes

If cavity inclusionof thepeptidetakesplace,theROESY
spectra of the complexesshow intermolecular cross
peaksbetweenthe ortho- and/or meta-protons of the
phenyl ring and the H-3 and/or H-5 protons of the
cyclodextrin host. Owing to severeoverlapping, it is
oftennot possibleto separateall intracavityprotons;the
rangesof the H-5 andthe H-3 protonsarethendeduced
from the high-resolutionHSQCexperiments.The NOE
datafor the complexesstudiedare given in Table 7. A
preferredinclusionof the phenyl ring from the primary
sidecouldbedetectedonly for thecomplexof Ac–Gly–
Phewith 4 (seeFig. 10).Theortho-protonsin thephenyl
ring arein thevicinity of bothH-3 andH-5 CyD protons,
supportedalsoby thehighershieldingof theH-5 proton
(seeabove),whereasthe meta-protonsarecloseonly to

Table 5. 1H CIS values (D� � 10ÿ2 in ppm) in the complex of 3 and Ac±Gly±Phe for the glucose units A±G in D2O at pD 7.4 and
300 Ka

Proton A B C D E F G

H-1 0.1 ÿ1.1 ÿ2.5 3.4 0.1 ÿ2.7 ÿ4.4
H-2 ÿ0.8 ÿ2.1 ÿ4.7 3.4 ÿ0.8 ÿ3.7 ÿ1.6
H-3 6.3 2.6 ÿ6.3 ÿ1.8 ÿ4.0 ÿ3.3 8.1
H-4 1.5 ÿ2.9 ÿ2.3 3.8 6.6 0 ÿ1.6
H-5 ÿ2.1 <ÿ5.5 ÿ7.4 8.2 <3.2 ÿ20.1 ÿ17.0
H-6a 1.1 <ÿ5.5 ÿ4.1 5.5 <8.0 2.7 ÿ17.9
H-6b ÿ1.4 <ÿ5.5 ÿ4.1 5.5 <2.3 2.7 ÿ24.2

a Determinedfrom theshift differencebetweenthecomplex[c(3) = 1.2� 10ÿ2 mol lÿ1, 73%in thecomplexedstate,c(Ac–Gly–Phe)= 6� 10ÿ2mol
lÿ1, c(NaCl)= 1.0� 10ÿ2 mol lÿ1 and3 at pD 7.4.

Table 6. 1H and 13C CIS values (D� � 10ÿ2 in ppm) in the
complex of 4 and Ac±Gly±Phe for the glucose units A±G in
D2O at pD 7.4 and 300 Ka

13C CIS 1H CIS

H(C)-1 ÿ12.0 ÿ1.0
H(C)-2 ÿ20.0 ÿ1.0
H(C)-3 ÿ20.0 ÿ7.0
H(C)-4 ÿ7.0 ÿ1.0
H(C)-5 ÿ15.0 ÿ15.0
H(C)-6a ÿ28.0 ÿ1.0
H-6b ÿ1.0
CH3 ÿ40.0 1.0

a Determined from the shift difference between the complex
[c(4) = 5� 10ÿ3 mol lÿ1, 80% in the complexedstate, c(Ac–Gly–
Phe)= 1� 10ÿ3 mol lÿ1, c(NaCl)= 1.0� 10ÿ2 mol lÿ1 and 4 at pD
7.4.
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the H-3 protons.This arrangementallows interactionof
the multiple positivechargesof the CyD moleculewith
thenegativeC-terminusof thepeptide.

In contrast,in the complexeswith only one positive
charge(1 and3), no preferredinclusiongeometrycould
be deduced(Fig. 11). Ortho-, meta- and the methylene
protonsfrom the Pheresiduegive crosspeaksto both
intracavity H-3 and H-5 protons. Both arrangements,
inclusionfrom theprimaryandfrom thesecondaryside,
seemto exist in thesecomplexes.

EXPERIMENTAL

Materials. b-Cyclodextrin was a gift from Wacker-
Chemie(Burghausen,Germany).With the exceptionof
Ac–Gly–Phe(for preparationsee below) the peptides
werepurchasedfrom BachemBiochemica(Heidelberg,
Germany). CM-SephadexC-25 was purchasedfrom
Aldrich-Chemie(Steinheim,Germany)in theNa� form,
swollenin distilled waterovernightandconvertedto the
NH4� form by washingwith 0.5M ammoniumhydro-

Table 7. Intermolecular cross peaks in the T-ROESY spectra of the complexes with 1, 3 and 4 between the aromatic protons of
Ac±Gly±Phe and the cyclodextrin protons H-3 and H-5a,b

CDProp(1) CDBenz(3) HMA (4)

H-3 H-5 H-3 H-5 H-3 H-5

H-ortho � � � � ÿ �
H-meta � � � � � �
H-para � � � � ÿ ÿ
a In D2O, c(NaCl)= 1� 10ÿ2 mol lÿ1, T = 300K; c(1, 2) = 1.2� 10ÿ2 mol lÿ1, c(4 = 5� 10ÿ3 mol lÿ1), c(Ac–Gly–Phe)= 6� 10ÿ2 (for the
complexeswith 1 and3); 1� 10ÿ2 (for 4).
b� = Intermolecular crosspeakobserved;ÿ = no crosspeak.

Figure 10. Complex geometry for the complex of 4 with Ac±Gly±Phe

Figure 11. Schematic representation of the possible complex geometries of 1 and 3 with Ac±Ghy±Phe
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gencarbonatesolution followed by neutralizationwith
water.Deuteratedsolventswerepurchasedfrom Deutero
(Kastellaun,Germany) (deuteration99.9%). All other
chemicalswerepurchasedfrom Fluka-ChemieA (Buchs,
Switzerland)andusedwithout furtherpurification.With
the exceptionof methylamine,all aminesweredistilled
overKOH beforeuse.

TLC wasperformedonsilica-coatedaluminiumplates
(Alugram-SIL; Macherey–Nagel,Düren, Germany)For
detectionthe plateswere treatedwith a solution of 5%
sulfuric acidin ethanolandheated,resultinga blackspot
for CD-containing fractions. Elemental analysis was
performedon an ElementarAnalyserModell 1106from
CarloElba.

Mono-6-p-toluenesulfonyl-b-cyclodextrin. To a solu-
tion of 50.0g ( 44.1mmol) of b-CD in 1.5 l of 0.4M

sodium hydroxide, 50.0g ( 262mmol) of p-toluene
sulfonyl chloridewereaddedwith vigorousstirring. The
resulting suspensionwas stirred for 3 h at 0°C. The
reactionmixture was filtered and neutralizedwith 1 M

hydrochloric acid to yield a white precipitate. After
filtration, thecrudeproductwaswashedwith acetoneand
dried undervacuum.Recrystallizationfrom water gave
12.2g (22%) of mono-6-p-toluenesulfonyl-b-cyclodex-
trin. TLC [acetic acid–chloroform–water(8:1:1, v/v)],
Rf = 0.36.

NMR analysesconfirmedthemonosubstitutionby the
tosylateasdescribedearlier for the samecompounds.28

NMR also showed a purity of only 92%. Repeated
recrystallizationfrom water did not lead to a improved
purity of the product.The productalwaysshowssome
impurities of unreacted CD tosyl chloride. As the
byproducts did not lead to problems in the further
preparationof theamines,noadditionalpurificationsteps
werenecessarywith the tosylate.

Monoamino-CDs 1±3. A 1.0g (0.78mmol) amountof
mono-6-p-toluenesulfonyl-b-cyclodextrinwasdissolved
in 5 ml of the freshlydistilled amineandheatedat 70°C
in an atmosphereof nitrogen for 15h. The aminewas
evaporated,yielding a pale-yellow syrup that was
refluxedin ethanolfor 30min. Thewhite precipitatethat
formedwasisolatedby filtration andthe procedurewas
repeated.Purification was performedby ion-exchange
chromatography on carboxymethyl-Sephadex C-25
(NH4

� form). Thecolumnwaselutedinitially with water
to replaceimpurities. In a secondstep the amino-CDs
boundto thecolumnwereremovedby a gradientfrom 0
to 0.5mol lÿ1 aqueousammoniumhydrogencarbonate.
CD-containingfractions(assayedby TLC showingonly
one spot) were collectedand dried undervaccum.The
remainingwhite solid wasdissolvedthreetimesin water
and evaporatedto drynessto decomposeammonium
hydrogencarbonate.

Yields(afterpurification):1, 695mg(73%);2, 708mg
(75%); 3, 530mg (42%). TLC (2-propanol–ethylace-

tate–water–ammonia(7:7:5:4, v/v)], Rf = (1) 0.40, (2)
0.61 and (3) 0.84. Elementalanalysis:1, calc. N 2.30,
C 46.30,H 6.78,foundN 2.29,C 45.05,H 6.83%;2, calc.
N 2.30,C 46.38,H 6.62,foundN 2.51,C 45.22,H 6.61%;
3, calc.N 1.14,C 48.08,H 6.34,foundN 1.08,C 44.04,
H 6.41%.For NMR spectra,seeNMR section.

6-Heptakisdeoxy-6-heptakismethylamino-b-cyclodex-
trin (4). The heptaamine4 wassynthesizedin two steps
from b-CD.14 After a persubstitutionof the primary
hydroxy functions15 by iodide–triphenylphoshpine,the
aminewaspreparedwith methylaminein dry ethanoland
purification over carboxymethyl-Sephadex.NMR data
and elementalanalyseswere identical with previously
publisheddata.6

Acetyl-glycyl-(L)-phenylalanin: Gly-(l)-Phe was pro-
tectedsimilar to literatureknown synthesis.29 Gly-(L)-
Phe (1.0g, 4.5mmol) was dissolved in a minimum
amountof a saturatedaqueoussodiumhydrogencarbo-
natesolutionandaceticanhydride(0.85ml, 9.0mmol)
added. The reaction mixture was stirred at room
temperaturefor 10min and refluxedfor another3 min
to destroy the remaining anhydride. The reaction
mixture was passedthroughan ion exchangecolumn
(Dowex 50W8 H�-form). The resulting solution was
evaporatedto drynessyielding 686mg (58%) of Ac–
Gly–(L)–Phe as a white solid. m.p. 169°C, TLC:
(Ethylacetate,DMF 9:1) Rf = 0.44, 1H NMR, DMSO-
d6, TMS internal reference,� [ppm]: 12.82 (s, 1H,)
COOH, 8.18 (d, 3J= 7.6Hz, 1H) NH-Phe, 8.08 (t,
3J= 5.6Hz,1H) NH-Gly, 7.32–7.21(m, 5H) phenyl-H,
4.45 (m, 1H) CH-Phe, 3.72 (dd, 2J= 16.6Hz,
3J= 5.8Hz, 1H) CH2a-Gly, 3.63 (dd, 2J= 16.8Hz,
3J= 6.0Hz, 1H) CH2b-Gly, 3.06 (dd 2J= 13.4Hz,
3J= 4.8Hz, 1H) CH2a-benzyl,2.89 (dd, 2J= 13.6Hz,
3J= 8.8,1H) CH2b-benzyl,1.85(s,3H)CH3,13C-NMR,
DMSO-d6, ref = DMSO= 39.5ppm, � [ppm]: 172.2
(Carbox.),169.4,168.9 (Amide), 137.4,129.1,128.2,
126.4(phenyl),53.3(CH), 41.7(CH2-Gly), 36.8(CH2-
benzyl),22.4(CH3).

Fluorescence Spectroscopy. All fluorescencemeasure-
mentswerecarriedout at 298K in doublydistilled water
using a Hitachi fluorescencespectrophotometerF-2000
andHelma‘Quarz-cells111’.Thesampleswereexitedat
360nm and emissionintensitiesmeasuredat 480, 500
and520nm.

NMR-Spectroscopy: NMR spectrawere recordedon
BrukerAM 400(only for theroutineanalysisof theraw
products)and on AVANCE 500 NMR spectrometers,
operatingat 400.1(500.1)MHz for protonsand100.0
(125.0)MHz for carbon-13.A 5 mm dual (inverse)
1H-13C probeheadwas used at room temperature
300�K. Complexation-induced shifts (CIS) values
werecalculated from thedifferenceof the shifts in the
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complexandthefreestateusingtheKA-valuesfrom the
fluorescence displacement titration. (Measurement
conditionsseetables).1� 10ÿ2 mol/l NaCl concentra-
tion waspresentin all solutionsfor anequalion strength
as in the binding constantsmeasurements.Typical
measuringconditionsfor the 2D spectrawere: 90°–>
pulsesfor protonsand carbons,9 and 12 s, gradient
pulselength1 ms, sweepwidth 4000(2000)Hz; data
size2K/1K in the!2/ !1 direction,p/3 shiftedsquared
sine-bellwindowsin bothdirections;delaybetweenthe
scans2 s, 8–64 scans,dependingon concentration.
Phase-sensitive spectrausing the TPPI methodwere
acquired.In the homonuclearexperimentselimination
of the watersignalwasalwaysmade;usingin the 2D
TOCSY spectra the 3–9–19 pulse sequencewith
gradients16,30 and presaturation of the water signal at
apowerof 50dbbelowthemaximumoutputin all other
experiments. The 2D T-ROESY31 spectrawere ac-
quiredusingfor spin locking field a sequenceof 180x
180ÿx pulses,eachwith a duration of 125 s. For a
minimum sweep width in the second dimension
application of quadrature detection was possibleby
the use of two transmitter frequencies, one for
excitationin the middle of the spectrumandthe other
for the spin locking field at the high-field end of the
spectrum.GHSQC21 experimentwas usedfor hetero-
nuclear correlations.For good quality 1D TOCSY
spectrathe z-filtering scheme32 with application of a
selective excitationpulsewasused.

Binding constants. All titrations were carried out at
298K in water,pH 7.0,c(NaCl)= 1� 10ÿ2 mol lÿ1. All
binding constantsare averagevalues calculatedfrom
threeemissionwavelengthsasmentionedabove,differ-
ing by<5%from eachother.In afirst steptheassociation
constantsbetweenthe amino-CD and the fluorescence
indicatorANS weredeterminedby anormalfluorescence
titration. A CD stock solution was added to a ANS
containingsolutionfollowing theincreasein fluorescence
intensity.Theresultswereevaluatedaccordingto a non-
linear least-squaresfitting proceduredescribedearlier.33

The K values[Kass. (M
ÿ1) = 1, 251; 2, 239; 3, 156; 4,

2380] reflectstrongerbinding of the negativelycharged
ANS to thepositivelychargedaminoCDsin comparison
with unmodified CD ( Kass.= 110Mÿ1), in line with
earlier studiesin this field.34 In the secondstep stock
solutionsof the investigatedpeptideswere addedto an
ANS–CD solution and the decreasein fluorescence
intensitieswasfollowed.

The data were treatedwith a linear least-squaresfit
accordingto Eqn.(1),17 yielding thepeptideCD-binding
constantsK.

St

P
� K1

K11
�Q� 1� �1�

where

P� StK11

QK1 � K11

Q� �eÿ e1L�
�e1ÿ e�

S� �peptide�;St � �peptide�total

L � CD;Lt � �CD�total

I � ANS; I t � �ANS�total

K1 � �IL ��I��L� ;K11 � �SL�
�S��L�

e= measuredfluorescenceintensity
eI = fluorescenceintensityof ANS without CD
eIL = fluorescenceintensityof theANS–CDcomplex

with K in Mÿ1, S, P and L in M and other parameters
dimensionless.
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