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ABSTRACT: The synthesis of substituted naphthalene- and benzene-spaced tweezer molecules1b andc and2e–j is
reported. They selectively bind electron-deficient neutral and cationic aromatic substrates. The structural parameters
of the substrate–receptor complexes derived from1H NMR measurements in solution are in good agreement with
those obtained from single-crystal structure analyses. The tweezer2f forms a stable complex withN,N-bis-(3,5-di-
tert-butylbenzyl)-4,4'-bipyridinium 14, a substituted viologen dication, that exhibits the structure of aclipped
rotaxane with a wheel opened on one side. The benzene-spaced tweezer2j shows complexation of the cesium cation
Cs� inside the cavity. Copyright 2000 John Wiley & Sons, Ltd.
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structure analysis

INTRODUCTION

The non-covalent interactions of arenes with other
aromatic units (p–p or arene–arene interaction)1 or with
positively charged ions (cation –p interaction)2 are of
particular importance in the processes of molecular
recognition and self-assembly. The design of efficient
synthetic receptors with the ability of selective substrate
binding requires precise control of their topological and
electronic properties. Besides the frequently used cyclic
and, hence, well preorganized receptors of the cyclo-
phane-type, non-cyclic receptors with cavities of flexible
size proved to be effective.3 We have recently reported
the synthesis and some supramolecular properties of the
hydrocarbon compounds1a and 2a.4 Owing to their
ability to bind selectively electron-deficient aromatic and
aliphatic substrates and organic cations, the receptors1a
and2a can be regarded as molecular tweezers. Here we
report the synthesis of the substituted tweezer molecules
1b and c and 2e–j and a comparison between the
supramolecular structures of several complexes in the
crystalline state and in solution derived either from

single-crystal structure analyses or1H NMR investiga-
tions in solution.

RESULTS AND DISCUSSION

Synthesis of substituted naphthalene- and ben-
zene-spaced tweezers

The substituted naphthalene-spaced tweezers1b and c
can be synthesized in two steps starting from the known

JOURNAL OF PHYSICAL ORGANIC CHEMISTRY
J. Phys. Org. Chem.2000;13: 604–611

Copyright  2000 John Wiley & Sons, Ltd. J. Phys. Org. Chem.2000;13: 604–611

*Correspondence to:F.-G. Klärner, Institut für Organische Chemie,
Fachbereich Chemie, Universita¨t GH Essen, D-45117 Essen, Ger-
many.
E-mail: klaerner@oc1.orgchem.uni-essen.de
Contract/grant sponsor:Deutsche Forschungsgemeinschaft;Contract/
grant number:SFB 452.
Contract/grant sponsor:Fonds der Chemischen Industrie.



bisdienophiles3b andc5 in overallyieldsof 53and29%,
respectively,analogouslyto theparenthydrocarbon1a.4

RepetitiveDiels–Alderreactionsof 3b andc with diene4
proceedstereospecificallyto yield thebisadducts5b and
c which canbeconvertedin to thetweezermolecules1b
and c by oxidative dehydrogenation with 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone(DDQ).

The startingmaterial for the synthesisof substituted
benzene-spacedtweezermolecules2e–j is the diacetate
2b.4 LiAlH 4 reductionof 2b leadsto the hydroquinone
2d4 which canbesubstitutedby ethyl a-bromoacetatein
thepresenceof K2CO3 to give 2e in a yield of 92%(the
synthesisof 2evia a different routehasbeenreported6).
Ester hydrolysis of 2e with KOH or CsOH gives the
potassiumor cesium salt of 2f in almost quantitative
yield. The diacetate2b canbe hydrolyzedby NaOH in
dioxaneto producethehydroquinonemonoacetate2g in
87% yield.7 Substitutionof 2g by ethyl a-bromoacetate
and subsequenthydrolysis of the two ester functions
gives the acid 2i, which can be neutralizedby CsOH
leadingto thecesiumsalt (Cs�2j).

Naphthalene-spaced tweezers 1a±c as receptors
for neutral and cationic aromatic substrates

Becauseof its ribbon-typeconcavetopology, the five
areneunitsof thetweezermolecule1 or 2 defineacavity
in whichanaromaticsubstratemoleculecanbeboundby
multiple arene–areneinteractions(Table 1). The mag-
netic anisotropy of the arene units makes 1H NMR
spectroscopya very sensitiveprobefor uncoveringthe
complexationof substratemoleculesinsidethecavity of
1 or 2. Inspectionof the maximumchemically induced
shifts (D�max) determinedby the methodof 1H NMR
titration for thedifferentaromaticandquinoidsubstrates
in the complexeswith the parenthydrocarbonnaphtha-
lene-spacedtweezer 1a, which have been already
reported,4 providesqualitative insight into the complex
geometries.(Structural parametersof supramolecular
complexescan be calculatedfrom the complexation-
inducedchangesin 1H NMR chemicalshiftsby theuseof
empiricalshift parameters,asreportedby Hunteret al.8

mostrecently.This kind of calculationwill beappliedto
thecomplexesreportedhere.)

ThelargeD�maxvaluesfoundfor thecomplexes6@1a,
7@1a and8@1a4 indicatethat the two hydrogenatoms
of the substrates,which are inside the cavity, point
toward the centersof the oppositebenzenerings of the
receptorwhich are adjacentto the central naphthalene
spacerunit. Thesefindingsare in goodagreementwith
the single-crystalstructureanalysisof 6@1a4 depicted
here only from top view. Tetracyanobenzene6 forms
with all three naphthalene-spacedtweezers1a–c very
stablecomplexeswhich arebright yellow in the caseof
6@1a and 6@1b (D�max= 5.9) and red in the caseof
6@1c (D�max= 5.9) due to the CT absorption at
�max= 422, 420 and 478nm, respectively(� = 794, 178
or 158). The mutual complexation–decomplexation
reactionbetween6 and1a–c is slow with respectto the
NMR time-scaleso that at room temperature,if [6]0

<[1]0, separate1H NMR signalsof free andcomplexed
receptor 1a, b or c are observed, which show a
coalescenceat 90, 60, and60°C, respectively.From the
analysisof thetemperature-dependentlineshapesof these
signalstheGibbsenthalpyof activationwascalculatedat
the temperatureof coalescenceto be DG≠ = 16.7� 0.2,
16.2� 0.2 and 15.9� 0.2kcalmolÿ1 for the formation

Table 1. Association constants Ka (mol lÿ1) of the complexes
at 21°C in CDCl3 determined by the method of 1H NMR
titration4

Substrate

6 7 8 9
Ka >105 40� 4 85� 9 110� 11

Substrate

10 11 12 13
Ka 1000� 100 >105 20� 2 25� 4
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of the complexes6@1a, 6@1b and6@1c, respectively.
The mutual complexation–decomplexation reactionsof
the weakercomplexesbetweenthe substrates7–13 and
1a–c as receptorsare rapid on the NMR time-scaleat
roomtemperatureso that in eachcaseonly averaged1H
NMR signalsareobserved.

Accordingto thesingle-crystalstructureanalysis,4 the
geometryof complex9@1a is similar to that of 6@1a.
The observation,that D�max in 9@1a is significantly
smaller than the correspondingD�max valuesin 6@1a,
7@1a or 8@1a canbe explainedby the rapid equilibra-
tion betweenthe two structuresA and B leadingto an

averagingof thepairwisenon-equivalenthydrogenatoms
in A andB, respectively.TheD�max valuesobservedfor
thecomplex10@1acanbeexplainedin asimilar fashion.
If the hydrogenatomsof the substratepoint out of the
cavity of the receptor,asit is shownfrom single-crystal
structure analysis of the complex 11@1a,4 a further
decreasein D�max is expected.Fromthe relatively small
D�max values found for the complexes of quinoid
substrates11@1a, 12@1a and the terephthalaldehyde
13@1a, one can concludethat the geometriesof these
complexesin solutionaresimilar to thatof 11@1a in the
crystal.

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000;13: 604–611
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The Kosower salt 10 is also applied as a probe of
solvent polarity comparable to the commonly used
Dimroth–ReichardtET scale.9 A blue shift in the CT
absorptionof 10 is observedwith increasingsolvent
polarity. A blueshift is alsofoundfrom CT = 453nm of
free 10 in CHCl3 to 425nm (shoulder)in the complex
10@1a. Provided that the geometry of the salt 10
(distancebetweenthe cationic and anionic center) is
not changedin theprocessof complexation,thepolarity
inside the tweezercavity canbe calculatedto be in the
range of N,N-dimethylacetamidein the bulk phase
(�CT = 427nm).This resultis consistentwith thefinding
thatthetweezermolecules1 and2 serveasreceptorsonly
for acceptor-substituted neutraland cationic substrates,
which canbeexplainedby quantummechanicalcalcula-
tions.10 The electrostaticpotentialsare calculatedto be
surprisinglynegativeon theconcavesideof the tweezer
moleculesand they are complementaryto thoseof the
electron-deficientsubstrates.

Benzene-spaced tweezers 1 as receptor for ca-
tions

Recently,we found for the formation of the complex
betweenthe benzene-spacedtweezer1a and the violo-
genedication 14 that the substrateentersthe receptor
cavity by a clipping processthroughthe bottom after a
spreadingof thetweezer’stipsandnot,asexpected,via a
threadingof thesubstratethroughoneof its opensides.11

For that reason,the complex 14@1a is kinetically not
stablein solutiondespiteof the bulky stoppergroupsin
14, which should certainly prevent the dissociationof
14@1a via thethreadingmechanism.Now we wereable
to grow singlecrystalsof thecomplex14@2f which are
stableat roomtemperature.Thecrystalstructureanalysis

of thiscomplexshowsthestructureof aclippedrotaxane
with a wheelopenedon oneside.

The benzene-spacedtweezer1 is also able to form
complexes with the alkali metal cation Cs�. The
downfield shift (D� =ÿ0.15) of the OCH2CO2

ÿ signal
in 1H NMR spectrumof thesalt(Cs�)22f [comparedwith
the corresponding spectrum of the potassium salt
(K�)22f] is a first indicator for complexationof the
cation Cs�. The single-crystalstructureanalysisof the
salt Cs�2j showsunambiguouslythe complexationof
Cs� insidethecavity of 2j. Accordingly, theCs� cation
interactswith four of the five benzeneunits inside the
tweezer cavity. Cs� has obviously the optimum size
(ionic radius167pm)12whereasK� (133pm)is toosmall
for thesemultiple attractivecation–areneinteractionsso
thatthestability usuallyobservedfor the1:1alkali metal
cation–arenecomplexes(Li� > Na� > K� > Cs�)2 is
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reversedin thecaseof K� <Cs�.

CONCLUSION

Thenaphthalene-andbenzene-spacedtweezermolecules
reportedherepreferentiallybind electron-deficientneu-
tral and cationic aromatic substrates.The structural
parametersof the non-covalently bound complexes
derivedfrom 1H NMR measurementsin solutionare in
goodagreementwith thoseobtainedfrom single-crystal
structureanalyses.Thebenzene-spacedtweezer2f forms
a stable complex with the viologen dication 14 that
exhibitsthestructureof a clippedrotaxanewith a wheel
openedon oneside.Thecrystalstructureanalysisof the
cesiumsaltof the tweezer2j showsthecomplexationof
Cs� insidethecavity of 2j.

EXPERIMENTAL

General The following instrumentationwas used: IR,
Bio-RadFTS135;UV, J�M TidasFGCosytecRS422;
MS, Fison InstrumentsVG ProSpec3000 (70eV); 1H
NMR, 13C NMR, DEPT H,H COSY, C,H COSY,
NOESY, HMQC and HMBC, Bruker AMX 300; 1H
NMR titration experiments,VarianGeminiXL 200.The
undeuteratedsolventwas usedas an internal standard.
Positions of the protons of the methanobridges are
indicatedby thelettersi (innen, towardsthecenterof the
molecule)and a (aussen, away from the centerof the
molecule).All melting-pointsare uncorrected.Column
chromatographywascarriedout usingsilica gel, 0.063–
0.2mm. All solvents were distilled prior to use.
Ampouleswere sealedin vacuo after three freeze (2-
propanol–dryice)andthawcyclesusingargonasaninert
gas.

Synthesis of 1b
8,21-Diacetoxy-(5,6,6a,7,10,10a,11,12,17,18,18a,19,
22,22a,23,24-hexadecahydro-5,24:7,22:10,19:12,17-
tetramethanodecacene (5b). A solution of diene 4
(673mg, 4 mmol), bisdienophile3b (372mg, 1 mmol),

and anhydrous triethylamine (0.1ml) in anhydrous
toluene(10ml) washeatedat 160°C for 6 d in a sealed
ampoule. The reaction mixture was concentratedin
vacuo and the crude product was purified by column
chromatography[silica gel, cyclohexane–ethylacetate
(5:1)] leadingto 5b ascolorlesssolid(510mg,72%).MS
(70eV): m/z (%) 709 (78) [M�], 667 (55)
[M� ÿCOCH3], 625 (52) [M� ÿ2COCH3], 473 (38)
[M� ÿCOCH3 ÿC15H14], 430 (90) [M� ÿ2COCH3

ÿC15H14], 236 (100) [M� ÿ2COCH3 ÿ2C15H14]. HR-
MS (70eV): calculated (C50H44O4) 592.3130; found
592.3133.1H NMR (300MHz, CDCl3): � 1.72(m, 4 H,
6a-H,10a-H,18a-H,22a-H),1.77(m,2 H, 26-Ha, 27-Ha),
2.08(m, 2 H, 26-Hi, 27-Hi), 2.23(m, 4 H, 25-Hi, 25-Ha,
28-Hi, 28-Ha), 2.37(m,8 H, 6-H,11-H,18-H,23-H),2.46
(s,6 H, -CH3), 3.02(s,2 H, 10-H,19-H),3.05(s,2 H, 7-
H, 22-H),3.58(m, 2 H, 5-H, 24-H),3.59(m, 2 H, 12-H,
17-H),6.81(m,4 H, 2-H,3-H,14-H,15-H),7.10(m,4 H,
1-H, 2-H, 14-H, 15-H), 7.36 (s, 2 H, 9-H, 20-H). 13C
NMR (75MHz, CDCl3): � 20.77(q, —OCOCH3), 29.55
(t, C-6,C-11,C-18,C-23),38.99(d, C-6a,C-22a),40.39
(d,C-10a,C-18a),44.06(t, C-26,C-27),49.85(d,C-7,C-
22),52.62(d,C-10,C-19),53.50(d,C-5,C-24),53.55(d,
C-12,C-17),66.31(t, C-25),66.70(t, C-28),111.57(d,
C-9,C-20),120.58(d, C-1,C-4),120.63(d, C-13,C-16),
123.93(d, C-2, C-3), 123.96(d, C-14,C-15),125.67(s,
C-8a,C-22a),136.12(s, C-8, C-21),136.79(s, C-7a,C-
21a),147.11(s, C-5a,C-23a),147.36(s, C-11a,C-17a),
151.80(s, C-9a,C-19a),151.83(s, C-4a,C-12a,C-16a,
C-24a),169.06(s, —OCOCH3).

8,21-Diacetoxy-(5,7,10,12,17,19,22,24-octahydro-
5,24:7,22:10,19:12,17-tetramethanodecacene (1b).
DDQ (1.59g, 0.95mmol) wasaddedto a solutionof 5b
(0.51g, 0.72mmol) in toluene(25ml). The intensively
stirred mixture was immediatelyplacedin an oil bath
preheatedto 120°C and kept at 120°C for 3 h. The
reactionmixture wasallowed to cool to room tempera-
tureandtheexcessof DDQ wasconvertedin to DDQH2

by reaction with added 1,4-cyclohexadiene(0.3ml).
After filtration, the filtrate was concentratedin vacuo
andthecrudeproductwaspurifiedby columnchromato-
graphy [silica gel, cyclohexane–ethylacetate (2:1)],
affording 1b as a colorlesssolid (0.37g, 73%), m.p.
>300°C. MS (70eV): m/z (%) 700 (37) [M�], 616
(100) [M� ÿ2COCH3]. HR-MS (70eV): calculated
(C50H36O4) 700.2614; found 700.2613. IR (KBr):
~� �cmÿ1� 2978 (CH), 2945 (CH), 1762 (C=O). 1H
NMR (300MHz, CDCl3): � 2.44 (s, 6 H, —CH3), 2.46
(m, 6 H, 25-Hi, 25-Ha, 26-Ha, 27-Ha, 28-Hi, 28-Ha), 2.50
[dm, 1 H, 2J(27-Hi, 27-Ha) = 8 Hz, 27-Hi], 2.55[dm, 1 H,
2J(26-Hi, 26-Ha) = 8 Hz, 26-Hi], 4.05 (s, 2 H, 12-H, 17-
H), 4.07(s, 2 H, 5-H, 24-H), 4.13(s, 2 H, 10-H, 19-H),
4.15(s, 2 H, 7-H, 22-H), 6.76(m, 4 H, 2-H, 3-H, 14-H,
15-H),7.04(m, 4 H, 1-H, 4-H, 13-H,16-H),7.07(s,2 H,
11-H,18-H),7.10(s,2 H, 6-H, 23-H),7.30(s,2 H, 9-H,
20-H). 13C NMR (75MHz, CDCl3): � 20.85 (q, —
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COOCH3), 48.15(d, C-7, C-22),50.59(d, C-10,C-19),
51.01(d, C-5, C-12,C-17,C-24),64.00(t, C-26),64.80
(t, C-27),67.59(t, C-25),67.66(t, C-28),113.12(d, C-9,
C-20), 116.27(d, C-6, C-23), 116.77(d, C-11, C-18),
121.56(d, C-1, C-4), 121.60(d, C-13,C-16),124.16(d,
C-2, C-3, C-14, C-15), 124.90(d, C-8a,C-20a),137.16
(s, C-8, C-21),137.76(s, C-7a,C-21a),145.61(s, C-5a,
C-23a),146.58(s, C-11a,C-17a),147.82 (s, C-6a, C-
22a),147.92(s, C-10a,C-18a),148.39(s, C-4a,C-12a,
C-16a,C-24a),150.50(s, C-9a, C-19a),168.92(s, —
COOCH3).

Synthesis of 1c
8,21-Dimethoxy-5,6,6a,7,10,10a,11,12,17,18,18a,19,
22,22a,23,24-hexadecahydro-5,24:7,22:10,19:12,17-
tetramethanodecacene (5c). A solution of diene 4
(673mg, 4 mmol), bisdienophile3c (295mg, 0.9mmol)
and anhydrous triethylamine (0.1ml) in anhydrous
toluene(10ml) washeatedat 160°C for 6 d in a sealed
ampoule. The reaction mixture was concentratedin
vacuo and the crude product was purified by column
chromatography[silica gel, cyclohexane–ethylacetate
(40:1)] leadingto 5c as colorlesssolid (393mg, 67%).
MS (70eV): m/z (%) 652 (100) [M�], 637 (45) [M�

ÿCH3], 622 (32) [M� ÿ2CH3].
1H NMR (300MHz,

CDCl3): � 1.62 (m, 4 H, 6a-H, 10a-H, 18a-H, 22a-H),
1.68(m, 2 H, 26-Ha, 27-Ha), 2.09(m, 2 H, 26-Hi, 27-Hi),
2.23(m, 4 H, 25-Hi, 25-Ha, 28-Hi, 28-Ha), 2.34(m, 8 H,
6-H, 11-H, 18-H, 23-H), 3.09(s, 2 H, 10-H, 19-H), 3.35
(s,2 H, 7-H, 22-H),3.60(s,4 H, 5-H,12-H,17-H,24-H),
3.88(s,6 H, -CH3), 6.81(m, 4 H, 2-H, 3-H, 14-H,15-H),
7.12(m, 4 H, 1-H, 4-H, 13-H, 16-H), 7.68(s, 2 H, 9-H,
20-H).13C NMR (75MHz, CDCl3): � 29.63(t, C-6,C-11,
C-18,C-23),40.67(d, C-6a,C-22a),40.80(d, C-10a,C-
18a),43.68(t, C-26), 44.12(t, C-27), 49.27(d, C-7, C-
22),52.51(d,C-10,C-19),53.51(d,C-5,C-24),53.54(d,
C-12,C-17),61.67(q, -CH3), 66.48(t, C-25),66.53(t, C-
28), 112.26(d, C-9, C-20),120.57(d, C-1, C-4), 120.60
(d,C-13,C-16),123.86(d, C-2,C-3),123.91(d,C-14,C-
15), 126.60(s, C-8a, C-20a),135.35(s, C-7a, C-21a),
144.06(s,C-8,C-21),146.92(s,C-9a,C-19a),147.28(s,
C-5a,C-23a),147.48(s, C-11a,C-17a),151.93(s, C-4a,
C-24a),152.02(s, C-12a,C-16a).

8,21-Dimethoxy-(5,7,10,12,17,19,22,24-octahydro-
5,24:7,22:10,19:12,17-tetramethanodecacene (1c).
DDQ (908mg, 4 mmol) was addedto a solution of 5c
(313mg, 0.48mmol) in toluene(20ml). The intensively
stirred mixture was immediatelyplacedin an oil bath
preheatedto 120°C and kept at 120°C for 3 h. The
reactionmixture wasallowed to cool to room tempera-
tureandtheexcessof DDQ wasconvertedto DDQH2 by
reactionwith added1,4-cyclohexadiene(0.3ml). After
filtration, the filtrate wasconcentratedin vacuoand the
crudeproductwas purified by column chromatography
[silica gel, cyclohexane–ethylacetate(10:1)] affording
1c as colorlesssolid (133mg, 43%), m.p. 227°C. MS

(70eV): m/z(%) 644(100) [M�], 629(32) [M� ÿCH3],
614 (22) [M� ÿ2CH3]. IR (KBr): ~� �cmÿ1� 2978(CH),
2946(CH),1272(C—O).1H NMR (300MHz, CDCl3): �
2.46(m, 7 H, 25-Hi, 25-Ha, 26-Ha, 27-Hi, 27-Ha, 28-Hi,
28-Ha), 2.54 [dm, 1 H, 2J(26-Hi, 26-Ha) = 8 Hz, 26-Hi],
3.80(s, 6 H, —CH3), 4.07(s, 4 H, 5-H, 12-H, 17-H, 24-
H), 4.19(s, 2 H, 10-H, 19-H), 4.50(s, 2 H, 7-H, 22-H),
6.77(m, 4 H, 2-H, 3-H, 14-H,15-H),7.05(m, 4 H, 1-H,
4-H, 13-H,16-H),7.10(s,2 H, 11-H,18-H),7.12(s,2 H,
6-H,23-H),7.62(s,2 H, 9-H,20-H).13C-NMR (75MHz,
CDCl3): � 47.53(d, C-7, C-22), 50.65(d, C-10, C-19),
51.04 (d, C-5, C-12, C-17, C-24), 61.70 (q, —OCH3),
63.53(t, C-26),65.00(t, C-27),67.58(t, C-25),67.64(t,
C-28), 113.85 (d, C-9, C-20), 116.17 (d, C-6, C-23),
116.21(d, C-11,C-18),121.53(d, C-1, C-4), 121.61(d,
C-13, C-16), 124.05(d, C-2, C-3), 124.11(d, C-14, C-
15), 125.88(s, C-8a, C-20a),135.49(s, C-7a, C-21a),
145.30(s,C-5a,C-23a),146.59(s,C-8,C-21),147.02(s,
C-11a,C-17a),147.44(s,C-6a,C-22a),147.53(s,C-10a,
C-18a),147.86(s,C-9a,C-19a),150.54(s,C-4a,C-24a),
150.72(s, C-12a,C-16a).

Synthesis of 2e±j
Diethyl 8,19-dioxy-5,7,9,11,16,18,20,22-octahydro-5,
22:7,20:9,18:11,16-tetramethanononacene-O,O'-dia-
cetate (2e). AnhydrousK2CO3 (50mg,0.36mmol)anda
small amountof KI weresuspendedin a solutionof 2d
(50mg, 0.088mmol) and ethyl bromoacetate(37mg,
0.22mmol) in anhydrousacetone(8 ml) andthemixture
was stirred for 4 d at room temperature.The reaction
mixture was extractedwith dichloromethaneand the
organic layer was washedsuccessivelywith saturated
aqueoussolutionsof NH4Cl andNaHCO3 andwater.The
organiclayerwasdriedoveranhydrousNa2SO4, filtered
and the filtrate concentratedin vacuo to afford 2e as a
colorlesssolid (60mg, 92%). MS (70eV): m/z(%) 738
(100) [M�], 651(52) [M� ÿCH2COOEt],564(23) [M�

ÿ2CH2COOEt]. IR (KBr): ~��cmÿ1�3065 (CH), 3046
(CH), 2976(CH), 2935(CH), 2863(CH), 1759(C=O),
1734(C=O), 1290(C—O),1263(C—O),1202(C—O),
1179(C—O).1H NMR (300MHz, CDCl3):� ÿ0.27[t, 6
H, 3J(30-H, 29-H)= 7.2Hz, 30-H, 34-H], 2.34[dd, 4 H,
2J(24-H,25-H)= 4.0Hz,24-H,25-H],2.40(s,4 H, 24-H,
26-H),3.37(q, 4 H, 29-H,33-H),4.03(s,4 H, 5-H,11-H,
16-H,22-H),4.23(s,4 H, 7-H,9-H,18-H,20-H),4.45(s,
4 H, 27-H, 31-H), 6.76 [m, 4 H, 3J(2-H, 1-H) = 3.2Hz,
3J(2-H, 3-H) = 3.0Hz, 2-H, 3-H, 13-H,14-H], 7.04(m, 4
H, 1-H, 4-H, 12-H,15-H),7.05(s,4 H, 6-H, 10-H,17-H,
21-H).13C NMR (75MHz, CDCl3): � 12.26(q, C-30,C-
34),48.09(d, C-7,C-9,C-18,C-20),51.08(d, C-5,C-11,
C-16,C-22),60.99(t, C-29,C-33),68.17(t, C-24,C-25),
68.53(t, C-23,C-26),69.96(t, C-27,C-31),116.12(d,C-
6, C-10,C-17,C-21),121.23(d, C-1, C-4, C-12,C-15),
124.60(d, C-2, C-3, C-13,C-14),139.70(s, C-7a,C-8a,
C-18a,C-19a),143.84(s,C-8,C-19),147.11(s,C-6a,C-
9a,C-17a,C-20a),147.51(s,C-5a,C-10a,C-16a,C-21a),
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150.65(s, C-4a,C-11a,C-15a,C-22a),169.21(s, C-28,
C-32).

Dicesium 8,19-dioxy-5,7,9,11,16,18,20,22-octahydro-
5,22:7,20:9,18:11,16-tetramethanononacene-O, O'-
diacetate [(Cs�)22f]. Aqueous CsOH (0.1M, 2.8ml)
was added to a stirred suspensionof 2e (200mg,
0.27mmol) in ethanol (10ml) and the mixture was
refluxedfor 2 h.After evaporationof thesolventin vacuo
the solid was dried over CaCl2 in desiccatorto afford
(Cs�)22f asa colorlesssolid (260mg, 100%).1H NMR
(300MHz, CD3OD): � 2.27 [dm, 2 H, 2J(24i-H, 25i-
H) = 8.8Hz, 24i-H, 25i-H), 2.34 (dm, 2 H, 24a-H,25a-
H), 2.35(s,4 H, 23-H,26-H),4.06(s,4 H, 5-H,11-H,16-
H, 22-H),4.24(s,4 H, 27-H,29-H),4.30(s,4 H, 7-H, 9-
H, 18-H, 20-H), 6.82 (m, 4 H, 2-H, 3-H, 13-H, 14-H),
7.09(m, 4 H, 1-H, 4-H, 12-H, 15-H), 7.20(s, 4 H, 6-H,
10-H,17-H,21-H).13C NMR (75MHz, CDCl3): � 48.02
(d, C-7, C-9, C-18,C-20),51.20(d, C-5, C-11,C-16,C-
22),68.76/68.23(t, C-23,C-26,C-24,C-25),73.70(t, C-
27,C-29),116.90(d, C-6,C-10,C-17;C-21),122.17(d,
C-1,C-4,C-12,C-15),125.93(d, C-2,C-3,C-13,C-14),
141.70(s, C-8a,C-8a,C-18a,C-19a),145.44(s, C-8, C-
19), 149.11(s, C-6a,C-9a,C-17a,C-20a),151.93(s, C-
4a,C-11a,C-15a,C-22a),177.05(s, C-28,C-30).

8-Acetoxy-19-hydroxy-5,7,9,11,16,18,20,22-octahy-
dro-5,22:7,20:9,18:11,16-tetramethanononacene
(2g). 3.0ml of 1 M aqueousNaOHwasslowly addedto
an intensivelystirred solution of diacetate2b (210mg,
0.32mmol) in dioxane (20ml) and kept at room
temperaturefor 30min. The yellow reaction mixture
was poured into a 1:1 mixture of saturatedaqueous
NH4Cl and5 M aqueousHCl (50ml) andextractedthree
times with dichloromethane.The combined organic
layerswerewashedwith waterandbrine anddried over
anhydrousNaSO4. After evaporationof the solvent in
vacuo, 2g was obtainedas a colorlesssolid (189mg,
96%), m.p. 285–287°C. MS (70eV): m/z (%) 608 (82)
[M�], 566 (100) [M� ÿCOCH3]. HR-MS (70eV):
calculated (C46H34O4) 608.2351; found 608.2350.IR
(KBr): ~� �cmÿ1� 3420 (OH), 3009 (CH), 2970 (CH),
2936 (CH), 2863 (CH), 1762 (C=O); 1H-NMR
(300MHz, CDCl3): � 2.32 (s, 3 H, COCH3), 2.35 [d, 2
H, 2J(24i-H,24a-H)= 7.5Hz,24i-H,25i-H], 2.40(s,4 H,
23-H,26-H),2.44(d, 2 H, 24a-H,25a-H),3.96(s,2 H, 7-
H, 9-H), 4.08(s,4 H, 5-H, 11-H,16-H,22-H),4.20(s,2
H, 18-H,20-H),4.49(s,1 H, O-H), 6.74(m, 4 H, 2-H, 3-
H, 13-H, 14-H), 7.07 (m, 4 H, 1-H, 4-H, 12-H, 15-H),
7.11(s, 2 H, 6-H, 10-H), 7.14(s, 2 H, 17-H, 21-H). 13C
NMR (75MHz, CDCl3): � 20.81(q,—CH3), 47.29(d,C-
18,C-20),48.66(d, C-7,C-9),51.20(d, C-5,C-11,C-16,
C-22), 68.87 (t, C-24, C-25), 70.14 (t, C-23, C-26),
116.25(d), 116.52(d), 121.40(d), 121.48(d), 124.59(d),
124.62(d), 133.63(s),135.30(s),140.79(s),141.95(s),
146.43(s), 146.63(s), 147.49(s), 147.53(s), 150.24(s),
150.26(s), 169.44(s, C=O).

Ethyl 8-acetoxy-19-oxy-5,7,9,11,16,18,20,22-octahy-
dro-5,22:7,20:9,18:11,16-tetramethanononacene-O-
acetate (2h). AnhydrousK2CO3 (17mg,0.12mmol)and
a smallamountof KI weresuspendedin a solutionof 2g
(115mg, 0.19mmol) and ethyl bromoacetate(37mg,
0.22mmol) in anhydrousacetone(5 ml) andthemixture
was stirred for 4 d at room temperature.The reaction
mixture was diluted with dichloromethane(50ml) and
theorganiclayerwaswashedsuccessivelywith saturated
aqueoussolutionsof NH4Cl, NaHCO3, and water. The
organiclayerwasdriedoveranhydrousNa2SO4, filtered
andthefiltratewasconcentratedin vacuoaffording2h as
a colorlesssolid (113mg, 84%). MS (70eV): m/z (%)
694(100)[M�], 651(46) [M� ÿCOCH3], 564(22) [M�

ÿCOCH3ÿCH2CO2Et]. IR (KBr): ~� �cmÿ1� 3065(CH),
3040 (CH), 2977 (CH), 2922 (CH), 1762 (C=O). 1H
NMR (300MHz, CDCl3): � ÿ1.64[t, 3 H, 3J(32-H, 31-
H) = 7.2Hz, 32-H], 2.32 [dm, 2 H, 2J(24i-H, 24a-
H) = 9.0Hz, 24a-H, 25a-H], 2.35 (s, 3 H, 28-H), 2.42
(m, 4 H, 23-H,26-H),2.46(dm,2 H, 24i-H, 25i-H), 2.62
(q, 2 H, 31-H),3.93(s,2 H, 7-H, 9-H), 4.04(s,4 H, 5-H,
11-H, 16-H, 22-H), 4.27(s, 2 H, 18-H, 20-H), 4.68(s, 2
H, 29-H),6.74(m,4 H, 2-H,3-H,13-H,14-H),7.05(m,4
H, 1-H, 4-H, 12-H, 15-H), 7.09/7.11(s, 2 H, 6-H, 10-H
and17-H,21-H).13C NMR (75MHz, CDCl3): � 10.76(q,
C-32),21.07(q, C-28),48.29/48.76(d, C-7, C-9 andC-
18,C-20),51.32(d, C-5,C-11,C-16,C-22),61.30(t, C-
31),68.48(t, C-24,C-25),68.52(t, C-29),69.06(t, C-23,
C-26), 116.23/116.27(d, C-6, C-10 and C-17, C-21),
121.23/121.27(d, C-1, C-4 and C-12, C-15), 124.56/
124.71(d,C-2,C-3andC-13,C-14),139.04(s,C-17a,C-
18a),141.08(s, C-7a,C-8a),145.26(s, C-8), 146.71(s,
C-19), 146.80 (s, C-6a, C-9a, C-17a, C-20a), 147.48/
147.59(s,C-5a,C-10aandC-16a,C-20a),150.43/150.64
(s, C-4a,C-11aandC-15a,C-22a),168.96/169.02(s, C-
27 andC-30).

8-Hydroxy-19-oxy-5,7,9,11,16,18,20,22-octahydro-
5,22:7,20:9,18:11,16-tetramethanononacene-O-
acetic acid (2i). AqueousNaOH(1 M, 3.0ml), wasslowly
addedto an intensivelystirred solution of 2h (110mg,
0.15mmol) in ethanol(20ml). Themixturewasrefluxed
for 2 h and then neutralizedwith aqueousHCl (1 M,
3.0ml) and extractedwith dichloromethane.The com-
binedorganiclayerswerewashedwith waterandbrine
and dried over anhydrousNaSO4. After evaporationof
thesolventin vacuo, thecrudeproductwasrecrystallized
from ethanol to obtain 2i as a colorlesssolid (89mg,
96%). 1H NMR (300MHz, CDCl3): � 2.37 [dm, 2 H,
2J(24i-H, 24a-H)= 9.0Hz, 24a-H,25a-H], 2.39 (s, 3 H,
28-H),2.41(m, 4 H, 23-H,26-H),2.43(dm, 2 H, 24i-H,
25i-H),4.07(s,4 H, 5-H,11-H,16-H,22-H),4.20(s,2 H,
18-H,20-H),4.27(s,2 H, 7-H, 9-H), 4.43(s,2 H, 29-H),
6.76(m, 4 H, 2-H, 3-H, 13-H,14-H),7.07(m, 4 H, 1-H,
4-H, 12-H,15-H),7.15/7.16(s,2 H, 6-H, 10-Hand17-H,
21-H).13C NMR (75MHz, CDCl3): � 48.29/48.76(d, C-
7,C-9andC-18,C-20),51.32(d,C-5,C-11,C-16,C-22),
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68.48(t, C-24,C-25),68.52(t, C-29),69.06(t, C-23,C-
26), 116.23/116.27(d, C-6, C-10 and C-17, C-21),
121.23/121.27(d, C-1, C-4 and C-12, C-15), 124.56/
124.71(d,C-2,C-3andC-13,C-14),139.04(s,C-17a,C-
18a),141.08(s, C-7a,C-8a),145.26(s, C-8), 146.71(s,
C-19), 146.80 (s, C-6a, C-9a, C-17a, C-20a), 147.48/
147.59(s,C-5a,C-10aandC-16a,C-20a),150.43/150.64
(s, C-4a, C-11aand C-15a,C-22a),174 (s, C-30). The
cesiumsaltCs�2j wasobtainedby reactionof theacid2e
with anequimolaramountof CsOH.

X-ray crystal structure determinations `Clipped
rotaxane' 14@2f �4(CH3OH). Measured on a
Siemens(Bruker) SMART diffractometerwith Mo Ka
radiation.Cell dimensions,a = 15.797(3),b = 16.319(3),
c = 17.475(4)Å, a = 76.18(1), b = 88.417(4), 
 =
62.082(4)°, V = 3846.7(1) Å3; triclinic crystal system,
Z = 2, dcal. = 1.182g cmÿ3, m = 0.08mmÿ1, spacegroup
P1, datacollection of 34 669 intensities(2Ymax= 50°),
11677 independent (Rmerg= 0.0758), 4596 observed
[Fo> 4s(F)], empiricalabsorptioncorrectionon equiva-
lent reflections(Siemens-SADABS),structuresolution
with direct methodsand refinementon F2 (Siemens-
SHELXS-Plus package and SHELXL-97, 871 para-
meters), constraint refinement on ideal geometries
applied to the phenyl groups,hydrogenatom positions
calculatedandrefinedasriding groupswith the1.2-fold
(1.5-fold for methyl groups) isotropic U-value of the
equivalent U-value from the correspondingC-atoms.
R1 = 0.0849,wR2 = 0.266, maximum residual electron
density= 0.60e Åÿ3.

Cs�@2j� 2(CH3OH). Measuredon a Siemens(Bruker)
SMART diffractometer with Mo Ka radiation at
ÿ158°C. Cell dimensions, a = 11.9689(1), b =
10.4213(2), c = 33.2609(2)Å, b = 97.940(1)°, V =
4109.91(1)Å3; monoclinic crystal system,Z = 4, dcal.=
1.322g cmÿ3, m = 0.94mmÿ1, spacegroup P21/c, data
collection of 11284 intensities (2Ymax= 56.3°), 7734
independent (Rmerg= 0.0795), 5029 observed [Fo>
4s(F)], empirical absorptioncorrection on equivalent
reflections(Siemens-SADABS)structuresolution with
directmethodsandrefinementonF2 (Siemens-SHELXS-
Plus packageand SHELXL-97, 510 parameters),con-
straint refinementon ideal geometriesapplied to the
hydrogenatom positionswith the 1.2-fold (1.5-fold for

methyl groups)isotropic U-value of the equivalentU-
value from the correspondingC-atoms. R1 = 0.1019,
wR2 = 0.267,maximumresidualelectrondensity= 3.9 e
Åÿ3 at a distanceof 1.06Å from Cs.
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