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Abstract
This work describes two classes of synthet ic 1, l '-binapht halene derived receptor systems
for the complexation of octy l pyranosides, whic h co nsist of either a macrocyclic or
dendritic framework.
In the first part, the synthes is and carbohydrate recognit ion properties of a family of
optically active cyclopha ne receptors (71- 73 ), in wh ich three 1, 1·-binaphthalene-2,2 '-diol
spacers are interconnected by three buta-1,3-diynediyl linkers, are described.

The

macrocycles all conta in highly preorganized cavities lin ed with six convergent OH groups
for H-bonding and complementary in size and shape to monosaccharides. Compounds 7173 differ by the functionality attached to the major groove of the 1, l '-binaphth alene-2,2'diol spacers. The major grooves ofthe spacers in 72 are unsubstituted, whereas those in 71
bear benzyloxy groups (BnO) in the 7,7' -pos itions and those in 73 2-p heny lethyl groups in
the 6,6'-positions. The planar, Drsymmetri cal receptor (R,R,R)- 71 was prepared prior to
this work [56] via a Pd(O)-catalyzed Stille couplin g of (R)-81 to (R)-82 (Scheme 3).
ln sufficient reproducibility and onl y moderate y ields ofthis cruc ia l conve rsion encouraged
us to develop an improved seq uence for the synthesis of (S,S,S)-71: instead of the ori gi nal

Stille coupling, a Sonogashira cross-coup lin g of the diiodinated compound (S)-88 with
trimethy lsilylacetylene was emp loyed (Sch eme 6).
The preparation of the D3-symmetrical receptors (S.S,S)- 71 (Scheme 7), (S,S,S)-72

(Scheme 9), and (S,S,S)-73 (Scheme J3) invol ved as th e key step the Glaser-Hay
cyclotrimerization of the corresponding OH-protected 3,3 ' -diet hynyl-1 , l '-binaphthalene2,2 '-dio l precursors, whic h yie lded tetrameric and pentameric macrocycles in add ition to
the desired trimeric compounds.

The synthesis of the less planar, C2-symmetrical

receptors (R,R,S)-72 (Schemes 10 and I ! ) and (S,S,R)- 73 (Scheme 14) proceeded via two

G!aser-Hay couplin g steps.

First, two monomeric precursors of identical confi guration

were ox idatively coupled to give a dimeric intem1ediate which was then subjected to
macrocyclization with a third monomeric 1, l '-binaphthalene precursor of opposite
confi guration.

The 3,3 ' -dialkyny lat ion of all OH-protected 1, l '-binaphthalene-2 ,2 '-diol

precursors for the macrocyclization s was performed by So11ogashira cross-couplin g
reactions.
The flat D3-symmetri ca l receptor (S,S,S)-71 formed 1: 1 cavi ty inc lusion comp lexes w ith
octyl 1-0-pyranosides in CDCl3 (300 K) with mode rate stability (llG0 ca. - 3 kcal mol-1)

VI

as weil as moderate diastereo- (i'>(l'>G0 ) up to 0 .7 kca l moJ- 1) and e nantiose lecti vity
(i'>(l'>G0 )

=

0.4 kcal moJ-l ) (Tab le 1).

The results were in good agreement w ith the

publi shed data for (R,R,R)-71 . Stoi chiometric 1: 1 compl exation by (S.S,S)-72 and (S,S,S)73 could not be in vesti gated by l H-NMR bindin g tit ration s, due to very strong signa l
broadening.

This broadenin g o f the l H-NMR reso nances is presumabl y indicat ive of

higher-order assoc iati ons, in whi ch the pl anar macrocycles sa ndw ich the carbo hydrate
guests. N MR titration studies w ith the less planar C2-symmetrica l (R,R,S)-72 also were
imposs ible due to the inso lubility of the receptor in C DC l3. In contrast, the macrocyc le
(S,S,R)-73, conta ining fl ex ible pheny lethyl groups at the cavity periphery proved to be
readil y solubl e in CDC l3 so luti on and formed stable 1: 1 complexes wi th binding free
entha lpies of up to - L'>G 0

=

5.0 kcal moJ- l.
Ph

2

Ph

Ph

HoQ__ 0

HQ~OCaH11

(S,S, R)-73

OH

7

With diastereose lectivities up to l'> (l'>G0 ) = 1.3 kca l mo J- l (between octyl a-L g lucos ide (2)
and octyl ß-D ga lactoside (7)) and enantiose lecti vities of L'>(L'>G0 ) = 0 .9 kca l moJ-l (betwee n
octyl a-L glucoside (2) and octy l a-D glucoside ( 1)), (S,S, R)-73 is amo ng the most
se lective artific ial carbohydrate receptors known.

In the second part of thi s work, the synthes is and binding properti es o f novel, dendritic
receptor systems for ca rbohydrate recogniti on in proti c so lve nt mi xtures are described. A
series of enantiomeri ca lly pure, dendritic cleft molec ul es was des igned and synthes ized by
combination of an anionic binaphthalene core a nd Freche! type dendron s (th e
corresponding non-dendritic re ference receptors (116-117, 159-160; Figures 41 and 44)
were prepared as weil ). The dendritic systems have the ability to complex sugar substrates

VII

through an efficient combination of H-bonding interactions between the suga r O H groups
and the phosphodiester groups in the receptor core as we il as hydrophobic C H-rc
interactions between the non-polar regions of the sugar and the aromatic dendron surfaces.
High structural differentiation was achi eved by major variat ions of linkage groups, the
dendron unit and the introduction of binaphthalene monomers and dimers in the receptor
cores.

Freche! dendrons of first to third generation were synthes ized by a convergent approac h
(Scheme 15) and coup led to 5-iodobenzene- 1,3 -diol (Scheme 16) to obta in the
corresponding so-call ed iodoaryl dendron units. We al so effic iently prepared, by the same
method, iodoaryl dendro n units with polyether groups as polar capp ing groups (Schemes
19 and 20).

The subsequent Sonogashira cross-coup ling with the 3,3 '-dia lkyny lated 1, 1'-binap htha lene
moiety (S)-97 (Scheme 22) led to the first series of dendritic compounds 1-G-(S)-118, 2-G(S)-74 and 3-G-(S)-119 (Fig. 42).

A corresponding receptor 1-G-(S)- 121 with dendron

units capped with polyether groups was synthesized by the same approac h (Scheme 25).
The synthesis of the receptor system 1-G-(S)-1 20 without acety lene linker between core
and dendron involved as a key reaction the Suzuki coupling of a dendritic boronic ester
(prepared by iodo-boron exchange from the iodoaryl dendron unit of first generat ion,

Scheme 24) w ith the 3,3'-diiodiated binaphthalene unit (S)-95 (Scheme 23). Receptors 2G-(S,S)- 157 and l-G-(S,S)- 158 with two binaphthalene units linked via buta-1 ,3-diynediyl
spacer cou ld be efficiently sy nthesized by the combination of Glaser-1-fay and Sonogashira
coupling reactions.

When the dendron without polyether capping groups was used, the

coup ling between the dendron and the mono-deprotected 3,3-dialkynylated binaphthalene
moiety (S)-101 by Sonogashira cross-coupling was conducted prior to the dimerization by

Glaser 1-fay coup lin g (Scheme 30).

For the synthes is of the ana logous receptor w ith

polyether capping groups, th e in verse approach (di me ri zat ion ofb in aphtha lene unit (S)-101
prior to the dendron coup lin g) was applied (Scheme 32). The phenylene-linked, dimeric
receptor 2-G-(S,S)-169 was synthesized by Suzuki coupling of 1.0 equ iv. of a p-pheny lene
diboronate w ith 2.0 equiv. of an unsymmetrically functionalized binaphthalene mo iety (S)163 (Scheme 29). The last two steps towards all receptors were the deprotection of MOM
groups and the introd uction of the phosphodiester groups.
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Binding studies by 1H-NMR titrations in CD 3CN and CDCl 3 clearly showed enhanced
binding properties of the dendritic systems (e.g. -f,.G 0

=

3.4-3.8 kcal mol-1 for 1-G-(S)-

120, Tab/e 6) compared to the non-dendritic reference receptors (e.g. -t:,.G 0 = 2.5-2-9 kcal

mol-1 for (S)-116, Tab/e 3) which was assigned to some positive contribution of the
dendron units to the overall binding strength. Howeve r, the selectivity remained low and
on ly small affinity changes were observed with receptors of different generation numbers
(Tab/e 4) .

In studies with the dimeric receptor systems (e .g. 2-G-(S,S)-169), higher

complex stoichiometries were obtained and the determination of quantitative binding data
was not possible.

These results suggest, that the dendritic clefts are too flexible to

efficiently encapsulate a bound sugar with high affinity.
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Zusammenfassung
In diese r A rbe it werden synth eti sc he, von 1, 1' -Binaphthale n-abge leitete Rezeptor-Systeme
für d ie Komplex iernng von Octyl-Pyranosiden vorgestellt, di e entweder aus einem
mak rocyc li sc hen oder dendriti sch en Grnndge rü st aufgebaut sind.
Der erste Teil der A rbeit besc häfti gt sich mit der mol ekul aren Erk ennung vo n
Kohl enhydraten durch eine Seri e opti sch-aktiver Cyclophane (71-73), bestehend aus drei ,
über

Buta-1 ,3-diindi y l- Einhe iten

verbundene,

1, 1' -Binaphth alen-2 ,2 ' -di ol- Bauste in en.

Diese Makrocyclen ze ichnen s ich durch einen vororgani sierten Hohlraum aus, in dem sich
sechs konvergente OH-G rnppen be finde n, und de r in Grösse und Fonn kompl emetär zu
Monosacchariden

ist.

Di e

Verbindun gen 71-73

untersch eiden sich durch

fü nktionell en Grnppen in der grossen Furche der Binaphthalen- Einhe iten.

ihre

Rezeptor 72

bes itzt in di esem Bereich ke inerle i Substituenten, die grosse Furche in 72 ist in den 7, ?'Positionen mit Benzyloxy-Grnppen (BnO) substitui ert, und in 73 befinden sich 2Phenylethyl-G rnppen in den 6,6' -Pos iti onen .
Der pl anare, Drsymmetrische Rezeptor (R ,R,R)- 71 wurde be reits im Vorfeld di ese r Arbeit
hergestell t. Einen Schlüsselschritt in dessen Synthese ste llte dabei di e Pd(O)-kata lys ierte
Stille- Kupplun g von (S)-81 zu (S)-82 dar. Es ze igte sich, da ss di ese Rea kti on nur mit se hr
geringer Ausbeute reproduzierbar war. Deshalb wurde für die Darste llung von (S,S,S)-71
eine verbesserte Synthesesequenz entwickelt: anstell e der Stille-Kupplun g kam e ine
Sonogashira- Kupplun g von der diiodierten Species (S)-88 zur Anwendun g.

Die

Schlüsse lrea kti on der Synthese der Drsymmetri schen Rezeptoren (S,S,S)-71 (Schema 7) ,
(S,S,S)-72

(Schema

Cyc lotrimeri siernn g

9)

der

Binaphthalen-2,2' -diole.

und

(S,S,S)-73

(Schema

korrespondi erenden

13)

war

OH-gesc hützten

eine

G/aser-/-Jay -

3,3 ' -Dieth ynyl- 1, I ' -

Diese Reaktion lieferte neben de n gewün schten, trimeren

Produkten auch die entsprechenden cycli schen Tetramere und Pentamere. Die Darstellun g
der we ni ger planeren, C 2-symmetri schen Rezeptoren (R ,R,S)-72 und (S,S, R)- 73 verlief
über zwe i aufe inanderfol gende G/aser-Hay -Kupplungen. Hi erbei wurden zun ächst zwei
Binaphthalene gle icher Konfi guration zu e inem

Dimer ge kuppelt.

Nach e inem

Entschützungsschritt erfol gte eine zwe ite Glaser-Hay -Kupplung mit eine m BinaphthalenMonomer e ntgegengesetzter Konfi guration .

In all en Rezeptor-Synth esen kam für die

Sy nthese der OH-geschützten 3,3 ' -dia lkiny lierten Binaphthalen-B austeine die oben
erwähnte Sonogashira-Kupplung zur Anwe ndun g.

X
In Bindungsstudien mittels 1H-NMR-Titrationen in CDCI 3 (300 K) bildete der planare,
Drsymmetrische Rezeptor (S,S,S)- 71 mit Octyl-Pyranosiden 1: 1 Komplexe moderater
Stabilität (? G 0 ca. - 3 kcal moI-1), wobei lediglich geringe Diastero-(? (? G0 ) bis zu 0.7
kcal moI-1) und Enantioselektivitäten (? (? G0 ) bis zu 0.4 kcal moI-1) beobachtet werden
konnten (Table /). Diese Ergebnisse stimmen gut mit den bereits publizierten Daten für
die Verbindung (R,R,R)- 71 übere in. Mit den Rezeptoren (S,S,S)-72 und (S,S,S)-73 konnte
keine Komplexierung mit 1: 1 Wirt-Gast Stöchiometrie untersucht werden , da es in den 1HNMR-Titrationen zu einer ausgeprägten Verbreiterung aller Rezeptor-Signale kam. Diese
Beobachtung deutet auf höhere Komplexstöchiometrien hin, in denen z.B. zwei der
planaren Makrocyclen ein Zuckersubstrat von beiden Seiten binden. IH-NMR-Titrationen
mit dem weniger planaren Crsymmetrischen Rezeptor (R ,R,S)-72 waren ebenfalls nicht
möglich, da diese Verbindung in CDCI3 keine ausreichende Löslichkeit aufwiess.

Im

Gegensatz dazu, besass der Makrocyclus (S,S,R)-73 mit seinen flexiblen PhenylethylGruppen eine sehr gute Löslichkeit in CDC I3 und bildete stabile 1: !-Komplexe mit freien
Komplexbildungsenergien von bis zu - ? G0
Ph

=

5.0 kcal moI-1.

Ph

HO~

~o

HO
1

OCsH 11

Ph

Ph

(S,S,R)-73

Mit seiner Diastereoselektivität von bis zu ? (? G 0 )

7

= 1.3

kcal moI-1 (zwischen Octyl-a-L-

glucosid (2) und Octy l-ß- D-galactosid (7)) und einer Enantioselektivität von ? (? G 0 )

=

0.9

kcal moI-1 (zwischen Octyl-a-L-glucosid (2) und Octyl-a-D-glucosid (1)) ist dieser
Rezeptor einer der selektivsten, synthetischen Rezeptoren im Bereich der KohlenhydratErkennung.

XI
Im zwe iten Teil dieser Arbeit we rden neuarti ge, enanti omeren-reine, dendriti sch e
Rezeptor-Systeme für di e Erke nnung von Monosacchariden in protischen Lösungsmitteln
beschrieben. Di ese Rezeptoren bestehen aus einem ioni schen Bi naphthalen-Kern , der mit
mit Po ly(be nzy lether)-Dendrimere n (Frechet-Dendrone) ve rküpft ist, und könne n Zuc kerSubstrate durch e ine effizi ente Kombin ati on von H-Briickenbindun ge n (zwi sc hen den O HGm ppen des Zuckers und den Phosph odiester-Gruppe n des Reze ptors) sow ie hydrophoben
C H-it-Wec hselwirkungen (zwisc hen den unpol aren Bereichen des Zuckers und den
aromatisc hen Gruppen der

Dendrone)

binden.

Di e

Verwendun g

verschi edener

Verküp fü ngse inh eiten zwischen dem Rezeptor-Kern und den Dendro nen, stmkturell e
Varati onen der Dendron- Einhe ite n, sowie die E infühmn g von Binaphthale n- Monomeren
und Dimeren in den Rezeptor- Kern ermög li chten dabei e ine Vi e lfa lt von Verbindunge n zu
syntheti sieren.

Frechet-Dendrone der ersten bis dritten Generation wurden in konvergenter Synthese
he rgeste llt (Schema 15) und mit 5-l odbenz-1 ,3 -di ol gekuppe lt (Schema 16), um di e
en tsprec he nden, sogenannten lodary l-Dendron- Einheiten zu erhalten. In gle icher We ise
konnten auc h lodary l-Dendron -E inhe ite n mit Pol yether-Gruppen al s polare Endgmppe n
erhalten we rden (Schema 19 und 20) .
Ei ne

sich

anschliessende

Sonogashira-Kupplung

mit

de m

3,3' -dialkinyli erten

Binaphthale n-Bauste in (S)-97 führte zur e rsten Seri e dendriti sc her Verbindunge n 1-G-(S)118, 2-G-(S)-74 und 3-G-(S)- 119. Ein a na loger Rezeptor mit Po lyether-E ndgruppen l-G -

(S)-121 wurde ebenfall s mittels e iner Sonogashira-Kupplun g erh alten (Schema 25). Di e
Synthese e ines Rezeptor-Syste ms ohne Acetylen-Verküpfunge inheit ve rli ef übe r e in e
Suzuki-Kupplun g eines de ndriti schen

Boron säureesters (dargestellt durc h Iod-Bor-

Austausch, ausgehend von der lodary l- Dendron Einheit erster Ge nerati on, Schema 24) mit
dem 3,3'-dii odi erten Binaphtha len- Bauste in (S)-95 al s Schlü sse lrea ktion (Schema 23) . Di e
Rezeptoren 2-G-(S,S)-157 und 1-G-(S,S)-158 mit zwei über eine Buta-1 ,3-diindiyl- Einh ei t
verbundenen Binaphthale n-Baustei nen im Kern , konnten in e ffi zienter Weise durch e ine
Kombination
werden.

von

Glaser-Hay- und Sonogashira-Kupplungs reak tionen syntheti siert

We nn das De ndron ohne Po lyether-Endgruppen zum Einsatz kam, wurde

zunächst di e Sonogashira-Kupplun g des Dendrons mit dem e in fach-geschützte n, 3,3 ' dialkinyli erten Binaphth alen- Bauste in (S)-101 und ansc hli essend di e Dimeri siemng mittels
ei ner Glaser-Hay-Kupplun g durchgeführt. (Schema 30).

Die umgekehrte Re ih enfo lge

(Di meri siemng und nachfol gende Verknüpfüng der De ndro n-Einheiten) führte zu dem
analoge n Rezeptor mit Pol yether- Endgmppen 1-G-(S,S)-158 (Schema 32). Di e Synthese
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des Phenylen-verknüpften, dimeren Dendrimer 2-G-(S,S)- 169 verlie f über eine SuzukiKupplung von 1.0 Äqui v. p-Phenylendiboronat mit 2.0 Äqui v. e ines unsymmetrischfunktion ali sierten Binaphthalen-Bauste ins (S)- 163 (Schema 29). Th e letzte n zwei Stufe n
zu a ll en Zie lmolekülen wa ren die Entsc hützun g der MOM-Gruppen und die Einführun g
der Phosph odi ester-G ruppen.

Bei Bindungsstudi en mitte ls 1H-N MR Titrati onen in C D3CN und C DCl3 ze igten die
dendriti sc hen Rezeptoren vergli chen mit den nicht-dendriti schen Rezeptor-Systemen (z. B.

-? e 0

= 2.5-2-9 kcal moJ-1

-? e0

=

für (S)-116, Table 3) deutli ch erhö hte Bindungsa ffin itäten (z. B.

3.4-3.8 kcal moJ-1 für t-G-(S)-120, Table 6).

Dieser Zuwachs wurde e inem

pos itiven Be itrag der Dendrone zur Bindungsstärke zugewi ese n.

All erdings bli eb die

Substratselekti vität gering, und nur geringfü gige Affinitätsunterschiede für Rezepto ren
ve rsc hiedener Generationen konnten beobachtet werden.

In Bindungstudien mit den

dimeren Rezeptoren (e.g. 2-G-(S,S)-169) kam es zur Bildung von Komplexen mit höhere r
Gast-Wirt-Stöchiometri e.
werden.

Quantitiati ve Bindungsdaten konnten daher nicht bestimmt

Die Resultate der Bindungsstudie n mit de n beschriebenen dendriti schen

Rezeptoren deute n dara uf hin, dass di e Verbindunge n zu fl ex ibe l sind um ein Zuc kerSubstrat e ffi zient e in zusc hli esse n.

1. Introduction
1.1 Molecular Recognition of Carbohydrates
1.1. 1 The Importance of Carbohydrate Recogniti on in Nature
The selective complexatio n o f carbo hydrates by means o f non-cova lent interacti ons is of
great biolog ica l importance .

Ca rbohydrates are exce llent molec ul es for recogniti on

phenomena because, as a result o f their structu ra l compl ex ity, they have much greater
in fo rmati on sto ring capacity th an other biopolyme rs [!].

For exa mple, whil e three

diffe rent nuc leotides or amin o ac ids ca n be used to create just six di stin gui shabl e
molecu les, over 1000 poss ibilities may be generated from three monosacc harides.
Many bio logica l processes depend on spec ific interacti ons . betwee n parti cul ar classes o f
carbohydrates and prote in s [2,3], for exa mple th e tran smiss io n of diseases or the operati on
of the immune system [4,5]. Furthennore, the importance o f ca rbohydrate recogniti on is
co nfirmed by th e fact th at about 70% of the antibodies obta ined upon immuni zati on with
who le cell s are directed aga in st sacc haride structures [6].

1. 1.2 Protein-Ca rboh ydrate lnteraction s
In the last 10 years a n increas ing number of hi gh reso luti o n X-ray crystal structures of
carbohydrates complexed by prote in s such as Jectins, tra nspo rt proteins, and antibodi es has
been so lved [7-22] (one example [23] is represe nted in Fig. / ).
Com plexati on of carbohydrates by prote ins is based on a subtl e balance of hydroph obi c
and hydrophil ic interactions [7- 14].

Hi ghl y directio nal H-bonds, many of which are

bide ntate or bidentate ionic ones (to the side cha in fun cti ona lity o f asparti c ac id (Asp),
glutamic acid (G lu), arginine (A rg), asparagine (As n), and glutamine (Gin) res idues)
co ntrol the bind in g se lecti vity, wh ereas apo lar interacti ons and hydrophobic deso lvati on
prov ide a !arge part of th e thermodynamic dri ving force fo r complexation.

Contacts

betwee n prote in and carbohydrate are frequentl y medi ated by water bridges [5].

Thi s

2

overall binding picture has been elucidated by X-ray crystallography ofbiological systems,
but there rema in many questions which could be addressed by systematic biomimetic
studies (24], with synthetic receptors for example.
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Schernatic di ag rarn of the binding pocket of the ß-D-glucose binding protein . Arornatic
residues above and be low the plane of ehe pyranose ring are not shown for reasons of
clarity.

How many intermolecular ho st-guest H-bonds are needed to form a stable carbohydrate
complex? What is the strength of individual neutral a nd ionic H-bonds involving sugar
OH groups, and which ionic H-bonding residues of proteins (anionic Asp, Glu, phosphate
vs cationic Arg, histidine (His)) provide the strongest association (25]?

X-ray crystal

structures of protein-carbohydrate complexes display a very large number of H-bonds, yet
the binding free enthalpy of such complexes often only amounts to values of - ? G0 = 7-8
kcal mol-1 (5,26]. What is the contribution of cooperativity (i.e„ the sugar OH group acts
both as a H-bond donor and acceptor) to H-bonding strength (27]? How important are
apolar interactions such as van der Waals dispersion interactions , hydrophobic deso lvation
(28], and, in particular, sugar-C H „·aromatic ir-electron interactions (29,30] ? Biologica l Xray crystal structures consistently show stacking between aromatic amino acid side chains,
predominantly Tyr and Trp, with the apolar faces of the bound sugars. lt is clear that a
great variety of medicinal chemistry programs would benefit from sound answers to these
question s (1].
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1. 1.3 Synthetic Receptors for Carbohydrate Recognition
The development of artifi cia l receptors, which recogni ze and compl ex spec ific guest
molecules of bi olog ica l orig in, is an active area of resea rch in supramol ecular chemistry.
One advantage of exploring recognition processes with smaller, syn thetic mol ec ules
instead of biological syste ms lies in the possibility of obtaining information abo ut the
individual contributi o n of function a l groups to the binding stren gth and se lecti vity by
structural variations of the receptor cavity.

This knowledge is necessary for the

development of suga r-based drugs , e.g. inhibitors of sugar-binding protein s or antiadhesive drugs [ 1]. In contrast, the analysis of binding sites of protein-substrate complexes
is compli cated by the complexity ofthe hi ghly elaborated enzyme structures.
Much attenti on has been focused on the de sign of synthetic receptors suitable for bindin g
ami no acids and nucleobases [31-35], guest molecules which possess well-defined binding
regions. For the third major cl ass of natural building blocks, carbohydrates, only a few
sui tabl e mode l systems have bee n deve loped so far, which is at least in part a result of the
complex three-dimensional structure of sugars, combined with

the difficulty of

distingui shin g between stereoisomeric suga r guests. A good review of ge nera l gu idelines
fo r the rational des ign of receptor system s has not yet been published.
lt is usefu l to divide synthetic suga r receptors into two general c lasses; hosts which bind
sugar guests in (i) aproti c or in (ii ) protic so lve nt systems, since the intermolecul ar forces
responsible for the recognition di ffer s ignificantly for each class of l10st.

(i) Aprotic solvents.
A genera l strategy to either so lubili ze unprotected monosaccharides in apolar so lve nts, or
com pl ex lipophili c sugar derivatives, for example sugar g lycosides, such as 1-8 (Fig. 2), in
homogeneous organic so lutions, is to use multiple H-bonding interactions. In particular,
the se lective complexation of suga rs has been attempted in aprotic solvent mixtures, which
cannot compete for the substrate through the formation of H-bonds. Macrocyc lic receptor
systems which can surround the sugar on all sides with H-bond donor and/or acceptor
functionalities have been the rnost preva lent receptors reported, espec iall y to ga in
selecti vi ty in binding carbohydrates in apol ar solvent s.
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(i i) Protic so/vents.
The recognition of sugar deri vatives in more protic so lvent syste ms or in water genera lly
requires stronger ionic H-bonds, hydrophobic interactions or cova lent bonding, si nce the
competitive nature of the solve nt makes neut ra l ho st-guest H-bonding interactions far less
effecti ve. To date, the recognition of carbohydrates in water still presents an exceptional
challenge. Most studi es have taken one of two approaches. On the one hand, they have
considered substrates for which the cha llenge is minimi zed, e.g. oligosaccharides with
hydrophobi c

appendages.

On

the

other,

they

have

employed

underivatized

monosacc harides substrates while adopting methods capable of detect ing very sma ll
binding constants.

HO~
HO
HO

o___f::;: O~H

OCsH17

OH

Fig. 2.

CsH170~H
HO

Octyl-a-D-glucoside
3 Octyl-ß-D-glucoside

2 Octyl-a-L-glucoside
4 Octyl-ß-L-glucoside

5 Octyl-a-D-manoside
6 Octyl-ß-D-manoside

7 Octyl- a-D-galactoside
8 Octyl-ß-D-galactoside

Octy l pyranosides most commonly used fo r 1H- NMR binding stud ies in apolar so lvent
mixtures.

In the following sections, some se lected artificial model systems for the complexation o f
carbohydrate substrates will be presented. The discussion will be restricted to systems
with the ability to bind neutral guest molec ules, thereby exc luding those which bind ionic
sugar substrates (guests with anionic phosphate gro ups or cationic ammonium gro ups)
mai nly through electrostatic interactions between the charged groups.
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1. 1.3. 1 Resorci110/-Aldehytle Cyclotetramer
The first syntheti c sugar binding receptor 9 was reported in 1989 by Aoyama et al. (Fig. 3)

(36) . lt is based on a resorcinol-aldehyde cyc looli gomer, c haracteri zed by a bowl-shaped
octa hydroxy lated cav ity, which could be obtained in a sing le step from resorc inol an d
dodecanal.

Fig. 3.

Resorcinol-aldehyde cyclotetramer 9 developed by Aoyama er al. and the proposed binding
mode.

The bowl-shaped framework of 9 cannot encompass a fura nose or pyranose ring, but
possesses a preorga ni zed array of binding sites which ca n span the face of a ca rbohydrate
nucleus. The authors showed th at 9 is capable of extracting D-ribose but not D-glucose
from water into CC l4 or ben ze ne (36) and they subsequentl y ex plored the binding of thi s
receptor to octyl glucosides 1 and 3 (3 7) among va rious other guests in C DCl3.
Com pl exation could be detected by 1H-NMR (separate signal s for free and bound
receptor), indicating slow exchange on the NMR time sca le [37) and also by circular
dichroism (C D) induced into the achiral chromophoric receptor by the chiral substrates

(38]. The measurements impli ed receptor-substrate stoichiometri es of 1:4 (Ka

=

3.2 108

M-4, 298 K) with hi gh degrees of cooperativity. The proposed binding model involved a
glucoside at each QH„ ·OH site of th e receptor (see Fig. 3), with additional cooperative
reinforcement from intersaccharide H-bonds.

6
1.1.3.2 Steroid-Based Receptors for Sugar Recog11itio11 i11 Aprotic Solvent
Davis and co-workers reported cyclophanes 10 and ll (so-called cholaphanes) composed
of two choli c acids containing four OH groups and two secondary amides as H-bonding
sites (Fig. 4) [39,40].

10 R
11 R

Fig. 4.

=H
=Bn

Cholophanes 10 and 11 composed oftwo cholic acids des igned by Davis and co-workers.

They quantified the binding detem1ining Ka values of 1700 M-1 (-öG0
for 10 and 700 M-1 (-öG

0

=

= 4.4

kcal mot-1)

3.9 kcal mot-1) for 11 with dodecyl ß-D-glucoside as guest in

C DC l3 (298 K) . Host 10 distinguishes between enantiomeric octyl a-D- and octyl a-Lglucosides ( 1 and 2, Fig. 2) by ö(l'>G 0 ) = 0 .8 kcal mot-1 (ö(l'>G 0 ) = difference in
complexation free enthalpy of the two diastereoisomeric complexes) and between
enantiomeric octyl ß-D- and octyl ß-L-glucosides (3 and 4, Fig. 2) by ö(l'>G 0 ) 0.6 kcal
mot-1.

On the other hand, anomeric se lectivity (diastereoselectivity) was measured as

(ö(l'>G 0 ) = 0.9 kcal mot-1 in the comparison of the complexes formed by 1 and 3. In the ir
more recent work [41,42] they synthesized more rigid receptors of thi s type with reduced
sym metry, which could be crystallized.

The X-ray crysta l structure analysis nicely

confirmed the des ired open receptor conformation neccessary for sugar complexation.

Kohmoto et al. [43] described a steroidal triply-bridged cyclophane originally developed
for the enantiose lective complexation of ami no acid derivatives which also recognizes
octyl a-D- and ß-D-g lucosides (1 and 3) in C DCl3 with moderate affinity of 290 or 250
M-1 , respecti vely.

7

1.1.3.3 Zn-Porphyrin-Based Receptor for Sugar Recognition in Aprotic Solvent

A Zn-porphyrin unit may be seen as a model for meta! centers found in the binding pocket
of certain carbohydrate binding proteins. Mitzutani et al. (44) have combined thi s motif
with so me simple H-bonding recogn ition sites to generate U-shaped receptors (such as 12,
Fig. 5).

12
Fig. 5.

Zn-porphyrin receptor 12 developed by Mitzutani et al.

The binding constants were determined by UV titrations in CHCl 3 at 288 K.

The

absorbance change in the Sore/ band was monitored and analyzed as function of the added
liga nd concentration. Among the receptors investigated, compound 12 (Fig. 5) showed the
highest affinity for the ligands, expecially for octyl ß-D-mannoside (6) (K3

=

62,000 M-1, -

6.G = 6.3 kcal mol-1) and octyl ß-D-glucoside (3) (K3 = 41 ,000 M-1 , -6.G0 = 6. 1 kcal
0

mol-1).

Bonar-Law and Sanders have described a particularly effective steroid-capped porphyrin
receptor 13 (Fig. 6) for the complexation of sugar guests in aprotic solvent (45). This rigid
host can fully encapsulate a monosacc haride nucleus, surrounding it with various patterns
of preorganized, inward-directed functionality. For comparison, they also determined the
affinity ofthe suga r guests for the two receptor sub-moieties, the porphyrin unit 14 and the
steroidal cap 15. The complexation ofvarious monosaccharide substrates (1-6, Fig. 2) was
investi gated by 1H-NMR titrations in either CD2Cl2 or CDCl 3 (295 K).
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13

Fig. 6.

Steroid- and porphyrin-based receptor 13 developed by Bonar-Lmv and Sanders and the
two receptor sub-units 14 and 15 , investigat ed for compari son.

Porphyrin 14 binds the substrates in CD 2C l2 with Ka = 90- 140 M-1 (-L'.G 0 = 2.6-2.9 kcal
mol-1 ). The building block 15 recognizes these pyranosides in CDC l3 with a 2: 1 hostguest stoichiometry (comp lexat ion strength of the first and second binding are of
comparable size) with Ka = 40-2200 M-1 (- t>G0

=

2.1 to 4.5 kcal mol-1). With the füll

receptor 13, the authors observed c learly en hanced binding properties (K3 = 240-5300 M-1 ,
- t>G 0

= 3.2-5.0

kcal mol-1). The affin ity of 13 for different sugar guests depends on the

ability of the sugar to fom1 intramolecular H-bonds (for more information, see Section
1.1.3. 7 and Fig. 10). The receptor is enantioselective and complexes octyl a-0-glucos ide 1

with - t>G0

= 4.0

kcal mol-1 and a-L-glucoside 2 with - t>G 0

=

3.2 kca l moI-1.

The

influence on the binding stre ngth of a sma ll amount of protic so lvent added to the bulk
so lvent was a lso in vestigated. The complexation free entha lpy (t>G 0 ) increased by ca. 1

9
kcal mol-1 , when sma ll amounts of H2 0 or MeOD where added to reach a maximum at ca.
0.5% viv (determined for the additio n of MeOD to CH 2C l2), and th en decreased to below

its value in dry so lvent. Th is observat ion was ass igned to free gaps in the recognition si te,
which can be filled up by MeOD, thereby extending the intermolecular H-bonding network
and strengthening the binding.

The same phenomenon is frequently seen in natural

systems were water molecules mediate contacts between protein and carbohydrate (28].

1.1.3.4 CrSymmetrica/ Macrotricyclic Receptor
The macrocyclic bowl 16, designed by Liu and Still (46], provides another means of
surrounding sma ll po lar molecules with preorganized convergent H-bonding functionalities
(Fig. 7). Al though used mainly for the recognition of peptides and am ino acid derivatives,

this receptor is also capable of accepting saccharide substrates in CDCl3 (298 K); for
examp le octyl ß-D-glucoside (3) is recognized with Ka = 1750 M-1 (-.1G 0 = 4.4 kcal mol1). The observed enantiose lectivity (.1(.1G 0 )

= 0.8 kcal

mo J-1 between octyl ß-D- and octyl

ß-L-glucos ides (3 and 4) and diastereoselectivity (.1(.1G0 )

= 2.9

kcal moJ-1 between octyl

ß-D-mann oside (6) and octyl a-D-a llopyranos icle) are among the highest so far obtain ed in
the field of sugar recognition.

16
Fig. 7.

c3-symmetrical macrotricyclic receptor 16 deve loped by Liu and Still.
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1.1.3.5 Polypyridi11e-Macrocyclic Receptor
Polypyridine-macrocyclic receptor systems (such as 17-19, Fig. 8) have been developed by

lnouye et al. [47,48] for the recognition of alkyl ribofuranosides. The design was based on
the multipoint H-bonding complementarity between the receptors and methyl ß-Dribofuranoside (20). The receptors can complex guests with the three pyridim:-N-atoms
(H-bonding acceptors) and with the two amide-H-atoms (H-bonding donors).

~OyOMe
HO
\_)

HC:f'

\ ÖH
20

Methyl-ß-D-ribofuranoside
17 R 1 = Me, R2 = H, X= 0
1
18 R = iso-Bu, R2 = H, X= CH2
19 R1 = iso-Bu, R2 = 0-Bu, X= CH 2

Fig 8.

Polypyridine-macrocyclic receptors 17-19 developed by lnuuye et a/.

The interaction with several polyols and sugar derivatives was studied by 1H-NMR
titrations in CDC l3 (296 K). The association constant between methyl furanoside (20) and
17 was low (K3 ca. 50 M-1 , - !'..G0
0

M-1 (- !'..G

= 4.6

= 2 .3

kcal mol-1), but increased strongly to Ka

= 2500

kcal mo(-1) for the complexation of 20 with 18. These results indicate

that the intramo lecu lar 1-1-bonds between the phenol ether 0-atoms and the amide N-H
groups in 17 may reduce the affinity. Furthem10re, increasing the e lectron density of the
pyridine N-atoms by alkoxy-substitution at the 4 ' -position of the central pyridine ring making these centers better H-bond acceptors - showed a further enhancement of the
association constants (Ka

= 5200 M-1 , - !'..G = 5.0 kcal 11101-1 ).
0

Receptors 18 and 19 were also used to so lubilize carbohydrates in C DC1 3. The extraction
ability followed the genera l order ribose > desoxyribose - lyxo se - xylose > fructose >

11

arabinose > glucose - mannose - ga lactose. The favored extraction of furano ses compared
to pyranoses was explai ned by the small cavity of the macrocycles, which does not all ow
optimal H-bonding co mpl ementary wi th bound pyranoses in the recognition site.

1./.3.6 Tricyclic Polyamide Receptor
A recent development by Davis and Wareham [49] represents the macrocyclic system 21
with two biphenyl units and eigh t amide groups. This new architecture was designed to
provide both apo lar and polar contacts to monosaccharide substrates.

21

Fig. 9.

Novel, tricyclic polyamide receptor 21 devc loped by Davis and Wareha111.

Receptor 21 is capable ofbinding octyl ß-D-glucoside (1) with K 3 = 1000 M-1(- t:.G 0 =4.2
kcal 11101-I) in the quite competitive medium ofCDCl 3/MeOD (92:8) as detem1ined by 1HNMR titrations (303 K) Ln pure C HCl3, the assoc iation constant increases to impressive
K3

= 300,000

M-1 (- t:.G0

= 7.3

kcal mol-1 ). In the latter case, it was no longer poss ibl e to

use NMR experiments due to stron g signal broadening, so the data were obtained by
fluorescence measurements. Also notable is the selectivity of 21 for
(for example for 1 and 3, t:.(t:.G 0 )

=

ß over a glucosides

2.3 kcal mo l- 1 in C DC l3/MeOD (92:8), t:.(t:.G0 )

=

1.8

kcal mol-1 , in CDCl3), and its ability to di ssolve glucose in C HCl3. The authors are
currently working on the synthesi s of a comparab le receptor system for carbohydrate
recognition in water (50).

Wate r-so lubility of the new receptor could be achieved by

hydro lyzin g the esters in 21 to affo rd a tetracarboxy late.
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1.1.3. 7 9,9'-Spirobi/9H-jl11ore11e/-derived C/eft Receptors
Diederich and co-workers (51] studied the complexation of monosaccharides in CDCl3 by
cleft-type receptors 22 and 23 (Fig.

10) based on a spirobi[9H-fl uorene] core

functionalized with naphthyridine units.

HN~N fi \
N22

23

Fig 10. 9,9' -Spirobi[9H-tluorenc]-derived cleft receptors 22 and 23 deve loped by Diederich and
co-workers.

The chiral cleft 22 was prepared in both enantiomeric forms a nd shown to bind octyl
glucosides 1 and 3 and mannoside 5 at 300 K with binding constants between 180 and
1270 M-1 (- öG 0 = 3.1-4.3 kcal mo(-1). Diastereoselectivities up to 1.2 kcal mol-1 and
moderate enantioselectivities up to 0.4 kcal mol-1 were observed. Surprisingly, receptor
23, with only one naphthyridine unit, proved essentially as potent as 22, but showed no
signi ficant enantioselecti vity.
The observed pyranoside selectivity (octy l a-D-glucoside (1) < octyl ß-D-glucoside (3) <
octyl a-D-mannoside (5) was exp lained by the different strength of intramolecular Hbonds between vicinal OH groups of these pyranosides formed in CDC1 3 that need to
become partially broken in the complex. Ans/yn and co-workers determined the strength of
these intramolecular H-bonds in CDCl 3 tobe 1.9 kca l mol-1 for Irans and 2.2-2.5 kcal mol1 for cis diols (52]. From examinations of CPK models and NOE-constrained computer
modeling studies of the host-guest complexes, it was shown that the most important
contributions result from interactions between the sugar HO-C(2) and HO-C(3) groups and
N-acceptor sites of the l10st and that these interactions were of similar strength in all
complexes. The intramolecular H-bonds of these groups, however, become weaker upon
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changing fro m 1, to 3, and to 5 (Fig. 1 /), wh ich suggests th at pyranos ides in which weake r
H-bonds are disrupted bind more strongly to th e receptors.
HO

i~!f?t

trans H·· OCaH11
cis

3

Octyl a-D-glucoside

Octyl ß-D-glucoside

5

Octyl a-D-mannoside

Fig. 11 . lnt ramo lecular H- bonds in 1, 3 and 5 that compete wit h co mplexation via int erm o lecu lar
H-bonds.

1.1.3.8 A11io11ic Receptors for the Sugar Recog11itio11 i11 Protic Solve11ts.
Severa l groups have explored the potenti a l of receptors with anion ic ce nters for
carbohydrate recognition .

Hosts w ith arrays of anioni c centers ex hibit some clear

advantages compared to neutral receptors. These groups cannot be se lf-comp lementary
and repe l each other which he lps maintain well-defined open cleft or cav ity binding sites.
Moreover, they are genera lly capable of forming strong ioni c, bidentate H-bonds.
Pa rticular attention has bee n paid to the development of receptors containing phosphates or
phosphonates to ac hieve carbohydrate recognition in protic so lve nts such as C D3CN or
C DCl3/MeOD mi xtures.

Das and Hamilton described sy nthetic receptors bearin g phosphonates as anioni c acceptor
groups to complex sugar guests bes ides simpl e alcohols and diols in CD3CN (Fig. 12)
[53]. The bisphosphonate 24 showed hi gh affinity for octyl pyra nosides (Ka

=

18,000-

36,000 M-1 , - 13G 0 = 5.7-6. 1 kcal moJ-1) measured by 1H-NMR titrations at 293 K. A
strong en hance ment of K 3 on moving from si mple alcohol s to vicinal diol s was observed
and ass igned to the bidentate H-bonds formed by th e latter (see Fig. 12).

T he furth er

increase in affinity for the complexation of carbohydrate is presumably due to the hi gher
ac idity of the carbohydrate OH groups compared to s impl e alco ho l function s (H-bondi ng
strength at first approximation is a function of the acidity of the donor and the bas ic ity of
the acceptor).

A stron g preference for 1: 1 complexation was co nfirmed by Job-Plot
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analysis (54) and was explained by the electrostatic repulsion that would result from
associat ing two bisphosphonates 24 with one carbohydrate via 2:1 host guest complex. In
later work, they synthesized the sp irobitluorene bisphosphonate 25 (55) wh ich showed an
even higher affinity for octyl pyranosides in CD 3CN (Ka

= 24,000-47,000

M-1 , -/'J.G0

=

5.8-6.2 kcal moI-1 ).

A

H co- P,=O O ~ P„ OCH

o- -o

3

3

2 Bu 4 N+

24

r

O ·--- HO

~

O ··-· HO

I

RO
„„P(R'.,.. ,

Fig. 12. Diphosphonates 24 and 25 developed by Das and Hami/1011 and the proposed binding mode
with vicinal diols.

Diederich and co-workers (56,57) developed binaphthalene-derived cyclophanes with three
or four phosphodiester functions as anionic H-bonding groups (26-27 , Fig J3; and 28-29,
Fig 14). High affinity for mono- or disaccharides depending on the cavity size, but no

enantio- and diastereoselectivity was observed.

1!j

oO

~

II/

26

27

Fig 13. 1,1 '-B inaphtha lene-derived trimeric and tetrameric cyclop hanes 26 and 27 for the
complexation of monosacc ha rides developed by Diederich and co-workers.
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The trimeric receptor 26 compl exes octyl ß-D-glucoside (3) in CD3CN (300 K) with K 3

=

3000 M-1 (-L'!.G = 4.7 kcal moI-1 ). With the tetrameric receptor 27, the binding studi es in
0

pure CD 3CN we re compl icated by the format ion of complexes with hi gher host-guest
stoichiometries. Ho wever, data in good agreement with a 1: 1 host-guest binding model
could be obtained by changing to the more pol ar solvent mi xture CD3CN/MeO D (98:2)
and lowering the total guest concentration. Under these conditions, octyl ß-D-glucoside
(3) was compl exed with K 3

=

5200 M-1 (-L'!.G0

=

5.1 kcal moI-1 ).

The !arger macrocycle with two pheny lene space rs 28, designed for the compl exation of
di saccharides, was shown to form stable 1: 1 compl exes with octyl ß-D-maltoside (30) in
CD3CN/MeOD 88: 12 (K3

= 11 ,000

M-1 , - L'!.G0

= 5.5

kcal moI -1) wh ereas monosaccharide

guests we re not bound under these co ndit ions.

HO ~ O

ri?o~'-::::_u,

'~H~ O

~o~OCaH1 7
OH

30

(-)-(R,R,R,R)-28 R

=H

H-(R,R,R,R)-29 R =coo· K.

Fig. 14. 1, 1' -ßi naphthalene-deri ved !etrame ric cyc lophanes 28-29 for the complexation of
disaccharides de ve loped by Diederich and co-wo rkers.

In a continuation of this work, a tetrameri c macrocycle 29 with two additiona l carboxy late
groups at th e phenylene spacers has been synth esized as a mimic for glycosidases.
Investi gations into its sugar binding properties as weil as catalytic activity are currentl y
under way [58) .
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1. 1.3.9 Boro11ic Acids for Carbohydrate Recog11itio11 i11 Water
As long ago as 1954, Kuivila et al. [59] first showed cyclic ester formation between
phenylboronic acid and sugars, and later WuljJ et al. [60] demonstrated that certain
sacc harides are preci sely recogn ized by phenylboronic acids immobilized on solid phase
(molecular imprinting).

Shinkai and co-workers [61] further developed on these early observations and ac hieved
molecular recognition in water with derivatives of phenyl boronic acids through the
reversible fomrntion of covalent este r bonds with the OH groups of the sugar guests. They
designed small molecules containing two (or more) phenyl boronic acid groups at weildefined di stance and orientation, such as 31 [62) and 32 [63) (Fig. 15).

[

Co

~e

y y
B(OH }z

B(OH}z

o"']

o)

6'ot6
(OH)2B

31

B(OH}i

32

Fig 15. Diboro nic acids 31 and 32 for the reversible, covalent binding of sugars in water developed
by Shinkai and co-workers.

The diboronic acid 31 discriminates monosaccharides against disaccharides. In circular
dichroism (CD) measurements in water (298 K) with D-glucose (33), an association
constant of Ka = 19,000 M- 1 (-t:.G 0

=

5.9 kcal mol-1) was obtained (Fig. 16), whereas D-

maltose (34) was on ly bound with K 3 = 100 M-1(-t:.G 0 = 2.7 kcal mol-1).

~?l

01 HO

ÄÄ

HO~
HO0
HO
OH
OH
33
HHa°~ Q

~

HO~H04
HOo0

31 + ~33

34

OMe

OMe

HO

OH

OH

Fig. 16. Guests D-glucose and D-maltose (33 and 34) and association mode between ß-33 and
diboronic acid 31.
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Compound 32 showed an even higher affi nity to D-glucose (K3

=

31,000 M-1 , -l'>G0

=

6. 1

kcal mo J- 1) and displayed an interest ing negative allosteric effect if meta! io ns were
complex ing to the crown ether: w ith increasing meta! ion concent rati on, the CD intensity
and the association strength decreased.
In the last years, a w ide variety of receptors based on boronic acids with additional
chromophores and fluorophores has been developed. They were studi ed by methods oth er
than CD spectroscopy, for examp le by absorption or flu orescence spectroscopy [64,65),
and show promise for ana lytica l app licatio ns [66).
In addition to Shinkai and co-worke rs, other groups are a lso working on the cova lent
recognition and transport of carbohydrates with phenyl boronic acids [67-71].

1.J.3.IOCyclodextri11sfor Carbohydrate Recog11itio11 i11 Water

Several groups have investigated the bindin g of mon osaccharides to ß-cyclodextrin (3 5)

[72-75). This l10st is suffi cienl y !arge to encapsul ate a suga r molecule and appears to
possess the necessary amphiphili city. Unfortunate ly, since ca rbohydrate recognition on ly
induces minimal changes in the spectroscopic properties of 35 (NMR, UV/V IS, IR, C D),
ca lorimetry or indirect methods in vo lving di sp laceme nt of bound fluorescent dyes by th e
sugar mu st be employed to eva luate the associati on strength.

OH~
_fro
r---o--\OH
Hüf t

HO~O OH

HO

0
HO 0

~O
OH

HO

O

Jf

HO 0
OH

HO- ~o-

OH

~OH

OH O
,,<_p HO

~OH

OH
OH

i-,;:;:

HO

H~f( fO~OH
H~o OH HO HO~oOH
Ho\~oH

o
HOO 1OH

0

HO~~#OH

HO

35

Fig. 17. Cyclodextrins 35 and 36 as hosts fo r sugars in water.

OH

HO
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Although, there are inconsiste ncies in the reported data, and much stronger binding has
bee n claimed (74] , the majority view is that the binding of hexoses is undetectable or
extremely weak (Ka ca. 0.6 M-1 ), while that of pentoses is only sli ghtly stronger (Ka ca.

5.3 M-1).
Although a-cyclodextrin (36) possesses a sma ller cavity which can only partially accept a
pyranoside nucle us, a ca lorimetic study by Dani/ de Namor and co-workers (73] revealed
significant binding constants for 1: 1 complexes with hexoses (e.g. Ka = 59 M-1 for Dmannose) as weil as pentoses (e.g. Ka = 37 M-1 for D-fructose). The authors also found an
impress ive e nantiose lectivity of ö(öG0 ) = 0.7 kcal 11101-1 for L-xylose over D-xy lose
binding. Howeve r, caution is advised since calorimetry does not provide any information
on the geo metries of the formed complexes, andin the high concentration ranges needed to
determine such weak K3 va lues, other association and aggregation phenomena (e.g.
involving severa l cyclodextrin molecules) cannot be exc luded in aqueous solutio n. To
date, these results represent the only examples of significa nt non-cova le nt binding of
underivatized hexoses to an artificial mode l system in water.

1./.3. 11 G/ycopha11es for the Recog11itio11 of Aryl Glycosides i11 Water

Penades and co-workers (76,77] prepared cyclophanes, which combine sacchari de units
a nd aromatic surfaces (so-called glycophanes), to achi eve the com pl exation of pnitrophenyl glycos ides in water (Fig. 18) .

37
Fig. 18. Glycophane 37 fo r the complexat ion of aryl glycosides, such as p-nit rophenyl a-Dmannoside (38) in water developed by Pe11ade' and co-workers.
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Association constants determined with 37 at 303 K were in the range of 70-260 M-1 (- ti.G 0
= 2.5-3.3 kcal mol-1) and correlated pos itively with the hydrophobic ity of the guests.

Diastereoselectivities ti.(ti.G 0 ) for a- versus ß-glucosides amounted to approximately 0.5
kcal mol-1, with a-glycosides being the preferred guests. p-Nitrophenol itse lf showed a
binding constant of only 15 M-1. lntermol ecular NO Es between the carbohydrate residues
in 37 and in p-nitrophenyl a-D-mannoside (38) supported the notion that carbohydratecarbohydrate interactions were responsible for the higher affinity shown by the aryl
glycosides.
Extensive calorimetric studies on the interactions between a-cyclodextrin (36) and a series
of p-nitrophenyl g lucosides have also been carried out by Penades and co-workers [78]. In
thi s case, however, the carbohydrate moieties of the guests generally lowered the affinity
to a-cyclodextrin as compared to simple p-nitrophenol. The cavity of this receptor is just
large enough for partial incorporation ofthe aromatic ring, thereby sterically preventing a ll
additional carbohydrate-carbohydrate interactions.

1.1.3.12 Other Receptor Systems for Carbohydrate Recog11itio11 in Water
A cyclic tetramer 39 composed of l ,8-dihydroxynaphthalene-3,6-sulfonate units, which
co mbines an extended hydrophobic surface with 16 water-solubi lizing functional groups,
was reported by Poh and Tam [29]. This receptor binds methy l pyranosides in water (Ka

=

6-75 M-1); the free sugars, however, did not show any significant binding affinity. In later
work, compound 39 was found to bind cyclodextrins, with Ka = 86-140 M- 1 (- ti.G0

=

2.6-

2.9 kcal moJ-1) as detem1ined by 1H-NMR titrations at 298 K (79] .

Following their success with the resorcinol tetramer 9 in organic media (see Seel. l . l.3. I
and Fig. 3), the group of Aoyama investigated the ability of a modified receptor 40
so lubilized through introduction of tetrasul fonate s. This receptor weakly complexes alkyl
g lycos ides in water (Ka = 1-6 M-1 ), whereas the unprotected sugars were not recog ni zed at
all [30] .
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Na03S ~ S~3Na

('1.0
OH OH
4
39

Fig. 19. Receptors 39 and 40 developed by Pvh and Tam (left) and Aoyama (right) for carbohydrate
recognition in water.

Very recently, they proposed a cycl ic resorcino l tetramer substituted with oligosaccharide
res idues as a molecular-transport system for sacc harides [80,8 1]. The formation of a very
weak 1: 1 complex betwee n maltose or maltotriose and the dipeptide L-tryptophanyl-Ltryptophan in water was also reported by Aoyama and co-workers [82].

The authors

suggest that the interaction between the two components in thi s complex mimics the C H-7t
interactions see n in the X-ray crystal structures of protic-carbohydrate complexes.

1.2

Functional Dendrimers

1.2. 1 Dendrimer Chemistry - A Novel Research Area
C hem ists have always bee n fascinated by molecul ar architecture, and this is perhaps one of
the reaso ns why , in the past ten years, the fi e ld of dendrimer chemistry has grown so
rapidly [83 -85].

lnitially, dendrime r chemistry focused mainly on the development of

suitable procedures for the synthes is, isolation, and characterization of this new class of
macromolecul es [83-87]. In the last five years, however, the search for de ndrimers with
spec i fic function s and properties which result direct ly from their dendritic architecture, has
begun [88].

Their three dimen sional nanosca le structures, which ca n be built in a

controllable ma nner, makes dendrimers unique biolog ical enzyme models.
This chapter gives a short overview of the historica l origins, structure, and synthesis of
dendrimers, and focuses then on the discussion of functiona l dendrimers des ig ned for
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molecular recognition of neutral organic guest molecules. The molecular recognition of
gases and ionic guests as weil as other interesting functional properties of dendrimers
including electrochemical and photochemical properties„ energy tran sfer, physica l
encapsulation , dendrimer se lf-asse mbl y, and cata lys is are not subj ect of thi s introduction
but are desc ribed in review articles [89-92].

1.2.2 The Structure of Dendrimers
Polymers (from Greek: poly, many, and meros, part) are built up by the repeated couplin g
of small molecul es. Dependin g o n the number and react ivity of the functional groups in
the monomers, they can be grown linearly, bran ched, or hype rbranched [93].
The dendrimers (from Greek : dendron , tree and oli gomer) can be described as " perfectly
hyperbranc hed" polymers.

They di stingui sh them se lves from norma l polymers in two

critical ways . First, they are constructed from multifunctional AB 11 monome rs (n usually 2
or 3), rather th an from the bifunctional AB monomers w hich produce linear polymers.
Secondly, they are synthesized in a n iterative well-controlled fa shion leading to a defined
and regul ar structure.

Each repetition cycle leads to the addit ion of one more layer of

branches (called a generation) to the dendrimer framework , and the generation number of
the dendrimer is equal to the number of repetition cyc les performed.

In contrast, the

preparation of hyperbranched polymers proceeds via a random polymeri zati on of AB„
units in one singl e step, which produces const ituti ona ll y different polymers of hi gher
mo lecul ar weight with hi gh polydi spersity and a lower degree ofbranching.
Dendritic molecules contain three topologically different reg ions (core, bran ches, and
surface), each of which can exhibit functionalities that influence the properties of th e
whole macromolecule (Fig. 20) .
One interesting topological aspect of dendrimers is th e concept of the "starburst limit"
[94]. Whil e the number of monomer units in a dendrimer increases exponentially as a
function of ge nerat ion, the space avai lab le to them on ly increases with the cube of the
ge neration number. Therefore, there w ill come a point (= th e starburst limit) beyond which
the dendrimer cannot grow a nymore as a conseque nce of the Jack of space. The increas ing
branch den sity with increas ing generation number has a striking effect on the structure and
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the properties of dendrimers.

Dendrimers of lower generation number tend to exist in

relatively open forms. At higher generat ions, the steric crowding of the branches at the
surface of dendritic molecules makes them adopt a sperical, three-dimensional structure
(95,96], which resembles that of a globular protein. The branch ends may lie either on the
surface of the molecule or "backfolded" towards the interior the structure. The different
arrangements are often determined by factors such as the nature of the solvent and the
constitution of the dendrimer. When the branch ends are located at the surface, computer
modeling experiments show (97] that the dendrimer will contain interior cavities and
channels (Fig. 20).

Core moiety
Branching unit
-

Closely packed
surface groups

Fig. 20. A fifth-generation dendriti c structure demonstrating the morphologica l and structural
aspects that makes dendrimers unique.

1.2.3 The Synthesis of Dendrimers
The concept of the systemati c, stepwi se construction of well-defined, branched structures
was initiated in 1978 by Vögtle and co-workers [98], who prepared branched polyamines
(w hich they called cascade molec ule s) with !arge cavities for studies of host-guest
interactions. They used a repet itive synthetic strategy involving the aza-Michae/ addition
of an amine to acrylonitrile, followed by reduction of the nitrile group to an a mino group
and isolated and characterized the products after each reaction step. In 1979, a first patent
was submitted by Denkewa/ter et a/. (99], who described an analogous coupling of a,wprotected diamino ac ids {lysine units). In the eighties, Toma /ia et al. (84, 100] synthesized
the poly(amidoamine) (PAMAM) dendrimers and proposed for the first time the term
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"dendrimer". In the fo llowing years, especia ll y Frechet [86,87 ), Newkome [95] and Meijer
[I 01) contributed to the dendrimer resea rch by deve loping new synthetic routes into these
monodisperse macromolecu les.

Many different structural classes of dendritic molecules

have bee n reported, ranging from pure hydrocarbons to peptides and coordination
compounds, and to dendrimers with heteroatoms (S i, P, B, Ge, Bi) [102). However, only a
few of them have been routinely synthesized in gram quantity, amongst them the two
commercially ava ilable

PAMAM

and

poly(propylene

imine)

dendrimers or the

poly(benzylether) dendrimers.

In genera l, two different synthetic strategies are used for synthesizing dendrimers, the socalled divergent and the convergent approaches. In the divergent approach, dendrimers are
constmcted from the central core towards the periphery (Fig. 21). In each repetition cycle,
a certa in number of reactive groups, n, on the periphery of the dendrimer react with n new
monomer units to add a new layer (or generation) to the dendrimer, which now has 2n or

3n reactive sites, respectively, that are available for the next repet iti on cycle. Therefore,
the number of coupling reactions increases exponentially with each generation. The above
mentioned PAMAM dendrimers have been synthes ized up to the tenth generation by the
divergent approach [85, 100) , and the poly(propylene imine) dendrimers have been
prepared in a similar manner [ 10 I ).

3

>--{

.l. -

6

>-<••

Core

Fig. 21. Schematic representation of the dendrimer synthesis using the divergent ap proac h ( 1-G
represents a dendrimer of first generation) .

The divergent approach is su itable for the production of hi gh-generation dendrimers, but
incomp lete growth steps and side reactions often led to the isolation and characteriza tion of
material containing defect molecules, which are virtually imposs ible to separate from the
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desired product, because of very similar structures. The synthetic chemist must therefore
rely on extremely efficient reactions in order to ensure low polydispersities.
In the convergent approach, the dendrimers are built from the periphery towards the central
core (Fig. 22). This was first reported in 1990 by Frechet and co-workers [87] for the
synthesis of poly(benzylether) dendrimers. Here, the number of coupling reactions needed
to add a new generation (usually 2 or 3 depending on the branch multipli city) is constant.
Relatively big dendron units are coupled in each step to a so-called focal point (= single
functional group from which the branches emanate). Therefore, the desired dendrimers are
much easier to purify due to the significant size and polarity differences that exist between
the target and the defect molecules.

The convergent strategy therefore often leads to

homogeneou s (monodisperse) dendrime rs.

o = protecting group
Fig. 22. Schematic represenlation of the dendrimer synthesis using 1he convergenl approach.

On the other hand, the convergent approach is restricted to dendrimers of lower ge neration
since the yields for the coupling of very bulky higher-ge neration dendrons to a small focal
point drop with increasing ge neration number. Some examples of dendrimers synthesized
by

the

convergent

strategy

are

the

polyether

[87, 103],

polyester

[103] ,

and

poly(phenacetylene) dendrimers [ 104].
A poss ible combination of both approaches, a double-stage convergent approach was
reported by Frechet and co-workers [105]. This process invol ves the anchoring of sma ll
dendriti c wedges onto a hyperbranched dendritic core (hypercore) [ 106] which carries a
large number of reacti ve functional groups at its surface. The functional groups on such a
hypercore are more eas ily accessible than the one on a low molecular weight core [I 07] ,
a llowing bi gge r dendron units tobe coupled.
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1.2.4 Dendrimers in Molecular Recognition
Molectilar recognition is extremely sens itive to the surrounding environment.

For

examp le, the hydrophobic (or solvatophobic) e ffect is almost worthless in benzene [108],
and so lvent exposed H-bonds count for little in water [109]. The solvent environment can
also change the binding selectivity [45 , 11 O].

Biological systems usually control the

en vironment at enzyme recognition sites by burying them within the polypeptide
superstructure, and thus, the dielectric constant, the proximal amino acid residues , and
even the number of solvent molecules at the binding site are all precise ly controlled [7].
With their globular structure, dendrimers are somewhat similar to enzymes, which suggests
that they might function in many of the same ways as their natura l counterparts. Hostguest chemistry can for instance take place either in the interior (endo-receptors) or on the
periphery (exo-receptors) ofthe dendrimer [84].
In the following sections, some dendritic model systems, which have bee n designed for the
complexation ofneutral guests molecules, will be discussed. ·

1.2.4.J Emlo-Receptors with a Meta/ Ion Coordination Site -

Porphyri11

Dendrimers
Dendrimers with interior meta! ion complexes have been constructed either by attaching a
meta! binding ligand to the focal point of the dendron , followed by meta! ion complexation
[111], or by attaching dendrons to a preformed meta! complex (e.g. a Zn(ll)-porphyrin)
[112].

Aida and co-workers [ 113] reported the divergent anchorage of dendritic polyether
Fragments to both the meta-positions of the phenyl groups of a 5, 10, 15,20-tetrakis-(3 ',5'dihydroxyphenyl)porphyrin and to the N(l)-atom ofimidazole (Fig 23).
After metallation of the dendritic porphyrins with z inc acetate, they studied the binding
properties of the zinc porphyrins 41-44 to the imidazoles 45-47.
stoichiometry was established by spectrophotometric titrations to be 1: 1.

The binding
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Fig. 23. Dendritic metalloporphyrins and dendritic imidazoles developed by Aida and co-workers.

The binding constants (K3 ) became smaller when the ge neration number of both the
porphyrin and imidazole components were increased. For example, the K 3 for the complex
between the smallest porphyrin-imidazole pair 41 and 45 is 92,000 M-1 (-L'.G 0 = 6.8 kcal
mof-1), whereas the one for the complex of the largest pair 44 and 47 is 240 M-1 (-L'i.G0

3 .3 kcal mot-1 ).

=

A sudden drop of the binding constant was observed between the

complexes of the 3-G and 4-G porphyrins, indicating a change from an open to a
semiclosed dendritic architecture. UV spectroscopic analysis ofthe Soret bands ofthe 4-G
dendritic porphyrin 44 also indicated that the zinc porphyrin core was a lmost completely
sh ielded from its environment by the dendritic branches.

1.2.4.2 E11do-Receptors 111ith a Hydrophobie Core - De11dropha11es
Diederich and co-workers (107, 114) described a new class of dendritic host molecules,
which they called dendrophanes.

These dendrimers contain a diphenylmethane-based

cyclophane core linked to four water soluble dendrons (e.g. 3-G-48, Fig. 24) for the
complexation of aromatic guests in water. Their complexation chemistry was eva luated by
spectrofluorimetric or 1H-NMR titrations. The complexation-induced, differential upfie ld
shifts of proton resonances of both the cyclophane moiety and the aromatic guest
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rnolecules (such as naphthalene-2,7 -diol or 6-{p-toluidino)naphthalene-2-sulfonate (TNS)

49) clearly confirrned th e forrnat ion of 1: 1 inclus ion complexes and indicated specific
binding inside the cavity of th e cyclophane.

The structurally well-defined cyclophane

recogn ition s ites at the dendriti c core remain open and e ffective at a ll dendritic generation s
(1-G to 3-G dendrimer). Thus, the bindin g strength did not change significantly with the
generation number (K3 between 1000 and 10,000 M-1 , -/'J.G 0 between 4.1 and 5.5 kca l
mol-1, 300 K).

3-G-48, R

=COOH

49

Fig. 24. The 3-G dendrophane 48 that rccogni zes nat arenes. suc h as naphthalene-2,7-diol or TN S
(49).

The decreasing va lues of the emis sion Amax with the fluore sce nt probe TNS (49) [ 11 5]
further suggested a microen vironment of increasing ly reduced polarity in the binding
cavity as the ge neration number of the dendritic wedges in creased [116]. The host-guest
exchange kinetics remains fast on the 1H-NM R time scale for the complexes with the first
and second generation dendrimers, but was found to occur on thi s time sca le in the
experiments with 3-G-48.
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Cyclophane cores with !arger, hydrophobic cavities, which have been shown before to
recogni ze steroids [ 1 17], were also used for the construction of dendrophanes (e.g. 3-G-50,
Fig. 25) [107, 11 8).

Fig. 25. The 3-G dend rop hane 50 that recognizes stero ids.

Again, the 1-G to 3-G dendrophanes bind testosterone in aqueous methanol with
comparable strength to the corresponding non-dendritic cyclophanes (Ka = 1300 M-1 ,
- l!i.G 0

= 4.1 kcal moJ-1 , 300 K). The exchange kinetics remained fast fast on the 1H-NMR

time scale in all cases demonstrating the presence of voids between the dendrons which
allow passage ofthe guest into and out of the core binding site.
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1.2.4.3 Endo-Receptors with H-Bo11di11g Moieties
H-bonding interactions are ubiquitous in bio logical sys tems, and during th e past decade a
significant interest has been shown in synthetic hosts wh ich comp lex guests by H-bonding
[ 1 19-12 1]. H-bondin g sites can be incorporated into dendrimer interiors. Key que stions to
be answered are how the dendritic branches affect the st rength, kinetics , and se lectiv ity of
the complexation. In the most favorable case, it can be expected that the reduced polarity
inside water-soluble dendrimers strengthens H-bondin g enough to all ow comp lexation in
water to occur.

The dendritic shell shou ld a lso provide energet ically favorab le

hydrophobic desolvation in addition of numerous van der Waals contacts. Desp ite these
interesting features , so fa r onl y a limited number ofsuch dendrimers has been proposed.

Zimmerman and co-workers [ 122) described the recognition of benzamidinium ions by
poly(phenacetylene) dendrimers (e.g. 2-G-51 , Fig. 26) and poly(benzyl ether) dendrimers

(l-G-52 to 4-G-55, Fig. 27) with a naphthyridine core as H-bonding site.
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Fig. 26. Poly(phenace ty lene) de ndrime r 2-G-51 and the guest 56.

Both types of receptors of first to fourth generat ion form stab le 1: 1 complexes wi th
benzamidinium ions 56 and 57 in CDCl 3/CD 3 CN 9: 1. The comp lexation of the si mple
benzam idinium ion 56 at 293 K led to comparab le assoc iation constants (Ka = 800-1400
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M-1, -f't.C 0 = 3.9-4.2 kca l mo J-1 ) and the size o f the dendron s was not fo und to significantl y
affect th e association stre ngth .
n=0
n =1
n 3
n 4

=
=

1-G-52
2-G-53
3-G-54
4-G-55

Fig. 27. Po ly(benzy l ether) de nd rimers l-G-52 to 4-G-55 and the guest 57.

Howe ve r, the bindin g a ffinity of the !arge r benzamidinium ion 57 c learly dec reased fro m

Ka = 2040 M-1 (- f't.C 0 = 4.4 kca l moJ-1) for the compl ex w ith 1-G-52 to Ka = 520 M-1 (f't.C0 = 3.6 kca l mo1-1) for the complex with 4-G-55 due to the increased steri c hindra nce of
the hi gher ge ne ratio n dendritic bra nches.

Newkome et al. [ 123) desc ribed a series of dendriti c hosts (e.g 58, Fig. 28) co nta ining
(diacy lamino) pyridine H-bonding units w ith a donor-acceptor-donor (DA D) H-bo nding
moti f that has bee n wide ly used to bind compleme ntary guests such as imides or barbituric
derivati ves. In 58, two such units may cooperate to bind the two co rrespond ing A DA sites
on one barbituric ac id 59.
In the ir primary studies o f host-guest interacti ons, they examin ated the complexation of
g lutarimide 60 (as s imple model for 59) by 1H-NMR tit rations in C DC l3. Howeve r, these
in vestigati ons were complicated by potential se lf-associatio n o f the host mo lecules and the
binding of guest mo lecul es at other H-bindi ng s ites w ithin th e host. O vera ll the measured
co mpl exati on- induced downfie ld shi fts of the N-H protons of the bind ing pattem re fl ected
o nly a weak assoc iation stre ngth .
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Fig. 28. De ndriti c H-bonding receptor 58 and the guests 59 and 60.

Diederich and co-workers developed dendritic H-bonding cleft receptors for the
com pl exation of carbohydrates in apo lar so lvents.

The enanti omerica ll y pure sugar

receptors of increas in g dendritic generati on (the 2-G receptor (R)-61 is depicted in Fig. 29)
are

based

on

a

ri gid

(R)-confi gured

9,9'-sp irobi[9H-fluorene]

core

with

2,6-

diam idopyridine fun ction a li zat ion in the 2,2' -positions.
Recognition studies we re pe rformed with octy l g lucosides (1-3, see Fig. 2) by 1H-NM R
titrations in dry CDC l3 at 298 K. The compl exes fom1ed by the 1-G and 2-G dendrocl efts
as we il as th e 9,9'-sp irobi[9H-fluore ne] core itse lf are of similar st re ngth (K3 = 100-600 MI,

- /:;.G0 = 2.7-3.8 kcal moI-1).

Large complexat io n-induced dow nfie ld shift s of the

di amidopyridine N-H reso nances (up to 1.2 ppm at satura ti o n binding) gave evide nce for
H-bonds between th e sugar 0 -atoms and th e amide protons in the cleft . The dendritic shell
sti ll a ll ows access to the core and does not weaken the binding. In the complcxatio n of the
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e nantiomeri c

a -g lucos ides

1 and

2, the

core

unit ex hibited a

relati ve ly

high

0

e nantiose lecti vity in favo r of the D-e nantiomer (L'i.(L'i.C )= 0.8 kca l mol-1 ). The 1-G and 2G dendrocleft s, however, sho wed no signifi cant e nantioselectivities. On the other hand,
the di astereose lecti vity increased with inc reasing dendriti c ge neration: a-D-glucos ides (1)
was pre fe rentially bond over ß -D-g lucos ides (3) by the 1-G receptor (L'i.(L'i.C 0 )= 0.3 kca l
mo1-1) and eve n more so by the 2-G receptor (L'i.(L'i.G0 )= 0 .5 kcal mol-1). These results
indi cate

that

the

dendritic

she ll

is

controlling

the

binding

di astereo-

and

e na ntiose lecti viti es.

2-G-( R)-61

Fig. 29. Dendriti c receptor 2-G-(R)-6 1 for the molecular recognition of monosaccharide guests and
the 9,9'-spirobi [9H-flu orene] core (R)-62
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1.2.4.4 Exo-Receptors with Phe11yl Boro11ic Acid Sites
Shinkai and co-workers reported the attachment of the senso r unil 63 co nta inin g an
anth race ne chromophore, a tertiary amine, and a phe ny l boroni c ac id (for the detection of
sugars) to th e surface of a second ge neration PAMAM dendrim er [1 24] . Th e complexes
between octaboronic ac id 2-G-64 (Fig. 30) and mon osaccha rides, such as D-fructose
(which can fom1 cyclic esters to two boronic ac ids), were found in fluorescence titrati ons
in MeOH (298 K) to be s ig ni fica ntl y mo re stable (Ka = 17,000 M-1, - öG 0 = 5. 7 kcal mol-1)
than those formed with the monoboronic acid 63 (Ka

Fig. 30. Exn-receptor 64

fun cti ona li zed

with

= 720 M-1 , - öG = 3.9 kcal mol-1 ).
0

boronic acids for the covalent

binding of

monosaccharid cs and the monomeric sensor unit 63 .

The e nh anced binding was attributed to a high loca l concentration e ffec t: following its
interacti on with one boronic ac id, th e suga r may intramolecularly bind to any of the seve n
other boronic acids.
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1.2.4.5 De11dritic Receptors llS E11cllps11lllti11g Age11ts
Due to the sol vent-filled voids with in their interior, de ndrimers can also be used to
irreve rs ibl y encapsulate guest molec ul es by entrapping them before "shutting off" the
dendrimer by attaching steri ca lly demanding groups to its surface.
The first example of guest e ncapsul ation inside a so-ca ll ed " dendritic box" was rea li zed in
the study by Meijer and co-worke rs on a series of a mino ac id-te rminated dendrimers [ 125].
In the initial report, the encapsulation behavior o f the 5-G poly(propyle ne imine)
dendrimer 65, in whic h the 64 terminal amino groups were protected with tertbutoxyca rbonyl-l-phenylalanine (as we il as othe r amino ac id residues) to give 66 (Fig.
31), was di scussed.

NC CN

9
1

1

1

NC CN
67

Cl

68

R = H 65

PhCtJ2 0

I~

R = 8 ~ A.o"\ 66

Fig. 3 1. A de ndritic box fo r the encapsulation ofn eutra l guest molec ules.
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The corresponding 6-G derivative could not be synthesi zed, and smaller de ndrimers did
not possess a shell that was dense enough to entrap the guest molecul es. Several guests of
different sizes, including 7,7 ,8,8-tetracyano-para-quinodimethane (TCNQ, 67) or the dye
Rose Bengal (68), were encapsulated and the changes of their physica l properties studied
[ 126, 127].

Meijer also demon strated that guest molecules of different sizes and shapes cou ld be
selecti ve ly liberated after bein g encapsu lated
dendrimer.

into the

BOC-phenylalanine-capped

After entrapping four molecules of 68, and one to eight molecules of p-

nitrobenzoic acid, removal of the BOC protective groups on the rigid dendritic shell in 66
by acid hydrolysis liberated the smaller p-nitrobenzoic acid molecul es, whereas the rose
bengal mol ecules remained entrapped in the dendritic box. Subsequent acid hydrolysis of
the peptide bond to the terminal Phe, yie lding the original poly(propylene imine)
dendrimer 65 led to complete decomplexation of all guests (128] .

1.2.4.6 Biological Active De11dri111ers - Pepti<le De11dri111ers a11d Glycodemlrimers

Already in 1988, Tarn and co-workers [129, 130] reported th e use of multiple ar1tigen
peptides (MAP) for the production of anti-peptide antibodies and synthetic vaccines.
These peptide dendrimers (e.g. 69, Fig. 32) were prepared by attach in g multiple copies of
the peptide sequence of interest to a relatively small dendritic lysine core by solid phase
preparation.
H-Phe-Glu-Pro-Ser-G lu- Ala-Glu-l le-Ser-H is-Thr-Gln-Lys-Ala - - __-- Lys
'-.....

H-Phe-Glu-Pro-Ser-Glu- Ala-Glu-l lc-Scr-H is-Thr-Gln-Lys- Ala

H-Phe-Glu-Pro-Ser-Glu-Ala-Glu-lle-Ser-His-Thr-G ln-Lys-Ala--...._

/

Lys
"-

H-Phe-Glu-Pro-Ser-Glu-Ala-Glu-lle-Ser-His-Thr-G ln-Lys-Ala----Lys
H-Phe-Glu-Pro-Ser-G lu-Ala-Glu- lle-Ser-His-Thr-Gln-Lys-A la --...._

"Lys-A la-OH

/

H-Phc-G lu-Pro-Ser-G lu- Ala-Glu-l le-Ser-H is-Thr-Gln-Lys-Ala- - - Lys'-.....
Lys
H-Phe-G lu-Pro-Ser-Glu-Ala-G lu-1le-Ser-H is-Thr-Gln -Lys-Ala ........._

/

H-Phe-Glu-Pro-Ser-Glu-Ala-G lu-1le-Ser-H is-Thr-Gln-Lys-A la ---- Lys

Fig. 32. fom 's multipl e anti gen peptide syslem 69.

69
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More than 80% of the total weight of these peptide dendrimers comes from the desired
peptide sequence. The traditional way of generating site-specific antibodies to peptides is
to conjugate them to a carrier protein, which itself can be immunogenic and might cause
undes irable effects.

MAP's were found to be much more immunogenic than a more

standard carrier protein. The antibodies induced by these peptide dendrimers in rabbits and
mice were not only consistently reactive, but also specific to the corresponding peptide
dendrimers and monovalent peptides, as weil as the cognate native proteins. Neither crossreactivity nor reactivity towards the dendritic lysine core was observed. Therefore, the
peptide dendrimers provide an excellent scaffold for high immunogenicity which
eliminates any undesired immunological response as may be seen when a carrier protein is
used. This dendritic protocol had also been used to develop synthetic vaccines against
hepatitis B [131] and human acquired immunodeficiency (HIV) virus [132].
The conjugation method described above involved the merger of several hydrophobic
protected peptide fragments to a hydrophilic polylysine core. The coupling efficiency of
this reaction was low and product purification became a problem. Tarn later developed a
more direct approach which made use of non-peptidyl linkers such as thiazolidine, oxime,
or phenyl hydrazone fragments for the facile ligation between unprotected peptides and the
dendritic core [ 133].

Roy et a/.

[ 134, 135] studied carbohydrate-protein interactions between so-called

glycodendrimers (dendrimers with sugar residues on the pheriphery) and certain proteins.
They reported the first example of such a glycodendrimer (70, Fig. 33) based on a
dendritic lysine core.

The sialic acid dendrimers were prepared by the reaction of a

protected 2-thiosialic acid derivative with a dendritic core capped with chloroacetyl
groups, followed by deacetylation to free the sugar functionalities. Glycodendrimers up to
the fourth generation with 16 sialic acids were synthesized in this manner.
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Fig. 33. A g lycodend rimer (70) based on a dendriti c lysine core developed by Rny et al.

Influenza viral infections in ma mma lia n hosts are med iated by the binding of the vira l
membrane glycoprotein hemagg lutin ( HA ) to sia lylo li gosacc harides prese nt on glyco lipids
a nd glycoprote ins of the host ce ll. lt has been show n th at siali c acid residues on the host
ce ll are essential for infection a nd that synthetic a-s ia loside monomers wea kl y bind to the
vira l HAs w ith bindin g co nstants in the mM range.

The binding affin ity of the fourth

generat ion dendritic sia li c aci ds was 158 times more effecti ve than the anal ogous
monos ialic ac id. The co llecti ve evidence was taken in support of multi va lent interacti ons
as the ori gin ofthe enhanced acti vity.
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2. Research Goals
The aim of thi s work was the des ign, synthes is, and study of co mplexation prope rties of
artifi cia l rece ptor systems, w hich recogni ze monosaccharide substrates.

2.1

Macrocyclic Receptor Systems

In the first part, our research in vesti gation s were intended to design macrocyc lic systems
fo r sugar comple xation with hi gh enantio- and diastereoselectiv iti es in non-competitive
(apo la r) solvents .
A co mmunication from thi s laboratory [56) described the sy nthes is a nd complexation
properties of the fi rst member ((R,R,R)-7 1) of neutral , trime ric carbohydrate receptors in
w hi ch three 1, l ' -binaphthalene-2,2'-diol spacers are interconnected by buta- 1,3-d iynedi yl
linkers to fonn hi ghly preorganized cavities lin ed with six conve rge nt OH gro ups. We
ta rgeted th e syntheses of parent trimeric, macrocyclic receptor system s, which differ from
(R,R,R)-71 in the substituents in the 6,6 ' - and 7,7' -positions of the binaphthalene spacers

and the ir abso lute configurations.

The major grooves of the spacc rs in 72 are

un substituted, whereas those in 71 bear benzyloxy (BnO) groups in the 7,7'-pos iti ons and
those in 73 2-phe ny lethyl groups in the 6,6' -positions.
These structural variations were shown by CPK model exam in at ion and computer
mode ling not to change the cavity size and shape but s hould influence the solubility
properties of the resultin g receptor systems.

According to the modelin g, reducin g the

symmetry from D 3-symmetrical trimers (a ll binaphthalene units are either (R) or (S)configured) to the correspond ing C 2-sy mmetrical systems (w ith (R)- and (S)-confi gured
binaphthalene units) less planar receptors with a more threedimen s iona l, be nt overall shape
result.
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~

(S,S,S) or (R ,R,R)

(S,S,R) or (R ,R,S)

Receptor
H

71

OBn

72

H

H

73

H

CH2CH 2Ph

In studies of the suga r binding abilities of rece ptors 71 -73 ( in C DC l3 by 500 MH z 1H
NMR titratio ns) the reduced sy mmetry o f the binding site and the tig hter host-guest fit
provided by the Crsymmetrical systems sho uld therefore translate into both hig her
binding strength and enhanced substrate se lectivity as compared to the D 3-sy mmetrical
syste ms.

2.2

Dendritic Receptor Systems

In the second part, our thoughts tumed to the deve lopment of novel, dend ritic receptor
systems for carbohydrate recogniti on in protic so lvent mi xtures.

A ll known artificia l

receptors fo r sugars focus pure ly on modeling the structure at the recogniti on s ite itse lf. lt
seemed to us that the deve lopment of bette r ca rbohydrate receptors could be achi eved by
shrouding the recognition s ite in a dendritic she ll.
As a receptor core, we used the binaphthale ne unit fun ctionali zed w ith an ani onic
phosphodi ester group to achi e ve sugar complexati on via the Formation of strong ionic
hydroge n bo nds. Dendriti c phe no lethe r branching should offer a large aromatic surface
and provide TI-surfaces for C H-TI interactions with a bound sugar, whil e, at the sa me time,
shie lding an interna l, ionic binding site from so lve nt mol ec ul es.
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Conseque ntl y, we targeted the synth eses of a w hole se ri es o f de ndriti c c left molecules by
combi natio n o f these two fragme nts (the second ge ne rati on dendrim er 74 was the first
de ndriti c rece pto r prepa red).

Major stmctu ra l di fferen ti ation co uld be ac hi eved by

vari ati on of the lin ker groups between core and de ndron s, th e nature of the de ndron units,
and by in serting one or two phoshodieste rs into the receptor core.

T he main aspects to be considered in the dendriti c receptor design are: ( i) effi cient
synthet ic routes towards th e recepto rs (to afford suffic ient amo unts fo r deta iled recognition
studi es); ( ii) the sy nthes is o f severa l types o f recepto r systems (to co mpa re the influe nce of
structu ral variations o n bin ding strength a nd se lecti vity).
lt can a prior i not be ex cluded th at the mo re fl exibl e c left receptors (compared to the abo ve
described macrocycl ic systems) bind sugar guests with a nothe r than a 1: 1 host-guest
co mpl ex sto ich iometry.

Binding stud ies in differe nt solve nts (C D3CN, C D3CN/MeO D

m ix tu res, C DC J3, (C D3)zSO , MeO D o r 0 20) by 500 MHz 1 H-NMR titrati ons as weil as
Job-Plot analyses and ex tracti on ex periments (for the dete rminati on o f compl ex

stoichio metries) were e nvi saged.
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3. Synthesis and Sugar Binding Properties of Macrocyclic
1,1'-Binaphthalene Derived Receptor Systems
3 .1

Synthesis of the Receptors

The first compound prepared was D3-symmetri cal (S,S,S)-71 (Seel. 3. 1.1) , th e antipode of
the prev iously reported (R,R,R)-71 [56], bea ring benzyl ox y groups divergin g from the 7,Tposition s to provide solubility in orga ni c so lve nts.

Despite some maj or synthetic

impro ve me nt compared to th e o ri g ina l prepa ration of (R.R.R)-71 [56], th e prese nce ofthese
substituents ca used several syntheti c problems resulting in lon g sy nth eti c routes (Seel.
3. 1. 1). In a sign ifi cantl y sho rte r route, we therefore targeted th e syntheses o f optica ll y pure

D3 - and C2-sy mmetri ca l receptors 72 lac king functi o nality in the maj or groove o f the 1, 1·binaphth ale ne units (Seel. 3. 1.2).

Howeve r, we we re concemed about th e Jack of

substituents in th e maj or grooves of the binaphthalene mo ieti es in (S,S,S)- and (R,R,S)- 72,
causing receptor self-associati on and, poss ibl y, also so lubility problems.
Therefore, we ultimate ly prepared by an effi c ient no ve l syntheti c route opticall y pure D3and C2-symmetrica l compo unds with 2-phenylethyl substituents in the 6,6 '-pos iti ons (Seel.
3. 1.3).

We ex pected the phenylethyl group s in the 6,6°-positio ns o f th e binaphth alene

spacers of

(S,S,S)- and (S,S,R)-73 to provide the sa me so lubili zin g and aggregation -

preve nting e ffects as the benzy l g roups in 7,7'-pos itions o fth e orig inal receptor system.

3.1. 1 Synthesis of Receptor (S,S,S)-71
The preparation of the enantiomerica lly pure cyclophane receptor (R ,R,R)- 71 in an e le ve n
step seque nce startin g from 3-bromo naphth alene-2,7-diol (75) [32] was pe rfom1ed pri or to
thi s work in our laboratory and is described in [56].
At the beginning, we targeted (S,S,S)-71 by the same sequence (Scheme 1-3). Protection o f
the HO-C(2) group in 3-bromonaphthalene-2,7-diol (75) as methoxymethy lether (MOM )
gave 76 (50%). Subsequent be nzy lation [1 36] of the remaining OH group a fforded 77
(94%), and the remova l of the MOM group [1 37] led to naphthol 78 (98%). Large scal e
ox idati ve homo-coupling o f 78 to l , l '-binaphtha lene-2,2' -diol (±)-79 was best achi eved
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(84%) with stoichiometric amounts of C uClz in MeO H in the prese nce of 1- BuNH2 [ 138],
whereas coupling with catalytic amounts ( 1 11101%) of [CuC l(OH)-TMEDA] (prepared
from C uC lz a nd N.N.N',N '-tetramet hyl ethy lenedi amin e (TMEDA)) [1 39] only afforded
(±)-79 in 64% yield (Sch eme / ).
Br
BnCI K2C0 3
B l-BuNH2. CuCl2.
~ Br o M F., ao· ' 1 ii '
~ r MeOH , ao· ,1 h '
~
~
94%
BnO
OR
84%
HO "' "' OR

BnO
BnO

OH
OH
Br

75 R = H
76 R = MOM

J

MOMCI , K2C03,
77 R = MOM
MeCN, - 18°, 4 h, 50% 78 R = H

J

(±)-79
Gone. aq. HCI (cat.),
THF/MeOH, 70°, 3 h, 98%

Scheme /. Synthesis of the racemic binaphthale ne moiety (±)-79.

The optical reso lution of (±)-79 (Scheme 2 ) was pe rformed via Formation of the two
diastereo isome ri c

cyclic

menth yl

phosphites

[140]

(using

( IS,2R,5S)-menthyl

phosphorodichloridite, prepared in situ). The 3 1P-NMR spectmm of the crude product
mixture showed two signals of the sa me inte nsity at 154.8 and 151.4 ppm corresponding to
the two diastereo isomers, and di astereoi so merica lly pure (+)-80 (37%, >99.5% d. e.
(diastereoisomeric excess), as determined from the 31P-NMR spectrum [ 141]) was isolated
after repeated recrysta lli zation from EtzO. The other diastereo isomer failed to crystallize
from the filtrate even a fter concentration.
Afterisolation, menthyl phosphite (+)-80 was hydrol yzed with KzC03 in C HC l3/MeOH to
afford enantiomericall y pure (+)-(S)-79 in 97% yield. (For the determination of the
abso lute config uration of (+)-(S)-79 see Ref. [ 142]).

(±)-79

(1 S,2R,5S)-Menthyl
phosphorodichloridite ,
El3N, THF , - 18°, 15 min, BnO
then recrystallization (Et20), sno

37%

Br
(+)-80

Scheme 2. Optical resoluti on of (±)-79 .

97%

(+)-(S)-79
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Benzoylation of (S)-79 to g ive (S)-81 (95%) was fo llowed by Pd(O)-catalyzed Stille crosscoup ling

with

1-(trirnethyl silyl)- 2-(trimethyl stannyl)eth yne

[ 143]

to

g ive

(S)-82

(Scheme 3).
Br

BnO

OR

BnO

OR

Me3SiC=CSnMe 3, [Pd (PPh3)4],
2,6-di-t-butyl-4-methylphenol,
toluene, 100' , 36 h,
45%

--"' TMS
'::'""

BnO
BnO

~

Br
(+)-(S)-79 R = H ]
(-)-(S)-81 R = Bz

PhCOCI (BzCI), DMAP,
pyridine, CH 2Cl 2 , 20' , 2 h, 95%

TMS

H -(S)-82

Scheme 3. Stille coupling of(S)-8 1 to (S)-82 .

The y ields of ca. 45% prev iously described for the Stille coupling of (R)-81 [56] were,
however, difficult to reproduce and genc rally rernained low (<25%).

Furtherrnore, two

tirne-consuming c hromatographic purifications on Fluka s ilica gel H were required to
obta in the pure product. In sea rch for a better access ibility to the trimeric macrocycles as
weil as to more complex receptor syste ms, that are also unde r in vesti gati on in our
laboratory [58], we tried to improve the yield and ease of iso lation of the dialkynylated
1,1 '-b inaphth a lene unit us ing th e Sonogashira cross-coupling reaction [144, 145]. Since
3,3 ' -dibrominated 1, I ' -binaphthalenes (such as (±)-79 or (±)-81) were fo und to be quite
unreactive under these conditio ns, a corres pondin g 3,3 ' -diiodo derivative was prepared.
First, the iodo substituents were introduccd at thc beginning of the sy nthetic path towards
the receptor (S,S,S)-71 , prior to the ox idati ve homo-couplin g to the bin aphth alene
corn pound (the synthes is of (±)-7, 7'-b is(be nzylox y)-3 ,3 '-dii odo-1 , 1'-binaphthalene-2,2'diol proceeded in ana logy to (±)-79 by Anne Sophie Droz [58]).
phosphorodichloridite which was

Howeve r, menthyl

used successfully for the resolution of (±)-79,

unfortunately did not react w ith th e correspo nding race mic 3,3 '-diiodo derivati ve, (±)-7,7'bis(benzyloxy)-3,3'-diiodo-1 , 1'-binap hthale ne-2,2 '-diol, probabl y as a result of increased
ste ric hindrance between the neighboring bulky iodine and OH-substituents.

Two

alternati ve methods which have been reported quite recentl y [146, 147] were exa mined to
ac hi eve the resolution of (±)-7,7'-bis(benzyloxy)-3 ,3'-diiodo-1,1 ' -bin aphthalen e-2,2' -diol
but pro ved tobe un successful (for more deta il s see Ref. [58]) .
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Another potential method for the synthesis of 3,3 ' -diiodo-substituted binaphthalenes is the
directed iodination of e nantiomerically pure 3,3 ' -unsubstituted 1, 1' -binaphthalene analogs
with e ither free or protected OH gro ups in the 2,2' -positio ns.

For thi s purpose, 7-

benzy loxy-2- naphthol 83 (prepared according to Ref. (148]) was ox idati ve ly homocoupled to the binaphthalene (±)-84 with catalytic amounts of [CuCl(OH)·TME DA] in
reasonabl e yield (52%) (Scheme 4).

T he OH groups of co mpound (±)-84 were the n

protected as MOM ethers to give (±)-85 (83 % ). We were also able to work out a potential
optical resolution of (±)-84 usin g champhorsulfonyl chloride. The resulting two
diaste reoisomeric sulfonic esters (S,S,S)-86 and (S,S,R)-86 could be eas il y separated by
column c hromatog raphy.

When we attempted the ortho-lithiation and subsequent

quenchin g with iodine [ 149) of (±)-85 (a method which worked nicely for the sy ntheses of
(S,S,S)-72 and (S,S,S)-73 (see Seel. 3. 1.2 a nd 3. 1.3)), it gave ri se to a complex product
mixture with only traces of the des ired diiodinated product.

Other products included

reduced a nd higher iod inated binaphthalene deri vati ves (accordi ng to the 1H-NMR spectra
of the crude product mixture).

CuCl(OH) ·TMEDA.
24 h, BnO

NaH, MOMCI,
OH THF, r.t. , 2.5 h,
OH
83%

~ CH 2Cl2. r.t. ,

RO~l_ OH

52 %

BnO

(±)-84
R=H

83 R = Bn

J

BnBr, K 2C0 3, DMF ,

40' , 20 h, 30%

BnO
BnO

OMOM
OMOM

(±)-85

(+)-Camphorsulfonyl Chloride ,
Et3N, CH2Cl2. r.t., 3 h,
39% (S,S,S)-15 + 37% (S,S,R)-15

BnO

BnO

Scheme 4. Synthesis of 3,3'-unsubstituted binaphthalene (±)-85 and critica l step towarcls the optica l
reso lutio n of (±)-84 .
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Similar results were obtained when other known iodin ation methods [150-153] were tried
wi th (±)-84 or (±)-85. Thi s behavior is likel y to be a result of the presence of the two
benzyloxy substituent s in the 7, 7' -positions of the binaphthalenes affecting the reacti vity of
th e aromatic ring system. Because of th e above observations, we changed our strategy to
introducing the iodo substituents afte r th e reso lution of the 3,3' -d ibrominated compound

(±)- 78 by a haloge n exchange reaction. lt became neces sary to change the OH protecting
group, since the original benzoate proved to be unstable under th e bromine/ iodine
exchange conditions. In a test run , diol (±)-79 was transfom1ed into th e MOM-protected
derivative (±)-87 which , upon treatment with 1-BuLi (3 .0 equiv.) in THF at - 78°, followed
by quenching with 12, afforded (±)-88 in 93% yield (Scheme 5).

Repeating th e reaction

under the sa me conditions with the enantiomer (S)-87 was unfortunately much less
successful and yielded a mixture of the desired product (S)-88

(<25%) together with

reduced side-products resulting from sin gle or twofold Br/ H exc han ge (ca. 20% eac h).

Br

BnO

OR

BnO

OR

t-Buli, THF, -78' ,
30 min , then 12 , 2.5 h,
93%

Br
(±)-79 R = H
(±)-87 R = MOM

J

MOMCI, K2 C03, MeC N,
r.t. , 15 h, 96%

(±)-88

Scheme 5. MOM-protecti on to (±)-87 and bromine/ iodi ne exchange to (±)-88.

No sat isfactory explanation was found for this considerable di ffere nce in behavior between
racem ic and enan tiome rica ll y pure 1, I ' -binaphtha le ne 87, although a similar effect has
been observed in an aminoalcohol-promoted enantiose lecti ve addition of di alkyl zinc
reagents to aldehydes [154].
Deuterium isotope studies were performed in an e ffort to shed li ght on this considerable
di ffe re nce in behav ior betwee n racemi c and enantiomerically pure 87. The enantiomer (S)-

87 was dilithiated as de scribed above at - 78° a nd, after 1 h, quenched at thi s temperature
with C D30D. The 1H-NMR spectrum of the crude product showed a mixture of 3-monoand 3,3 '-d ideuterated 1, I '-b inaphthalene deri vatives.

lnterestin gly, one of th e two
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diastereotopic protons (either HR or Hs) in both benzylic CH2 groups was also found tobe
quantitatively subst ituted by a D-atom, as illustrated by the 2H-NMR spectrum (CHCl3, 46
MHz) of the mixture.

However, when racemic (±)-87 was subjected to the same

conditions, the benzylic H/ D-exchange was insignificant and o nl y deuteration at the 3,3 ' positions was observed.

These results suggest that the 7,7' -bis(benzyloxy)-1,1 '-

binaphthalene molecules, with their !arge van der Waa/s surfaces, aggregate at -78° in
THF and that the steric accessibi lity for the base (1-B uLi) and, therefore, the reactivity of
the aryl bromide differs in the aggregates formed by homochiral molecules (selfrecognition in the conversion of (S)-87) and those formed by heterochiral molecules
(nonse lf-recogni tion in the convers ion of (±)-87) ( 154). A co-aggregation of the reagent
cannot be exc luded eit her. The X-ray crysta l structure analysis of (S)-87 could suggest that
coordination of the Li + cat ion of 1-BuLi to the MOM moieties directs the base into a proper
orientation for intramolecular attack at the benzylic positions. The monoclinic crystals
obtained from AcOEt/ hexane (P21 l n, Z

=

2) contain (S)-87 arranged in two conformations,

one (mo lecule 1) ofwhich is depicted in Fig 34.

C10

C3B

C16

Fig. 34. X-Ray crystal structure o f (Sj-87 . Only one of the two conforme rs (molecule 1) in the crysta l
is shown . The vibrational e ll ipsoids are shown at the 30% probab ility level.

Both molecules, in particular the one that is not s hown (mo lecule 2), exhibit seve re
disorder as a resu lt of the flexible benzyloxy and MOM residues. The torsion ang le for
rotation about the chirality ax is, C{6)-C( l)-C(23)-C(24), in molecule 1 adopts a value of
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87°, whereas it is significa ntly narrowed to 65° in molecule 2, illustratin g the we il known
confonnational flex ibility of the 1, 1'-bi naphthalene moiety [ 155- 158].
Compound (S)-88 was finally prepared by treatment of (S)-87 with 5.0 eq ui v. of nbutyll ithiu m in the presence of TMEDA in THF at -78° followed by quenching with
iodine. Under these conditions, the desired (S)-88 was obtained in yields of up to 66%
(Scheme 6).

Subsequentl y, (S)-88 was smoothl y conve rted into the dialkynylated 1, 1' -binaphthalene
(S)-89 by Sonogashira couplin g [144, 145] with (t rimethylsil yl)acetylene in 98% yield.
Besides the strongly improved yields of this Sonogashira coupling compared to the
ori gi nal Stille coupling, this reaction also avo ids th e preparation and manipul ati on of the
very toxic 1-(trimeth ylsil yl)-2-(trimet hylstann yl)eth yne reagent, whi ch clea rl y is an
advantage.
Br

Buli , TMEOA, THF ,

- 78°, 45 min , then
OR
66 %
OR

BnO
BnO

12 ,

15 min, BnO

OMOM

OMOM

BnO

1

Br
(+)-(S)-88

(+)-(S)-87

Me 3SiC=CH , Cu l,

[PdCl2(dppf)] ·CH2Cl2.
Et2 NH , toluene , 40°, 4 h,
98%

BnO
BnO

(+)-(S)-89 R = TMS ~ K2C0 3 , THF/ MeOH ,
r.t. , 2 h, 93%
(+)-(S)-90 R = H

Scheme 6. Synthes is ofthe acetylenic binaphtha lene unit (S)-90.

The Sonogashira coupling was

initiall y conducted with the standard catalyst,

bis(diph enylphoshino)di chloropalladium (ll ) ([PdCl2(PPh3)2]) and quantitati ve yields were
obtai ned although a long reacti on time (up to 20 h) was required. With the use of the
commerciall y

available

1:1

complex,

1, l '-bis(diphenylphosphino)ferrocene

dichloropalladium ([PdCl2(dppf)]) ·CH2Cl2, the time for complete co nversion could be
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reduced to a maximum of 4 h while retaining the excellent y ie lds.

Subsequent

deprotection of the trimethylsilyl groups afforded the cyclizat ion component (S)-90 (93%)

(Scheme 6).
The following oxidative G/aser-Hay coupling [ 15 9] of (S)-90 proceeded slow lier than the
ana logous reaction with the benzoyl-protected compound which was used in the synthesis
of (R ,R,R)- 71 (3 h instead of 20 min) but with slightly better yields of the trimeric product

(S,S,S)-9 1 (25%) in addition to the tetramer (18%), the pentamer (3%) and higher
oligome rs (Sch eme 7).

Separation was achieved by gel permeation chromatography

(GPC). GPC proved to be a very usefu l method for the separation of the different cyclic
oligomers since their mass differences are suffic iently high to readily achieve the ir
complete separat ion . In contrast, the small polarity differences made separation by more
standard flash co lumn chromatography much more difficult.

Deprotection of the OH

groups in (S,S,S)-9 1 under acidic conditions finally afforded the targeted, trimeric
macrocycle (S,S,S)-71 in good yield (77%) (Scheme 7).

CuCI, TMEDA, 02,
CH2Cl2. r.t., 3 h,

BnO
BnO

//j RO

OR ~

~

///

25%

+ other cyclic
oligomers

(+)-(S)-90

(+)-(S,S,S)-91 R = MOM
(+)-(S,S,S)-71 R = H

J Conc. aq . HCI (cat.),
THF/MeOH, r.t., 12 h, 77 %

Scheme 7. G/mer -f-luy coupling and MOM-deprotection to (S,S,S)-7 1.

To ensure clean conversion to (S,S,S)-7 1, it was cruc ial that the last step was perfom1ed
under very dilute a nd mild conditions to avoid the formation of naptho[b]furan rings by the

5-endo-dig

cyc li zati on

mechanism

[ 160].

Formation

of

products

containing
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naphtho[b]fura n units was detected by the presence of a sharp sing/et in the

1H-NMR

spectrum (CDC l3) at 7.00 ppm fo r the H-C(3) resonance ofthe Furan rin g (Scheme 8).

BnO

BnO

BnO

BnO

(5-endo-dig)

(+)-(S,S,S)-91
Scheme 8. Formation of naphtho[b]furan rings by subject in g (S,S,S)-9 1 lo stron gly ac idic conditions.

An analogous reaction has been utili zed in the effic ien t preparation of 2-subst ituted
benzo[b]furans by convers ion of 2-0 Hary l ha lides with a variety of alk ynes in the presence
of a Pd(O) cata lyst and CuCI under mild conditi ons [1 6 1-1 64].

3.1.2 Synthesis of Receptors (S,S,S)- and (R, R,S)-72
Our next goa ls, the syntheses of Orsym metri cal (S,S,S)-72 (Scheme 9) and Crsy mmerical

(R ,R,S)-72 (Scheme 10 and l /), we re achieved in the diploma work of Ma rtin Piintener
[ 165].
Efficient methods have been reported for the opti ca l resolution of 1, l '-binaphthalene-2,2 ' dio l ((±)-92)) [146, 147, 166- 176]. We chose a procedure of ? 11 and coworkers [1 72], who
developed a very practical method by modification of an earlier publi shed [1 67, 168]
reso lution procedure usin g N-be nzy lcinchonidinium chloride [ 177] (93 ) to obta in both pure

(R)- and (S)-1 , 1' -binap htha le ne-2,2 '-di ol o n !arge sca le ( 10 to 15 g of each e nan ti omer).

1

c1 -

i~
N

93

The protection of the free O H g roups with MOMCI as methoxymethyl ethers [178]
proceeded in quantitative y ie ld.

Neverthe less, we introduced a novel, very conve ni ent
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procedure using P20 5, '' Kiese lguhr", and di(methoxy)metha ne as solvent, which avoided
the handling of carcinogenic MOM C I and afforded comparable yields in the MOMprotection of (S)-94 [ 179] . A directed lithiation of the 3,3 ' -positions of enantiomerically
pure binaphthalene (S)-94 with subsequent trappin g using iodine proceeded smoothl y to
afford (S)-95 in 65-95% yield. The conditions of the iodin ation of enantiomerically pure
mate rial had to be optimized since they were different from the case of published racem ic

(±)-94 [149]. The most efficient method pro ved to be the lithiation of (S)-94 with 4.7
equiv. of n-butyllithium a nd TMEDA in diethyl ether at r.t. in 6.5 h followed by the
addition of iodine at - 78°. Surprisingly, we found that the yields for the iodination of (S)-

95 increased from ca. 65% (in many independent reactions) to 95% when undi still ed Et 20
from F/uka was used as solvent instead of Et 20 di stilled from Na.
subseq uently converted to the di a lkynylated

(S)-95 was

1, I ' -binaphthal ene (S)-96 (90%) by

Sonogashira coupling [ 144, 145] with (trimethylsilyl)acetylene using [PdC l2( PPh3)2] as
catalyst. Protodesilyl ation with KzC03 in THF/ MeOH afforded (S)-97 (98%). Oxidative

G/aser-Hay coupling [ 159] of (S)-97 yielded a mixture of cyclic products after 2 h. T he
1H-NMR

spectra of the crude reaction mixture indicated that no higher polymers were

prese nt in the reaction mixture. Separation was readil y performed by GPC to give the
cyclic, trime ri c oligomer (S,S,S)-98 (37%) as major product, in addition to the tetramer

(S,S,S,S)-99 (24%) and the pentame r (S,S,S,S,S)- 100 (5%) (Scheme 9).
Here aga in, a longer reaction time, compared to the original cyclization of the benzoylprotected analogous component in the synthesis of (R,R,R)- 71 [56] , was needed, probably
owing to the more flexible methoxymethyl groups of (S)-97 leading to additional steric
hindrance and reducing the rate of reaction.

(66%) once more emphasize the utility

The hi gh overall yields of cyc lic products
of the

G/aser-Hay

coupling

for thi s

mac rocyc li zation reaction . A stepwi se synthesi s of indi v idual cyclic oligomers would have
been much more time-consuming and would probably have afforded lower overall product
yields as a result of the need for several additiona l reaction steps.
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OR

Buli, TMEDA. Et 20, r.t.. 6.5 h,
then 12. -78 °. 2 h,

OR
(-)-(S)-92 R = H
(-)-(S)-94 R = MOM

OMOM

OMOM

65%

J

MOMCI, NaH, THF ,
r.t. , 30 min, 97%

(+)-(S)-95
Me3SiC=CH , [PdCl2( PPh3)2],
Cu l, Et 3 N, 40°, 20 h, 90%

1

""' R

""'

CuCI . TMEDA,
CH2C l2, 0 2, r.t. , 2 h,
37%

R
(+)-(S,S,S)-98 n
(+)-(S,S.S,S)-99 n
(+)-(S,S,S,S,S)-100 n

=3, R =MOM J
=4, R =MOM
= 5, R =MOM

(+)-(S,S,S)-72, n = 3, R = H

(-)-(S)-96 R
(-)-(S)-97 R

=TM S"""--i K2C0 3, THF/MeOH,
=H __J r.t., 3 h, 98%

Conc . aq. HCI (cat.).
THF/MeOH, r.t.. 12 h, 97%

Scheme 9. Sequence towarcls the re ceptor (S,S,S)-72 starting from enantiomerical ly pure (S)-92.

The sy nthesis of (R,R,S)-72 requires a stepwise trimerization to reduce or avoid the
formation of diastereoisomers. (R)-96 was prepared in the same way as its enantiomer.
Mono-deprotection us ing Borax in THF/H20 afforded (R)- 101 (42%). The use of Borax
as a very mild, basic reagent resulted in a very slow rate of protodesilylation: when the
reaction was quenched after 3.5 h, a mixture of starting material (R)-96 (33%) which could
be recycled, desired product (R)-101 (42%), and doubly deprotected product (R)-97 ( 13%)
was obtained. By repeating the reaction with the recovered (R)-96 , the overall yield of (R)-

101 could be improved to 61 % (3 cycles). When the same reaction was run for 24 h, the
deprotection proceeded comp letely to g ive (R)-97 in quantitative yie ld.
The mono-protected binaphthalene (R)- 101 was dimerized under Glaser-Hay cond iti ons
affording (R,R)- 102 (86%) and subsequently (R,R)-103 (81%) by alkyne-deprotection

(Scheme 10).
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--"" TMS

""'

CuCI , TMEDA,
CH2Cl2. 0 2. r.t. , 3 h,

86 %
~

(+)-(R)-9 6 R = TMS J
(+)-(R)-1 01 R = H

R

R

R

Borax, THF /H 20 ,
20°, 3.5 h, 42%

=

(-)-(R,R)-102 R TMS
(-)-(R,R)-1 03 R = H

K2C03, THF/MeOH,
r.t. , 1.5 h, 81 %

Scheme 10. Synthesis of the dimeric bina phthalene unit (R,R)-103 .

A second C/aser -Hay coupling of (R,R)-103 with (S)-97 resulted in diasteroisomeri c
mixtures oftrimeric and tetrameric macrocycles as the major products (Scheme // ).

H
CuCI, TMEDA,
CH2Cl2, 0 2, r.t. , 2 h,

/J;

+
11%

H

(-)-(R,R)-103

(-)-(S)-97

(-)-(R,R,S)-98 R
(-)-(R,R,S)-72 R

=MOM
=H

Conc . aq . HCI (cat.) ,
THF/MeOH , r.t. , 12 h, 79 %

Scheme 11 . Glaser- Hay coupling to the Crsy mmetrical receptor (R ,R,S)-12 .

To lower the concentration of the reactants durin g the coupling, a solution of (R ,R)- 103
and (S)-97 wa s s lowly added to a solution of C uC I and TMEDA. This way , we hoped to
favor the formation of the de sired trimeric product, but it turned out not to be the case.
After GPC purification, the obtained diastereoi someric mi xture of ( R,R,S)-98 and (S,S,S)98 wa s separated by HPLC to a fford pure ( R,R,S)-98 in moderate yield ( 11 %). For the
receptor (R ,R,S)-98, the 1H- and 13C-NMR data nice ly re vealed three sets of s ignals of
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equal intensi ty as expected for a trimeric C2-symmetrical compound. Fig. 35 shows the
1H-NMR signals of the C/-/20C H groups in the diastereoisomeric mixture of cyclotrimers
3

(S,S,S)- and (R,R,S)-98 as weil as after HPLC (pure products).
1H-NMR

of (S,S,S)- and (R,R,S)-72 :

4 .9

4.8

47 1
·
H-NMR of (S,S ,S)-72:
1

1\

1

l

/r

1 /

11

~\

/ 1

,1 :,

f\~\
5.1
Fig. 35.

5.0

4.9

4.8

4.7

5.1

5.0

4.9

4.8

Excerpt s of the 1H-NMR spectra of lhe diaste reo isomeri c mi xture of (R ,R,S)-98 and (S,S/))98 (top), and the pure products afler HPLC (bottom).

Another approach towards the synthes is of (R,R,S)-72 wou ld proceed via a linear trimer.
This longer route wou ld affordjust a s ing le cyc lotrimeric stereo iso mer but it wou ld require
even more low-yie lding mono-deprotecting steps.

Fortunate ly , we were able to obtain

sufficient amou nts of enantiomerically pure trimeric macrocycle by the sequence
described. This made the longer, more comp lex approach unnece ssary.
Finally, the macrocycl es (R,R,S)-98 and (S,S,S)-98 were transformed into the target
molecules (R ,R,S)-72 and (S,S,S)-72 by MOM deprotection under mild, acidic conditions.
The total yield of 23% obtained in the synthesis of (S,S,S)-72, starting from
enantiomerically pure l , l '-binaphthalene-2,2'-diol ((S)-92), impress ively shows the hi gh
efficiency of the described sequence.
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Efforts to crystallize the macrocyc le (S,S,S)-72 in view of the determination of an X-ray
crysta l structure failed. Despite the absence of fl exi ble, bulky groups at the periphery of
the cavity of(S,S,S)-72, crystals ofsufficient quality were never obtained.

3.1.3 Synthesis of Receptors (S,S,S)- 73 and (S,S,R)- 73
Bromination of the 6,6' -positions of enantiomerically pure 1, l ' -binaphthalene-2,2 ' -diol
[ 180, 18 1] and subsequent protection of the free OH groups of (S)- 104 and (R)-1 04 with
MOMCI afforded the binaphthalene derivatives (S)-105 and (R)-1 05 in 86% overall yield.
By Suzuki coupling [ 182, 183] with B-[2-phenyl{et hyl))-9-borabicyclo[3 .3. 1)nonane 106,
prepared in situ from styrene and 9-borabicyclo[3.3. I]nonane (9-BBN) [ 184], the
phenylethyl g roups co uld be efficiently introduced into the 6,6' -posi tions of the
binaphtha lene moiety to give (S)-107 and (R)- 107 (94%) (Scheme 12). The best conditions
for this react ion were the use of [PdC l2(dppf)]'CH2C l2 and 4.0 equi v. of aq. NaOH soln.
Other bases gave deleterious results.

r

insitu:

9-BBN, THF
eo·. s h

Ü

106

Br
(- )-(S)-92

Br2. CH2Cl2.
-78° to r.t., 3 h,

OR [PdCl2(dppf)] ·CH 2Cl 2, 106,
OR NaOH, THF , 50 °, 15 h,

90%
Br

OMOM
OMOM

94 %

(-)-(S}-104 R = H
_] MOMCI, K2C03,
(-)-(S)-105 R MOM
DMF, r.t.,12 h, 95%

(- )-(S)-107

=

Scheme JZ. lntroduction of the phenylethyl substituents by S11zuki-coupling of (S)- IOS to (S)- 107.

All other reaction steps could then be adapted from the above-described sequence for the
preparation of (S,S,S)-72 and (R ,R,S)-12 and proceeded in comparable reaction times and
yields . The D3-symmetrical receptor (S,S,S)- 73 was formed in the sequence (S)- 107 ~ (S)-
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108 -HS)-109
~

~

~

(S)-110

(S,S,S)-1 11

(together with tetrameric (S,S,S,S)- 112)

(S,S,S)-73 (Scheme 13 ) in an overall yield of 12% (nine steps starting from (S)-92).

Ph

Buli, TMEDA, Et 20, r.t.,
6.5 h, then 12 , - 78°, 2 h,

OMOM

OMOM

73%

Ph
(-)-(SJ-1 07
Me 3SiC=CH, Cu l,
(PdC l2(PPh3)2],
Cul , Et 3 N, so•, 2 h,
93%
Ph

CuC I, TMEDA,
CH2Cl2, 0 2, r.t. , 1 h,

Ph

4-

R

OMOM

OMOM

36%

Ph

Ph

n = 3-4
(+)-(S,S,S)-111 n
(+)-(S,S,S,S)-112 n

(+)-(S,S,S)-73, n

= 3, R = MOM

(-)-(S)-109 R = TMS 1 K2C03, THF/MeOH,
(-)-(S)-110 R = H
__J r.t. , 3 h, 87 %

=4, R =MOM

Conc. aq. HCI (cat.),
THF/MeOH , r.t „ 12 h, 8 1%

= 3, R = H

Scheme / 3. Synthesis of the Drsy mmetrical receptor (S,S,S)- 73.

The C2-symmetrical counterpart (S,S,R)-73 was obtained by the sequence (S)-109 ~ (S)113~ (S,S)-114 ~

(S.S)-115

~

(S,S,R)-111

~

(S,S,R)-73 (Scheme 14).
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Ph

,0.

r'

Ph

TMS

OMOM

Ph

Ph
CuCI, TMEDA,

OMOM CH2Clz, 0 2, r.t., 3 h

Ph
(-)-(S)-109 R
(-)-(S)-113 R

~

R

R

=TMS 1 Borax, THF/HzO,
=H __.J r.t. , 3.5 h, 28%
Ph

R

(-)-(S,S)-114 R = TMS .:J K2 Cü 3 , THF/MeOH, r.t.,
(- )-(S,S)-115 R = H
1.5 h, 76% from (S)-113

Ph
(R)-110 , CuCI, TMEDA,
CH 2Cl 2 , 0 2 , r.t. , 1 h,

23%

II;
II;
Ph

Ph

Ph
(+)-(S,S, R)-111
(+)-(S,S,R)-73

Ph
R = MOM _] Conc. aq. HCI (cat. ),
R =H
THF/MeOH, r.t., 12 h, 75%

Scheme 14. Synthesis of the Crsy mmetrical receplo r (S,S,R)- 73 .

The yield of (S,S,R)-111 (23%) obtained in the oxidati ve Glaser-Hay coupling of (S,S)-115
with (R)-110 after GPC and HPLC purificati on was reasonabl y high and showed that it was
a much better strategy to mi x all reagents from the beginning instead of adding them
slowly ove r a period of seve ral hours as it was done in the synthesis of (R,R,S)-98.
In co ntrast to the binaphthalene deri vati ves desc ribed be fore, products 107- 111 are hi ghl y
viscous oils. Thi s behav ior is ass igned to th e fl ex ibility of the phenylethyl groups.
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3.2

Sugar Complexation with Receptor Systems 71-73

CPK (Corey-Pau/ing-Koltum) model examinations and computer modeling (MacroModel

V 5.5 and V.6.0 (185,186]) suggested that the rigid, preorganized cavities with the six
convergent H-bonding sites in receptors 71-73 would be complementary in size and shape
to a hexopyranose ring. Therefore, the complexation of octyl pyranosides was investigated
in the non-competitive solvent CDCl3. The DJ-symmetrical receptors are rather planar in
their overall shape, whereas the C2-symmetrical counterparts are much more distorted
from planarity (Fig. 36). Furthermore, the cavity of the latter is significantly narrowed.
We expected that the reduced symmetry of the binding site and the tighter host-guest fit
provided by the C2-syrnmetrical receptors would translate into both higher binding strength
and enhanced substrate selectivity. As expected, the modeling also showed that the size
and shape of the receptor cavities are not affected by the changes in peripheral
functionality in 71-73.

Fig. 36. Comparison of the energy-minimized structures of Drsymmetrical (R,R,R)-72 (left) and Cr
syrnmetrical (S,S,R)-72 (right) (MacroMode/ V6.0 , AMBER* force field, GB/SA solvation
model for CHC13). Similar binding sites are present in the corresponding receptors 71 and 73 .
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3.2.l IH-NMR Spectroscopic lnvestigations into the Sugar-Bioding

Ability of(S,S,S)-71

The trimeric receptor (S,S,S)-71 is highly soluble in CDC'3 (up to 20 mM). lt was shown
not to aggregate appreciably at concentrations below 5 mM, as determined by 1H-NMR
dilution experiments.
Binding studies of (S,S,s'J-71 with 1-0-octyl pyranosides 1-3 (Fig. 37) (2 was prepared
according to a literature procedure (187)) were carried out using 1H-NMR titration
experiments in CDC'3 at 300 K. We used octyl glycosides because these sugar derivatives
are soluble in a wide range of organic solvents, whereas the free sugars are insoluble in
organic solvents.

Furthermore, the octyl substituent is preventing mutarotation, so that

only one guest anomer is present in the complexation equilibrium.

HO~ Q

1?o~
HO OCaH11
1 Octyl-a-D-glucoside

HO~
HO
HO
OCaH11
OH
3

Octyl-ß-D-glucoside

2 Octyl-a-L-glucoside

Fig. 37.

Hot\__ 0

HO~OCaH11
OH

7 Octyl-ß-D-galactoside

4 Octyl-/H-glucoside

Substrates used in the 1H-NMR binding studies with receptors 71-73.

The complexation-induced downfield shift of the OH protons of the receptor, held at
constant concentration, was monitored as a function of the concentration of the guest. lt
was experimentally impossible to approach the calculated shifts at saturation binding
(ö~at)

because of the overlap of the downfield shifting OH signal with the aromatic

receptor resonances at higher degrees of complexation.

Nevertheless, the maximum

observed complexation-induced chemical shift (ÖOrnax obs corresponding to 50-60% of
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ClDsat) proved to be sufficient in most assays for the reproducible determination of
associat ion constants Ka [M-1] and binding free enthalpies? e 0 [kcal mol-1] by non linear
least-squares curve-fitting ofthe experimental titration data (188]. Other resonances ofthe
receptors were not affected by the addition ofthe carbohydrate guests (Fig. 38).
Moderate assoc iation constants Ka between 170 and 350 M-1 for the formed 1: 1 complexes
of (S,S,S)-71 and pyranosides were in good agreement with our previously published
results for (R ,R,R)-71 [56] (Table !). Diastereoselectivities amounted up to ? (? e 0 )
kcal 11101-1, and a small enantioselectivity of? (? e

0

)

=

=

0.7

0.4 kcal 11101-1 was measured for the

complexation of octyl a-D- (1) and octyl a-L-pyranoside (3). The selectivity in the
complexation of octyl ß-D-glucoside and octyl a-D-glucoside can be explained according
to reported results of Diederich [51] and Anslyn [52] (see Sect. 1.1.3.7). Vicinal cis dio ls
possess a better ability to form intramolecular H-bonds than trans dio ls. Therefore, it is
energetically unfavorable to break intramolecular cis J-1-bonds to allow the formation of
intermolecular H-bonds with the OH groups ofthe receptor.
Association constants K, [M- 1] and complexation free enthalpies ßG0 [kcal mo l-1] for 1: 1

Table / .

complexes of receptors (S,S,S)-71 and (R,R,R)-71 and guests 1-3 in CDCl3 (300 K). Also shown are the
calculated and, in parentheses, the maximum observed complexation-induced upfield shifts
ß°"1ax obs• of the

receptor OH protons.

Ka b)

tle

[M-1]

[kcal mo J-1]

[ppm]

(R ,R,R)-1

210

-3.2

+2.01 (+ 1.15)

2

(R,R,R)-1

110 C)

- 2.8

+2.29 (+0.84)

3

(R,R ,R)-1

370

- 3.5

+2.48 (+ 1.42)

(S,S,S)-1

170

-3.1

+2.09 (+1.05)

2

(S,S,S)-1

350

- 3.5

+1.90 (+ 1.19)

3

(S,S,S)-1

240

- 3.3

+2.03 (+ 1.06)

Sugar a)

o)

b)

ßo,„ and

Receptor

0

Clßsat (Clbrnax obs)

Host concentration was constant at 0.5 mM, guest concentration varied between 0.5-6.0 mM.
Association constants detem1ined by non linear least-squares curve fitting of 500-MHz 1H-NMR titrations.

Uncertainty in
reached.

K,

estimated at 20%. c) Higher uncertainty in

K,

since only ca. 37% saturation binding
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Under the same conditions, no appreciable changes in the 1H-NMR spectra of a
corresponding binap htha lene monomer occurred during the addition of up to 12 eq ui v. of
sugar guest [56]. This observation co nfin11S that more than two OH groups of the recepto r
co ntribute to the intermol ec ular H-bonding network with the sugar guest.
To ac hieve reproducible result s, it was crucial to work in rea lly dry CDCl3. Therefore, it
was allowed to stand over anhydrous K2C03 and molecular sieves (4 A) for at least 24 h
prior to the titration experiment . This served to both deac idify the C DC l3 a nd partially dry
it.

The remaining wate r (about 3 mM) was removed by the addition of just enough

activated, powdered 4

A molecu lar sieves to

the NMR tube to make the water peak at 1. 54

ppm di sappear (there sho uld be no excess of s ieves present). lt has already been shown
(45] that under these conditions the complexation of pyra nosides is not affected. Note that
the binding free en thalpi es ofthe complexes of (S,S,S)-71 with 1-3 are 0.3 kca l mo l- 1 more
negative than those of the corresponding enantiomeric complexes formed by (R,R,R)-71.
Such a discrepancy between spectra meas ured at a time interval o f mo re than three years
could orig inate from differences in the experimental titratio n conditions, such as the
presence of different amounts of residual H20 in the solvent [44,45]. In the titrat ions with
(R, R,R)-71 , no resi dua l H20 was present, whereas the 'H-NM R spectra recorded in the

titrations w ith (S,S,S)-71 displayed a small H20 peak at 1.54 ppm (c

=0.5 mM).

Most

importantly , however, the stereose lectivities determined w ith the two ena ntiomeric
receptors are in compl ete agreeme nt. The suga r compl exation and decomplexation rates
are fast o n the NMR time-sca le, so that the chemical shift measured for the OH protons is
an average of the chemi cal shifts for the free host and the bo und host. Fig. 38 shows three
NM R spectra observed during the titration of(S,S,S)-71 w ith 2.
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7.0
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Fig. 38. Excerpts o f the 1H-NM R spectrum in C DC l1 (300 K) of (S,S,S)-71 (0.5 mM) alone (a) and
in the presence of 1 1 mM of 2 (b) and 3.6 ~ M o f2 (c) .

3.2.2 1H-NMR Spectroscopic Investi gation s into the Sugar-Binding
Ability of (S,S,S)-72 and (S,S,S)-73
Sim ilar to the receptors (R,R,R)-71 and (S,S,S)-71 , the two trimeri c macrocyc les (S,S,S)- 72
and (S,S,S)-73 are hi ghly so lubl e in CDC l3 and were shown not to aggregate at
concentrati ons be low 4 mM, as determin ed by 1H-NM R diluti on experiments.
When 1H-NM R titration experiments we re attempted w ith (S,S,S)-72 or (S,S,S)-73 a nd
octyl pyranos ides ( 1-3, see Fig. 37) at 300 K, a broadening of all receptor proton signals
occu rred, indicating intermediate compl exation-decomplexation exc hange rates on the 1HNM R time scale and compl ex binding stoichi ometri es. Thi s broa dening preve nted
detenn · ·
mat1on of host-guest stoichi ometries and assoc iation constants; it did, however,
prov ide evidence fo r sugar-recepto r in te racti ons. The O H resonance of the receptors (0.5
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mM) showed !arge downfield shifts upon addition of less than 1.0 equiv. of carbohydrate.
Due to the extreme broadening, howeve r, it was impossible to follow this signal over a
meaningful titration range. The same res ults were obtained when the complexation of
(S,S,S)-73 with other sugar derivatives (octyl ß-D-galactoside or octyl a-D-lactoside) was
investigated.

Variable temperature measurements were carried out with (S,S,S)-73 or

(S,S,S)-72 and 1. Upon heating a solution of host and guest (c

= 0.5 mM) in CDCI2CDCI2

to 360 K, sharp signals were recove red; however, complexation had vanished at thi s
temperature. When a solution of (S,S,S)-73 (c = 0.5 mM) and 1 (c = 0.5 mM ) in CDCl3 was
cooled to 250 K, a spectrum at slow host-guest exchange with sharp sig nals was obtained.
Significant changes in the chemical shifts of th e aromatic receptor protons were obse rved,
but th e complexity of the spectrum prevented the evaluation of the assoc iation strength by
simple integration of the signals of free and bound macrocyc le. Furthermore, the receptor
OH signals were

110

longe r visible. The symmetry ofthe complex is reduced by the bound

pyranoside. The existence of different, energetically similar complex confom1ations could
further increase the number of resonances. Additionally, the stoichiometry of the fo rmed
host-guest associates remained uncertain.

Although very sharp proton signals were

observed upon addition of small amounts of sugar to the macrocycle (S,S,S)-73 at lo w
temperature, the NM R spectmm of (S,S,S)-73 itself at 250 K is characterized by ve ry broad
proton signals, a tendency that was eve n more pronounced when the temperature was
further lowered or the receptor concentration raised. lt indicates a self-association of
receptor molecules at low temperature.
A ROESY ex periment at 250 K was co nducted in an effort to shed ligh t on the binding
mode betwee n (S,S,S)-73 and 1. However, no significant NOE effects between the sugar
protons and the aromatic protons of the rece ptor were found.
Neither the addition of small amounts of CD30 D or CD3CN, nor changing the constant
receptor concentration to 1 mM reduced the signal broadening. To absolutely excl ude that
the signal broadening ari ses from remaining traces of water or disturbance by molecul ar
sieves, we systematica lly exa mined different methods for drying so lvent, receptor, and
suga r guest.

We performed titration ex periments with and without molec ul ar sieves,

however, in no case better results could be ac hieved. We also tried to use other methods
for the determinati on of binding co nstants. UV titration spectra of (S,S,S)-72 did not show
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any significant changes upon add ition of octyl gl ucopyranosides.

In CD experiments,

s ignificant changes occurred in the spectra durin g the tit ration with suga r guests, but they
were not in agreement with a 1: 1 stoichiometry of the host-guest co mplexes. Moreover,
the results were not reproducible.
complexation consta nt (Ka

= J0-3

This can be ex pl ained by the re lative ly small

M-1) expected for these systems, whi ch, together with

the extremely low concentration of receptor (around 10-2 mM) req uired for C D
measurements (a nd the corresponding low degree of complexation), led to very high e rrors.
The macrocyc les (S,S,S)-72 and (S,S,S)-73 could not be used to extract suga r guests from
the solid or aqueous phase to CDCl3 or CDCl3/CCl4 mi xtures.
What causes the drastically differe nt titration behavior of (S.S,S)-72 and (S,S,S)-73, as
compared to (R, R,R)- 71 or (S.S.S)- 71 for which the determination of association constants
from 1H-NMR binding titrations was quite straightforward (Seel. 3.2. 1)?

All four

receptors possess strnctu rally nearl y identi ca l binding sites; they only differ by the re sidues
attached to the major grooves of the 1, I '-binaphth alene .units. Large differe nces in the Hbonding donor-acceptor ability of the OH groups at the minor groove of the 1, 1'binaphthalene spacers due to the differences in the major groove fun ctionality can be
exc luded with confidence. We ass ume that the strong s igna l broadening observed at 300 K
for so lutions of receptors (S.S,S)-72 or (S,S,S)-73 and octyl pyran os ides does not refl ect a
stron ger 1: 1 host-guest binding th an th at observed for the two DJ-Symmetrical enantiomers
of 71 (Tab le !) .

Rather, we suggest th at it originates from carbohydrate-induced

aggregation and hi g he r-order comp lexation.

All three D3-symmetrical receptors 71-73

possess a rather flat macrocyclic framework with three OH groups oriented to eac h face
(see Fig. 2).

A sa ndwich-type complexation mode is conceivable, in which the suga r

interacts with the OH groups of two sandwichin g receptor molecules, leading to host-guest
assoc iations with 2: 1 stoichiometry and poss ibly to even more extended co lum nar
aggregates ··H ·· G··H· ·G··H·· (H

= host, G = guest) .

Such an aggregation may also hinder

the exchange between fre e sugar molecul es and those compl exed betwee n two receptor
molecules.

Apparently, the late ra l BnO groups in rece ptor DJ-7 1 are e ffici e nt in

preventing such hi gher-order compl exat ion, and formation of intra-cav ity inclusion
complexes wi th 1: 1 host-guest stoic hiometry is observed. In contrast, rece ptor 03- 72 Jacks
any aggrega ti o n-preventing latera l function a lity a nd the 2-phenylethyl gro ups in 03- 73 do
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not see m to be effective in precluding sandwich-type complex geo metries with hi gher
stoi chiometry. The phenylethyl groups in the 6,6' -pos itions of the binaphtha lene moiety
were shown by C PK model examination s to lie rather in the same plane as the cavity, thus
creatin g an ex tensive !wo-dimensional strncture with a hi gh potenti al for aggregation.

3.2.3 'H-NMR Spectroscopic lnvestigations into the Sugar-Binding
Ability of (R,R,S)- 72 and (S,S,R)- 73 .
With their less planar geo metries, the C2-symmetrica l receptors we re not ex pected to
undergo a sa ndwich-type co mpl exation of sugar substrates, and this was confirmed in the
binding studies.

However, 1H-NMR titrations with (R,R,S)-72 were impeded by the

in so lubility of th e recepto r in C DC l3.

In contrast, the macrocyc le (S,S,R)-73, with its

fl ex ibl e 2-phe nylethyl gro ups at the periphery of the cavity, proved to be readily so luble,
and titrations at 300 K in C DC l3 were not ha mpered by any s ig nal broade ning.
Octyl pyra nosides and C2-sy mmetrical (S.S, R)-73 form 1: 1 complexes with assoc iation
constants up to 10 times higher ( Table 2) than those meas ured for the corresponding
co mplexes of D3-symmetrical (R,R,R)- and (S,S,S)-71 (Tab/e / ). In the binding titratio ns
performed at co nstant receptor concentration (c = 0.5 mM), the sma ll (L'i.~at < 0 . 1 ppm) but
highly reproducible upfield shifts of the sharp aromatic receptor signal s of H-C(4), HC(4 ' ), and H- C(4") upo n additi on of the mono saccharides were eva luated.

Since th e

signals of these three resonan ces appear at nearl y identica l c hem ica l shifts (Fig. 39), th e ir
averaged L'i.8 values were considered.

Upon additio n of a large excess of carbohydrate,

max imum observed upfi eld shifts (L'i.Ö.nax obs) very c lose to the ca lc ul ated saturation shi fts
(L'i.~a 1 ) were measured. Other aromatic resonances of (S.S. R)-73 suc h as H- C(8), H-C(8'),

and H-C(S ") a lso di spl ayed signifi ca nt complexation-induced changes in the ir chem ica l
shifts which, due to the multiplicity of the resonances, could however not be eva luated
with the sa me accuracy . Analys is of the larger complexation-induced downfi e ld shifts of
th e OH protons of the receptor (L'i.<\ai >> 1.0 ppm) was less conc lu s ive, bcca use of the
overlap with the aromatic signa ls over a s ign ifica nt part of the titration. However, where
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measurement was poss ibl e, assoc iat ion constants comparab le to those obtai ned from the
eva luation of the resona nces o f H- C(4), H- C(4'), and H- C(4") were ca lcul ated.

Association constants K, [M- 1] and complexation free enthalpies öG 0 [kca l moJ- 1] fo r 1:1

Tahle 2.

complexes of receptor (S,S,R)-73 wi th octyl glucosides in CDCJ3 (300 K). Also shown are the averaged
calculated complexati on-induced upfield shi fts

Ka b)

D.Go

D-Dsat

H20

[M-1]

[kcal mol- 1]

[ppm]

[mM)

111 0

-4. 1

+0.049

0

11 90

-4.2

+0.048

3.0

2

4440

-5.0

+0.036

0

3

3260

-4.8

+0.048

0

3

2950

-4.7

+0.050

1. 5

3

3360

-4.8

+0.049

6

7

560

- 3.7

+0.051

0

Sugar 3 )

a)

b)

flo,., oft he aromatic protons H-C(4) , H-C(4 ') and H-C(4").

Host concentrat ion was constant at 0.5 mM. guest concentrati on vari ed between 0.5-9.0 mM.
Association constants detcrmined by nonlinear Jeast-squares curve littin g of 500- MH z 1H- NMR titrations.

Uncertainties in K, est imated at ± 20%.

The se lecti vity in the compl exation of octyl pyranos ides by (S,S. R)- 73 is remarkable:
d iastereose lectivities of up to 1.3 kcal moJ- 1 were observed, and the enanti oselectivity

(D.(D.G0 ) = 0.9 kcal moJ-1 ) fo r the preferred binding of octyl a-L-glucoside (2) ove r octyla-D-gl ucoside (1) is the hig hest so far observed in ca rbohydrate recogn iti o n with synth etic
receptors. When 1H-NMR titrati on expe riments were performed with octyl ß-L-glucos ide
( 4 was prepared according to a literature procedure [ 189- 19 1]), the host-guest exchange
rate became so slow th at sharp signa ls for unbound a nd bound receptor were visibl e at
ambi ent temperature which, in thi s case, is indi cati ve of a very strong assoc iation.
Unfortunately, signal ass ignments in the complex a nd determin ati on of quantitat ive
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binding data were unsuccessful.

Nevertheless, it can be stated with confidence that

(S,S,R)-73 has a higher affinity for L-glucosides than for D-glucosides.
H-C(4)
H-C(4')

OH
OH'

IU~l___i
lJu ~LL_

b)

1i

c)

11 1:

\

__;,JlJi~
8.5

8.0

7.5

7.0

6.5

6.0

1H-NMR

Fig. 39. Expe rts ofthe
spectrum in CDCl3 (300 K) of(S,S,R)-73 (0.5 mM) alone (a) and
in the presence of 1.2 mM of2 (b) and 5.8 mM of2 (c).

The observation of complexation- induced upfield shifts for several aromatic protons of
(S,S,R)- 73 indicates that the receptor undergoes substrate-induced structural changes. This
contrasts with the results for (R ,R,R)- and (S,S,S)- 71 , where changes in the chemical shifts
were on ly observed for the OH protons.

Structural analysis by compute r mode ling

indicated not only that receptor (S,S,R)- 73 contains a cavity with a smaller diameter (Fig.
36) compared to the 03-symmetrica l counterpart, but also that the binding si te is more
flexible.

For (S,S,R)-72 (used as a model for (S,S,R)-73) Monte Carlo conformational

searches (MacroMode/ V6.0(185, 186], 4000 steps, AMBER*, GB/SA so lvation model for
CHCl3) revealed a total of six conformers within 5 kcal mol-1 above the calculated g lobal
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energy minimum structure, whereas for (R ,R,R)- 72 only two conformers were found in this
energy range.

Fig. 40. Thc energy-minirnized structure of the complex formed between (S,S,R)-72 (as a model for
(S,S,R)-73) and octyl a-L-glucoside (2) (MacroModel V.6.0 , AMBER* force field, GB/SA
solvation model for CHC1 3 ). Shown are the intermolecular H„·O H-bonding distances in
the complex.

The energy-minimized structure of the stable complex formed between (S,S,R)-2 and octyl
a-L-glucoside (2) is depicted in Fig. 40. lt clearly shows the tight host-guest binding fit in
the inclusion complex with several short intermolecular H-bonds in which the sugar OH
groups participate cooperatively both as H-bond donors and acceptors.

Experimental

evidence for such a tight fit was provided not only by the !arge association constants
measured but also by the independence of the complexation strength to small amounts of
HzO present during the titration experiments (Table 2). Bonar-Law and Sanders [45] had
observed higher binding strength when small amounts of H20 or MeOH were added to
solutions of carbohydrates and synthetic receptors in CDCl3. Their receptors were too
!arge to provide a tight fit with the substrate, and protic solvent molecules were proposed
to act as mortar enhancing the associations by bridging the binding partners via H-bonds.
We have observed the same phenomenon with (S,S,S)-71 (see Sect. 3.2.1). In our study
with (S,S,R)-73 on the other band, small amounts of H20 did not affect the binding of
pyranosides at all (Table 2). The host-guest fit is already very tight in the narrow cavity
binding site, and there

is

no

space

to

accommodate

extra

H20

molecules.
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4. Synthesis and Sugar Binding Properties of Dendritic,
1,1 '-Binaphthalene-Derived Receptor Systems
4.1

Syntheses of Monomeric, Non-Dendritic and Dendritic
Receptors

The monomeric, dendritic receptor systems are composed of an ion ic bin apht halene core
and hydrophobic Freche! dendro ns. The preparation of the dendron units w ill be described
first (Sect. 4.1. /), fo ll owed by the synthese s of the monomeric, non-dendritic refere nce
receptors (S)- 116 and (S)-1 17 (Seel. 4.1. 2) and dendritic receptor systems wi th acety leni c
spacers between the core and the dendron (1-G-(S)-118, 2-G-(S)-74, and 3-G-(S)-119;

Seel. 4. 1. 3). In the last two parts (Seel. 4. 1.4 & 4. 1.5), a monomeric receptor system 1-G-

(S)-120 with direct co nnecti on between core and dendron (w ithout acety le ne linker) and a
water-solub le recepto r wit h polyether cappi ng groups 1-G-(S)- 121 wi ll be di scussed.

4 . 1. I Synthesis of lodoaryl-Dendron-U nits

4.1.1. l Sy11tlresis of 1-G to 4-G lotfoaryl De11dro11 U11its Based 011 U11capped
Freclret De11do11s
Freche/ dendrons 123, 125, and 127 were prepared accordin g to lite rature methodology

[87) (Scheme 15) starting from 3,5-dih ydroxybenzy l alcoho l via a convergent approach.
The coupling with 2.0 equi v. of benzyl bromide and subseq uent benzylic bromination
under Appel conditi ons [1 92) afforded the first gene rat ion ( 1-G) dendron 123. Repetition
of thi s sequence of coupling and bromination led to th e hi gher generati on dendrons 2-G-

125 and 3-G-127.
lt was crncial to perfom1 a carefu l puri fication after each Wil!iamson et her condensat ion,

because C-a lkylation was frequently observed.

Thi s unde sired s ide reaction could be

diminished by maintaining a consta nt reaction temperatu re ( not more than 55°) and using
acetone as the so lvent instead of MeCN, eve n if the reaction tim e was prolonged under
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these conditi ons. C-alkyl ated compo unds we re difficult to detect by standa rd 1H-N MR
spectroscopy since they occurred ge nerall y onl y in very low yie lds up to 2%. However,
the separation o f these impurities had to be done right afte r their appearance, since it
became imposs ible at the stage o f the correspo nding highe r ge neratio n dendrons (due to
the lowe r re lati ve mass and polarity di ffe rences). Furthenno re, the y ie lds of such defecti ve
products were doubl ed as a function ofthe generati on number.

o~

_n OH

R-00~
v

HO~OH

K2C0 3 , 18-crown-6,
acetone, 55 ', 24 h,
Brr { )

1-G-R

..:J CBr

122 R = OH
123 R =Br

61 %

4 , PPh 3 ,
r.t. , 3 h, 90%

r-0

HO

-

OH
OH

K2C0 3, 18-crown-6,
aceton e, 55' , 24 h,6 1%

_n OH

o~

HO~OH

K 2C0 3 „ 18-crown-6,

3-G-R

acetone, 55', 24h,
70 %

~~
rO ~O
V
0

R

2-G-R
126 R =OH 1

CBr4, PPh3,
127 R =Br _J r.t. , 3 h, 79 %

0yo~
Ov

124 R =OH 1 CBr4 , PPh 3 ,
125 R = Br _J r.t„ 3 h, 86%

Scheme 15. Synthes is of 1-G to 3-G dendrons in a conve rgent approach via Willia111so11 ether
condensati on and benzy lic bromin ati on under Appel conditions.

The bromides (benzy l bromide, l-G-123 , 2-G- 125, and 3-G-127) we re subsequentl y
coupled with 5-iodobe nze ne-1 ,3-diol ( 128) to a fford the so-ca lled iodoary l dendro n units
1-G-129 to 4-G-132 (Scheme 16).

73
OH

1--Q0~28

~o~

s(\:

76

K2C0 3 , 18-crown-6,
acetone , 55°, 24 h

;:Ö~~;
3

(

O~O

l_ft_"
~

~\
-=

o~O~

0
n=0-3

n=O:
n=1 : 1-G-123
n=2: 2-G-125
n=3: 3-G-127

n=O: 1-G-129
n=1: 2-G-130
n=2: 3-G-131
n=3: 4-G-132

(95%) \
(90%)
(7 9% )
(44 %)

v_o}O
n=0-3

Scheme 16. Syntheses of iodoaryl de ndrit ic branches 1-G- 129 to 4-G - 132.

Compo und 128 was prepared in two steps starting from commerci all y ava ilabl e 3,5dimeth oxyaniline (Sa ndmeyer reacti o n [ 193] to give 133 fo ll owed by deprotectio n of the
methy l ether groups (Scheme 17)) .
Na N02, conc. HCI,
H2 0 , 45 min , 0°,
the n KI , 12 h, r.t„
52%

OMe
conc. HI ,
OH
I~
AcOH, 110°, 20 h, I~

~

74 %

133 OMe

~

128 OH

Scheme 17. Synthcsis of 128 start ing fro m J ,5-dimet hoxyaniline by Sa11dmeyer react io n and
deprotection of the meth yl ether groups.

The increased steri c dema nd o f the dendriti c bromides of hi ghe r ge nerati on lowered the
yields fro m 95% (for the synthes is of the 1-G-129) to 44% (for the synthes is o f the 4-G-

132) (Scheme 16) .
Compound

2-G-130

was

fun cti o na lizcd

by

Sonogashira

couplin g

with

(trimethy ls il yl)acety le ne [144, 145] to produce 2-G-134. The deprotecti on ofth e acetyl e ne
group in 2-G-134 y ie lded 2-G- 135 and subsequ ent redu cti on us ing z irconocene c hloride
hydride in benzene [ 194] afforded 2-G-136 (86% overall y ield starting from 2-G-130)

(Scheme 18).

First attempts to reduce 2-G-135 by hydroborati on with catec holbora ne

[1 95- 197] fo llowed by ac idic wo rk up gave mi xtures of the des ired product 2-G-136 and
starting materi al.

Despite prolon ged reactio n times, compl ete con version was neve r

observed and, un fo rtunate ly, separation of 2-G-136 from 2-G-135 was not poss ible.
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o~

Me3SiCsCH, [Pd(PPh 3}iCl 2],
Cul, DIPA, THF, 40°, 12 h,
96%

oß~
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V
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o V
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"=<

0

;=\

oy~

136

O"O

134 TMS 1 K2C03, THF/MeOH ,
135 H
_J r.t., 3 h, 94%

J

Zr(C 5H5}iCI H, benzene,
r.t., 4h, 95 %

0 "()

Sch eme 18. Functionalization of2-G-130 to give 2-G-136.

The dendron units 2-G- 135 and 2-G-136 (see Scheme 18) were designed for the synthesis
of receptor systems with ethenyl or ethyl spacers between the receptor core and dendron.
However, due to the results with rel ated monomeric receptors discussed in Seel. 4.3.1 , we
changed our strategy and did not continue their preparation in the course thi s work.
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4.1.1.2 Syntltesis of a 1-G Frecltet-Type lodoaryl Dendron Unit witlt Polyetlter
Capping Groups
To obtain receptor systems with good so lubility propert ies in polar so lvents, we a lso
prepared a 1-G Frechet-type dendron w ith pol yether capping groups.

Po lyeth er groups

have the advantage over other widely used pol ar cappin g group s, such as ca rbox ylates
[ 198)), in that they are neutral and ha ve a low tendency to interact with suga r substrates.
In our laborato ry, a preliminary approach towards thi s type of Freche! dendron s had
a lready bee n deve loped [ 199]. The first reaction was the tosy lation of tri ethy leneglyco l
monomethy l ether , which was perfonn ed according to a literature procedure [200) in 93%
y ield (Scheme 19) .

The resulting product 137 was coupled w ith 3,5-dih ydroxybenzy l

a lcohol in a suspension of 18-c rown-6 and K2C03 in MeCN to g ive 138 [ 199] (Scheme
19). The yields and reaction times of this conversation varied widely, and in most cases

only modest yields (less tha n 40%) were obta in ed after heating for up to four days to 80°.

OH
HO, - Q
OH
18-crown-6, K2C0 3 ,
MeC N,

so·. 85 h,

85%

R=H
_] TosCI, NaOH, THF , H2 0 ,
137 R =Tos
0- 5°, 3.5 h, 93%

Scheme 19. Substitution of 3,5-dihydroxybenzyl alcohol with po lye ther capp in g gro ups to give 138.

Benzylic bromination of 138 usin g C Br4 and PPh3 yielded the product 139, which was
then further reacted with 5-iodobenzene- 1,3-diol (128) to g ive the des ired 1-G-140 a fter
G PC ( Biobeads SX-3) in 54% yield (Scheme 20).

76

,-q

OH

OH
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Scheme 20. Synthesis ofiodoaryl dendron unit 1-G-140 with polyether capping groups.

4.1.2 Synthesis ofTwo Non-Dendritic Reference Receptors
For later comparison with the sugar binding properties of the dendritic receptors, two
model systems (S)-116 and (S)- 117 (Fig. 41), containing no dendritic branching were
synthesi zed.

H
(+)-(S)-116

(+}-(S)-117

Fig. 41 . The two reference receptors (S)-116 and (S)- 117.

Receptor (S)-116 cons ists of a 3,3 '-dialkynylated binaphthalene unit with an ionic
phosphodiester group and has the abi lity to bind sugar substrates through H-bonding
interactions. The receptor (S)-1 17 incorporates phe nylacetylene units in the 3,3 ' -positions
ofthe ionic binaphthalene moiety.
In Scheme 2 1, the last steps towards (S)-1 16 and (.S)-1 17 are described. The synthesis of
the acetylen ic binaphthalene moiety (S)-97 was done as described before for the synthesis
of macrocyclic receptor systems (Seel. 3. 1.2). MOM deprotection of (S)-97 to give (S)-141
and introduction of the phosphodiester groups using POCl 3 and Et3N [201] afforded (S)116 afte r io n-exchange in 38% overall yield.
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The phenyl groups were introduced by a sta ndard Sonogashira c ross-coupl ing reaction
[144) of(S)-97 with iodobenzene to give (S)- 142 in exce llent yields (97%). After cleavage
of the MOM protection groups to (S)- 143 , the phosphodiester groups were introduced to
afford the receptor (S)- 117 in 20% overa ll yie ld starting from enantiomericall y pure 1, 1' binaphthalene-2,2 '-d io l ((S)-92).

OMOM

OMOM

POCl 3 , Et3 N, CH2C l2.

conc. HCI,
THF/MeOH. r.t.. 12h.

then THF/H20, 40°, 12 h,

- - - - -- - - (+)-(S)-111

100%

38%, alter ion-exchange

~
H
(+)-(S)-141

~
(+)-(S)-97
H
[Pd(PPh 3}iC1 2] , Cu l,

THF/DIPA, 40 °, 2 h, 97%
""" Ph
conc. HCI ,
THF/MeOH, r.t. , 12h
75%

""

POCl3, El3N. CH2C l2,
then THF/H20, 40°, 12 h,
-------54% , alter ion-exchange

( +) -(S)- 11 ~

~
Ph
(+)-(S)- 143

Scheme 21. Synlhes is oflhe non-dendrili c receptors (S)- 11 6 and (S)- 117 slarting from (S)-97 .

4.1.3 Synthesis ofthe First Dendritic Receptor Family
A first se ries of 1, I '-b in aphthalene derived c left mo lecu les (1-G-(S)- 118, 2-G-(S)-74, 3-G(S)- 119) is based on a binaphthalene moiety linked via acety leni c spacers to Frechet-type
dendrons (Fig. 42). This research project was initiated by the successfu l preparation of 2G-(S)-74 during the diploma work of Katharina Schneider [202].
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Fig. 42. The tirst binaphthalene-deri ved, dend ritic receptor fami ly.

In Scheme 22, the reaction times , condit ions, and yie lds for the sy nthesis of 2-C-(S)-74 are
described.

The preparation of the 1-C and 3-C receptors fo ll owed the sa me general

sequence with some minor variat ions of cond itions and yie lds.

These a re described in

detail in the experimental sectio n (Seel. 6.5. 7) 1.
The MOM-protected de ndritic c le fts l -C-(S)-144, 2-C -(S)- 145, and 3-C-(S)- 148 were
prepared by Sonogashira cross-cou pling [1 44] ofthe iodoaryl dendritic branches 1-C-129,

2-G-130, a nd 3-G- 131 with the acety len ic binaphthalene moiety (S)-97 (for the synthesis
of (S)-97, see Seel. 3. 1.2). We exam ined different coupling co nditio ns a nd observed the
best y ield when (S)-97 was added slow ly ove r a period of 30 min to a suspension of
catalyst and the iodoa ryl dendron unit. Both cata lysts [Pd(PPh 3)iCl2] and [Pd(dppf)Cl 2]
gave good res ults fo r the coupling of the iodoary l dendron units l-C-129 and 2-C-130.

1 The receptor 1-G-(S)- 118 was prepared in the seque nce (S)-97 + 1-G-129 ~ t-G-(S)- 144 ~ 1-G-(S)-146
l-G-(S)- 118 (48% overall yield). The receptor 3-G-(S)-119 was formed in the sequence (S)-97 + 3-G131 ~ 3-G-(S)- 148 ~ 3-G-(S)- 149 ~ 3-G-(S)- 119 (25% overall yield). Structures of compounds 144 ,
146, 148, and 149 are onl y shown in the Experimental Part.

~
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When 3-G-131 was subjected to the Sonogashira cross-coupling co ndit ions, we observed a
supe rior perfo rmance for [Pd(dppf)Cl2] over [Pd(PPh3)zC l2J. The y ields decreased from

85% (for the co uplin g of 1-G-129) to 57% (for the coupling of 3-G-13 1) due to the
increased steric hindrance of the dendron.

In all cases, the formati on of homocoupled

products occurred as major side reaction , but purifi cation could be eas il y achi eved by
G PC.
The coupli ng of 4-G-132 gave . a co mpl ex product mixture, and separation of the des ired
product o n G PC fai led.

He re, the ho mocoupling of the binaphthale nes remain ed

predomin ant, even ifthe acety le ni c binaphthale ne unit was added very slow ly, probabl y as
a result ofthe hi gh steric de mand ofthe dendron.
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a) [Pd(PPh 3hC li), Cu l, THF, DIPA. 40°, 12 h, 71 %;
b) cat. conc. HCI , THF/MeO H, r.t.. 12 h;
c) POCl 3 , Et3 N, CH 2Cl 2, r.t., 3 h; then THF , H 20 ,
40°, 12 h; then Dowex (Bu 4 N•), MeC N/C H2 Cl2 1:1,
54 % (from 2-G-(S)-145)
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2-G-(S)-74

Scheme 22. Synthesis of the dendritic receptor 2-G-(S)-74 start ing from (S)-97 and 2-G-130.

The Sonogashira cross-couplin g was fo llowed by cleavage of the phe nolic MOM
protectin g group s with cata lytic amounts of conce ntrated HC I soluti on to g ive the dendritic
binaphthalene-2,2 ' -diol s 1-G-(S)-146, 2-G-(S)-147, and 3-G-(S)-149. lt was necessary to
use very mild ac idic condi ti ons to avo id a 5-endo-dig cyc li zation accordin g to the Baldwin
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rules (160] of the free OH groups with the adjacent ethyn yl moieties (see Seel. 3. 1. l and

Scheme 8). Finally, the phosphodiester gro ups were introduced us ing POCl 3 and Et 3N to
give, after ion exc hange, the targeted dendritic receptors l-G-(S)- 118, 2-G-(S)- 74, and 3-

G-(S)-119. Prior to ion exchange, the receptors were purified by co lumn ch romatography,
with C H2C l2 containing 1-3% Et 3N as the elue nt. This purification was crucial to obtain
analytically pure materia l.

4 . 1.4 Synthesis of a Dendritic Receptor without Acetylene Linker
To study the influence of differe nt orientations and distances between the first aromatic
rings of the dendritic branches and the core phosphodiester group, we targeted the
synthesis of a seco nd receptor series (1-G-(S)-120, 2-G-(S)-150, 3-G-(S)- 151 ) in whi ch the
binaphthalene core is directly linked to the dendritic she ll without the use of an acety le nic
spacer unit (Fig. 43).

0

Fig. 43.

9

Sccond, dcndritic rcceptor fam ily wi thout acoty le ne spacer.

As the key reaction in our synthetic approach, the 3,3 '-diiodinated binaphthalene spec ies

(S)-95 (for the preparation o f (S)-95, sec Seel. 3. 1.2) was coupled under Suzuki co upli ng
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conditions [1 82) to the dendritic boron ic ester 152 (Scheme 23). This reaction was best
co nducted in DME using [Pd(dppt)Cl2) as the cata lyst and aq. Na 2 C0 3 as the base. These
co nditions afforded the desired dendrimer l-G-(S)- 153 after 3 hat 85° in 80% yie ld.

0

"' 1
OMOM

""""

[Pd(dppf)C1 2] . 152, DME.
aq. NaC0 3, 85°, 3 h,

OMOM

j:)F"":,
~

0

80%

"' 0

1 .4

~

V

(+)-(S)-95
1-G-(S)-153 R= MOM ..J
1-G-(S)-154 R = H

a) cat. conc. HCI, THF/MeOH , r.t. , 12 h;

a Oo

b

b) POCl 3, Et3N, CH 2 Cl2 , r.t. , 3 h; then THF, H2 0 ,
40°, 12 h; then Dowex (Bu 4 N+). MeCN/CH 2Cl 2 1:1,
53 % (from 1-G-(S)-153)

1-G-(S)-120

Scheme 23. The Suzuki-coupling reaction to 1-G-(S)- 153 as key- reaction in the prcparati on of thc
dendritic receptor 1-G-(S)- 120.

Compound 1-G- 152 was prepared via co uplin g of (p inaco lato)boro n and 1-G -129 in
dioxane using [Pd(dppt)CI2) and Et 3N (Scheme 24) [203,204].

I~

o~

~o~

1-G-129

[Pd(dppf)Cl 2] . dioxane.
Et3N, 80°. 12 h.
+

H- B/O~

0

54 %

t

0

0.

o)-Q~
o
o~
152

Scheme 24. Pd-catalyzed cross coupling of(pinacolato)boron and l-G- 129 to give l-G- 152.

This type of Pd-catalyzed cross-coupling of (pinacolato)boron (or bis(pinacolato)di boro n)
with either an iodo or bromo substrate to give the correspondin g boronic pinacol ester has
been developed quite recently [203,204]. Reduction is frequently observed as major side
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reaction and limi ts thi s protoco l to substrates w he re the cross-coupling reaction occurs
fas ter (and is therefore predomina nt) th an the undesired reducti on.
According to the 1H-NMR spectra o fth e c rude product mi xture, the des ired compoud 1-G152 was formed as major product (ca. 65%) togethe r w ith the reductio n product 1,3dibenzy loxy be nzene (ca. 35%). Purification atte mpts by co lumn chromatography (S iü 2)
led to complete deco mpositio n.

Fo rtunatel y, the decomposition process could be

suppressed by the addition of Et3N (0.5%) to the e luc nt, and pure I-G-152 was the n
obtained in 54% y ie ld. Whe n the sa me reac ti on was perfo rmed with 2-G iodoary l dendro n
unit (2-G-130 ), we obtained the des ired product in ca. 50% y ield (according to the 1HNM R spectrum ofthe crude product mixture) but here decompositi on could not be avo ided
during the subseque nt co lumn chromatographic purificatio n.
We there fore decided to complete the sy nthesis ofthe fi rst ge neratio n receptor l-G-(S)- 120
a nd exa mine its complexation prope rti es prior to the sy nthes is of the hi g he r generati on
dendrimers 2-G-(S)- 150 and 3-C-(S)- 151 .
The in verse approach towa rds l-C -(S)- 153 , name ly coupling o fth e iodoary l dendro n (e.g.
129) unit with a binaphthalene dibo roni c ac id or este r, was al so ex amined. T he traditiona l
method for the introduction of a boroni c ac id or ester functi on sta rting from the
co rresponding iodo compound in vo lves lithi ation pri or to the additi on o f tria lky loxyborane
[149,205]. Subsequent hydrol ys is th en leads to the co rresponding boronic ac id, whi ch may
in a one-pot synthe sis be esterified or used in situ in the Suzuki reaction . However, when
we atte mpted to tran sform 3,3 '-diiodinated binaphtha le ne (S)-95 into th e bi s(boronic ac id)
o r th e corresponding di ester by lithiation and quenching with trimethy lbora ne, compl ex
product mi xtures re sulted. The same result was obta ined usin g the a bove-described Pdcatalyzed cross-couplin g reaction with (pinaco lato)bo ron o r bis(pin aco lato)d iboron , whi c h
had worked ni ce ly fo r the sy nthes is of 1-G- 152. These obse rvations confimied that th e
coupling of the de ndritic boroni c ester with the 3,3'-di a lkyny lated binaphth ale ne moiety
(S)-97 (see Scheme 23) was clea rl y fa vored o ver the inverse approac h, that is the coupling
of an iodoaryl de ndron unit with a binaphtha lene diboro nic ac id or ester.
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Starting fro m l-G-(S)-153 , the rema ining reacti on steps towa rds the receptor 1-G-(S)-120
(deprotectio n of the MO M groups to give 1-G-(S)-154 a nd introducti on o f the
phosphodiester group) were ca rried out as desc ribed before in 53% y ie ld (Scheme 23).
Due to the decreased sugar b indin g ab ilities of 1-G-(S)- 120 (see Seel. 4.3. 1.3) compared to
th e ones of the members of the first receptor fa mily w ith acety lene spacers (see Seel.
4.3. 1.2), we did not furth e r exp lore the synthes is of the higher ge nerati on receptors (2-G-

(S)-150 and 3-G-(S)- 151 , Fig. 43).

4. 1.5 Synthesis of a 1-G Receptor with Po lyether Capping Groups
The 1-G iodoary l den dro n unit 1-G-140 w ith polyethe r cappin g group s was successfull y
coupl ed (65% yie ld) to th e acety leni c binap hthalene mo iety (S)-97 to give l-G-(S)-155
(Scheme 25).
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~
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a) [Pd(dppf)Cl 2). Cul. THF, DIPA,40 ' ,
12 h, 65%; b) cat. conc. HCI, THF/MeOH ,
r.t. 12 h; c) POC l3 ,Et3 N, CH 2Cl 2; then THF ,
H20 , 40', 12 h; then Dowex( Bu 4 N•),
MeC N/C H2Cl2 1:1, 61 % (from 1-G-( S)-155)
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1-G-(S)-121

Scheme 25. Synthes is of the de ndri tic receplor 1-G-(S)- 121 start ing from (S)-97 and 1-G -140.

84
Subsequent removal of the MOM groups to g ive l-G-(S)- 156 and introduction of
phosphodiester groups affo rded receptor l-G-(S)- 121 in 6 1% overall yield. All products
containing polyether groups possess a strongly increased polarity compared to the dendritic
systems described above. Nevertheless, purification by GPC and column chromatography
proceeded smoothly and yie lded pure compo unds.

4.2

Syntheses of Dimeric, Non-Dendritic
Receptors and Dendritic Receptors

Reference

In this section, the sy nthesis of dimeric, non-de ndritic reference receptors (Sect. 4.2.1) as
weil as dendritic receptor systems (Sect. 4. 2.2 and 4.2.2.3) is presented.

All systems

con tain two binaphthalene subunits, which are connected by ei ther a buta- 1,3-diynediyl or
p-phenylene linker. Major parts of the work described here, such as the synthesis of the
two buta- 1,3-diynediyl-linked, dendritic receptor systems (S,S)- 157 and (S,S)- 158 and the
key Suzuki cross-coupling towards the p-phenylene-linked receptors, were perfom1ed in
the diploma work of Beatrice Felber [206].

4.2.1 Synthesis of Dimeric, Non-Dendritic Reference Receptors
The two non-dendritic, dimeric refe rence receptors (S,S)- 159 and (S,S)-160 (Fig. 44) with
free ethynyl gro ups were synthes ized in order to com pare their binding properties with
those of the corresponding dendritic receptor systems.

H

0

1

0 - Pi =O

o-

0

2 Bu4N•

o- Pi-o-

o

H

Fig. 44. Two dendritic refere nce receptors (S,S)- 159 and (S,S)- 160.
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4.2. 1.1 Sy 11tlresis of tlre B11ta-l,J-diy11ediy /-Li11ked, No11-Demlritic Receptor

(S,S)-159
The dimeri zation o f (S)- 101 to (S,S)-102 and subsequent protodesil ylati on were perfom1ed
in the same way as desc ribed in Seel. 3. / .2 for its antipode (R, R)-103 (see Scheme 10) and
yielded (S,S)- 103 in an overa ll yie ld o f 96% . The rema ining two steps towards (S,S)-159
(deprotecti on o fth e MOM groups to g ive (S,S)-161 and introductio n o fth e ph os ph od iester
groups) were co nducted as described before in 52% overa ll y ie ld (Scheme 26).

H

POCl3 , Et 3 N, CH 2 Cl 2 , r.t. , 3 h;
then THF , H2 0 , 40°, 12 h;
then Dowex (Bu 4 N• }, MeCN/CH 2 Cl 2 1:1,
52 % (from (S,S)-103)

H

H

(+}-(S,S)-103 R = MOM 1 cat. conc. HCI,
(+)(S,S)-161 R = H
__J THF/MeOH, r.t. , 12 h

Scheme 26. Synthcsis of the buta- 1,3-di yncdi yl-linked re fe rence recepto r (S.S)-159 sta rtin g frorn (S.S)
103.

4.2. 1.2 Sy11tlresis of tlle p-Plle11yle11e-Li11ked, Non-Dell{/ritic Receptor (S,S)-160
For the synthes is of the p-pheny lene-linked receptor system , it beca me necessary to
prepare an un sy mmetrica l binaphthalene moiety containin g one halo substituent and one
ethynyl group in the 3,3 ' -positions.

For the synthes is of thi s buildin g block, we

examinated the mono-substitution of just on e iodo-substitue nt in (S)-95 with TM Sacetylene under Sonogashira cross-coupling condition s [144] (Scheme 27).

When 2.0

equi v. of TM S-acetyl ene in very diluted solution at 40° were used, and the reacti on
immedi ately quenched after the appearance of di substituted product (S)-96 (generall y 3-5
h, as indi cated by TLC), (S)-162 w as obtained in only 30% yie ld. Other conditions (such
as ambi ent te mperature, 0.5 -1 .0 equi v. of TMS-acety lene) gave eve n worse results. The
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yield of the desired product was lower than stati stica ll y expected which may indicate that
the mono-substituted compound (S)-162 reacts faster with TMS-acetylene than starting
material (S)-95. Furthermore, the separation of the crude product mixture of (S)- 162, (S)95, and (S)-96 turned out tobe ve ry difficult, and a complete separation was only reached
after repeated, time consuming column chromatography.

RC=CH, Cul,
OMOM [Pd(PPh3}iCl2J. 40 °, 3 - 4 h,

OMOM

I "'
..-5

+

30%
~

(+)-(S)-95

R

(+)-(S)-1 62 R = TMS (30%)
(+)-(S)-163 R =TIPS (30%)

(+)-(S)-96 R = TMS (19%)
(+)-(S)-164R = TIPS (37 %)

Scheme 27. Functionalization ofthe binaphtha lene building block to (S)- 162 /(S)- 163 .

The subsequent Suzuki cross-coupling required stron gly basic co nditi ons and proti c solvent
mixtures (see below) and could therefore not be conducted with (S)-162 without the
formation of major side products, due to the lability of the TMS protecting group (its
cleavage and subsequent undes ired acetyle nic

homo-coupling was predominant).

Therefo re, we switched to the trii sopropylsilyl (TIPS) group, which is stable under the
bas ic Suzuki co nditions and easy to cleave with tetrabutylammonium fluoride (TBAF). For
the synthesis ofthe binaphthale ne moi ety (S)-163, the sa me conditions as for the synthes is
of (S)-162 we re applied with co mparable yields (Sch eme 27), providing the di substituted
binaphthalene (S)-164 as the major side product. Due to the increased polarity differences
of th e T IPS containin g products (S)-163 and (S)- 164 and the starting material, the
separation was simplified, providing an additional advantage of the TIPS over the TMS
groups.

The diboroni c este r 165 was prepa red via Pd(O)-catalyzed cross-coupling reaction [204],
starting from (pinacolato )boron and 1,4-diiodobe nze ne.

The second coupling o nl y

occurred after heating the reaction mi xture for 12 h to 80°. In thi s reaction the monosubstituted reduction product, 2-phenyl-4,4,5,5-tetramethyl-1,3,2-dioxoborolane, was also
formed with significant yields (up to 50%). Partial deco mposition was observed during
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column c hromatog raph y, bul purifi catio n co ul d be achieved by recrystallizati on fro m
hexa ne, to afford the pure p roduct 165 as white needl es in 44% yie ld (Scheme 28).
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1 + H-B
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[Pd(dppf)C 12 dioxa ne,
Et 3 N, 80, 12 h,
44 %
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Scheme 28. Synthesis of diboronic ester 165 starting from (p inacolato)boron and 1,4-dii odobenzene.

For the preparatio n of the p-phe ny lene-linked, dim eri c binaphthalene core, the S11z11ki
cross-couplin g [ 182) betwee n diboro ni c ester 165 and binaphtha lene mo ieties (S)-162 or

(S)-163 was examined under va ri ous conditi ons.
Under homogeneous conditi ons in dry DM F at 90° w ith Et3N as the base a nd
[Pd(dppf)C l2] as the catalyst, the reacti o n proceeded ve ry slowly [207) and eve n after three
days, less than 20% of starting materi als (S)- 162 and 165 had been consumed. The same
result was obtai ned whe n (S)- 162 and 165 we re heated to 80° in dry to luene us in g KzC03
as the base (207) w ith e ither [Pd(dpp f)C l2] or [Pd( PPh 3)4) as th e catalyst.

The

co rrespond in g reacti on w ith Cs 2C0 3 in a to luene/T HF m ix ture led to complete conve rsion
of the start ing materia ls a ft er 15 h. However, the subseq uent purifi cati on by G PC clea rl y
showed th at th e des ired product was onl y fom1 ed in low yields, a nd the ma in product was
the binaphthalene spec ies w ith one pheny l gro up in th e 3-pos iti on.
Heteroge neous solvent mi xtures have bee n a lso w idely appli ed in Suzuki cross-coupling
reacti ons (208). W ith aqueo us Na 2C0 3 as the base in be nzene/EtO H, the reacti on was fast
but accompani ed by undes ired c leavage of the TM S group and subsequent polymeri zati on
(Scheme 29). These obse rvati on made the c hange to th e TIPS groups necessary.

Finally, it was fo und th at the Suzuki cross-couplin g was best co nducted betwee n (S)- 163
and 165 in a mi xture ofbenzcn e, EtO H, aq. Na2C0 3, and [Pd(dpp f)C l2] (208). Afte r 3 h at

80°, the product had been a lready form ed in good y ie lds. The repeated additi on of cata lyst
over 12 h a ffo rded (S,S)-166 after G PC in 74% y ield (Scheme 29) .
Remova l o fth e TIPS groups w ith T BA F proceeded smoothly and gave {S,S)- 167 in 75%
yie ld. The remaining reacti on steps (M O M deprotection to g ive (S,S)- 168, int roducti on of
the phosph odiester group) we re ca rri ed out as described befo re and affo rded (S,S)-160 in

55% ove ra ll y ield.
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R
165
[Pd(PPh 3)2C12], aq. NaC03,
benzene, E!OH, 80°, 12 h,

+

R = TMS: <10%
R =TIPS: 74%

R
R
(+)-(S)-162 R = TMS
(+)-(S)-163 R = TIPS

(+)-(S,S)
(+)-(S,S)-166
(+)-(S,S)-167
(+)-(S,S)-168

R = TMS , R '= MOM
R =TIPS, R' MOM I
R = H, R' = MOM -.-J a
R = H, R' = H

a) TBAF, THF , r.t. , 1 h, 75 %; b) cat. conc . HC/,
THF/MeOH , r.t. , 12 h; c) POC /3, El3N, CH2Cl2, r.t. ,
3 h; then THF, H20 , 40°, 12 h; then Dowex (Bu 4 N+),
MeCN/CH 2Cl 2 1:1 , 55 % (from (S)-167)

=

1

b

l
(S)-160

Scheme 2Y. Suzuki-coupling, c/eavage ofth e T IPS grollps to and subsequent steps to give (S,S)- 160.

4.2.2 Synthesis of Dime ric, Dendritic Receptors
The buta- 1,3-diynediyl-l inked dendritic receptors 2-G-(S,S)- 157 (with a 2-G dendron) and
l-G-{S,S)- 157 (with a 1-G dendron with polyether capping groups) prepared in this work

are depicted in Fig. 45.

Fig. 45. The two dendritic, dimeric, buta-1 ,3-diynedi yl-linked recept ors 2-G-(S,S)- 157 and l-G{S,S)- 158.
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The ge neral synthet ic route towa rds buta- 1,3-d iyned iyl-linked, dim eric dendriti c receptor
systems may either proceed via the co upling o fth e de ndro n to the bin aphtha lene mo nomer
and subsequent dimerizatio n or via th e reverse order (d im eri za ti o n of the non-dendriti c
binaphthale ne monomer prio r to th e couplin g of the dendron to the dime ri c core) . Th e first
approach was used for the synthes is of 2-G-(S,S)- 157.
Compou nds w ith po lyeth er capp in g group s should possess dramati ca ll y increased polarity
w hic h coul d result in di ffi culti es in their puri fica tion.

T herefo re, we inte nded the ir

introducti on as late as possib le in the sequence towards l-G-(S,S)-158 by employing the
second app roach.
We also synthes ized the 2-G p-phe ny lene- linked, de ndriti c receptor 2-G-(S,S)- 169, whi c h
is show n in Fig. 46.

Fig. 46. The p-pheny lene- linked, d ime ri c dendril ic receplor 2-G-(S.S)-1 69.

4.2.2.1 Sy11thesis of the 811ta-l,3-diy11ediyl- Li11ked Receptor 2-G-(S,S)-157
T he coupli ng of the binaphtha lene mo iety (S)-101 (for the synthesis o f (S)-101 , see Seel.
3. 1.2) w ith one iodo ary l dendron unit 2-G- 130 to g ive 2-G-(S)- 170 proceeded under

Sonogashira co nd iti ons [1 44] with [Pd( PPh3)2Cl2] and Cut as the catalysts in 69% y ie ld
(Scheme 30). As described above (Seel. 4. 1.3), it was important to add (S)-101 slow ly (ca.
30 min) to the reaction mi xture of 2-G-130, cata lysts, and base to dimini sh the
homocoupling to the corresponding binaphthalene dimers. Despite !arge diffe re nces in the

90
polarity ofthe compounds in the crude product mixture, column chromatography could not
achieve an efficient se paration of the products and the best purification method was via
The deprotection of the TMS groups in 2-G-(S)-170 under

GPC ( Biobeads SX-3).

standard bas ic conditions (K2C03 in MeOH and THF) afforded 2-G-(S)- 171

in

quantitative y ie ld. Dimeri zation of 2-G-(S)-171 by Glaser-Hay coupling [159] proceeded
smoothl y and gave 2-C-(S,S)- 172 after GPC in 8 1%.
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Scheme 30. Coup ling of the dendron 2-G- 130 to (S)- IOI and dimerization to give 2-G-(S..S)- 172.

Finally, the cleavage of the MOM protection groups with cata lytic amounts of
concentrated HC I in MeOH/THF and direct conversion of 2-G-(S,S)-173 to the
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diphosphate usin g POC l3 and Et3N in C H2C l2 afforded (S,S)- 157 after column
chromatography (CH2C l2/Et3N 98:2) and ion exchange in 82% y ield (Scheme 3 1).
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a) conc. HCI (cat.), THF . MeOH. r.t. , 10 h; b) (i) POC l3, Et3N, C H2Cl 2 • r.t., 3-4.5 h; (ii) THF , H20,
40°, 12 h; (ii i) Dowex (Bu 4 N•). MeCN/C H2 Cl2 1:1

Scheme 3 1. Cteavage of the MOM groups and introduction of phosphodiester groups to give 2-G-(S.Sl157 and 1-G-(S.S)- 158.

The overa ll yie ld of 2-G-(S.S)-157 starting from enanti o meri ca lly pure 1, l '-binaphth ale ne2,2' -dio l ((S)-92) was 13%.

4.2.2.2 Sy11thesis of the B11ta-l,3-diy11ediyl-Li11kec/ Receptor 1-G-(S,S)-158 with
Polyether Cappi11g Groups

Sonogashira cross-coupling between the polyether dendron l-G- 140 and the binaphthalene
dimer (S,S)- 103 using [Pd( PPh3)2C I2] and C ul in THF and DIPA afforded 1-G-(S.S)- 174
in a reasonable yie ld of34% after G PC (Scheme 32).
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+

(+)-(S,S)-103

[Pd(PPh 3)2CliJ , Cul,
THF, OIPA, 40°, 4 h
34%

Scheme 32. Couplin g ofthe dendron 1-G- 140 to the bin aphthal ene dimer (S.S)- 103 to g ive l-G-(S.S)174.

The cleavage of the MOM protection groups to l-G-(S,S)-175 was followed by the
introduction of the phosphodiester groups under Standard conditions (see Scheme 3 1). Due
to the increased polarity of the polyether containing compound, the last column
chromatography puri tication was only possible using a very polar solvent mixture
(CH2C l2/ Et3N 95:5). Under th ese conditions, howeve r, so me Si02 was di ssolved which
necessitated subsequent extractions with C H2Ct 2/water. Low yields (35%) resulted from
thi s unusual puritication method, and it would be desirable to find either a more suitab le
so lvent system for th e co lumn chromatography or other puritication methods (such as
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CYANO-phase-, reversed phase-, or GPC). The overall yield of J-G-(S,S)- 158 was onl y
3% (starting fro m (S)-92). This is mainl y due to the low yield of 35% in the last reaction

step.

4. 2.2.3 Sy11thesis ofth e p-Ph e11y le11e-Li11ked Receptor 2-G-(S,S)-169

The sy nthesis of th e p-phenylene lin ked, dimeric 1, I ' -binaphthalene derived building bloc k
(S,S)-167 was already described in Seel. 4.2. 1.2.

Sonogashira cross-co upling betwee n

de ndron 2-G- 130 and binap hth alene di mer (S,S)- 167 us ing [Pd( PPh3)2C l2) and Cul in T HF
and DIPA afforded 2-G-(S,S)-176 in 48% yie ld after GPC (Scheme 33).
The cleavage of the MOM-protection groups with catalyt ic amoun ts of conc. HCI in
MeO H and THF afforded 2-G-(S,S)- 177 in quan titative yie ld, and the introduction of the
phosphodiester res idues unde r Standard co nd itions gave 2-G-(S,S)- 169 in 79% yield.
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a) cat. conc. HCI, THF/MeO H, r.t.. 12 h;
b) POCl3 , Et3 N. CH2Cl2 . r.t. . 3 h; then THF . H20.
40°, 12 h; then Dowex (Bu 4 N+). MeC N/C H2Cl2 1:1,
79% (from 2-G-(S,S)-176)
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Scheme 33. Coup ling of the dendron 2-G -130 to thc binap hthalene dimer (S.S)- 167 to give the 11phenylcne- linked de ndri mer 2-G-(S,S)- 176 and subsequent steps to give 2-G-(S,S)-169.
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4.3

Sugar Complexation with Dendritic Receptor Systems

Binding studies were pe rformed by 500-MHz 1H-N MR titratio ns at 300 K w ith the octyl
g lucosides 1-3 (Fig. 4 7).

~~H

OH

H~~Q
)~
OCaH11
Octyl a-D-glucoside

H11CaO
Octyl a-L-glucoside
2

OH

HO~O

HO~OCaH 11
OH

Octyl ß-D-g lucoside
3

Fig. 47. Substrates used for recognition studie s w ith the non-dendritic and dendritic receptors.

In most cases, the comp lexation induced dow nfield shifts of the proton signals of the
receptors, held at consta nt concentration, we re mo nitored as a fun ction of the concentrat ion
o f th e guests. Some co ntrol experiments following the upfield shifts of sig na ls of the sugar
substrates (constant guest concentration and vari ab le receptor concentrat ion; inverse
titration) have a lso bee n underta ken for comparison. C D3C N was used as standard so lvent
system.

In the more polar C D3CN/ MeOD (98:2) so lvent mixture, the binding strength

shou ld dec rease, whereas in nonpola r C DC l3 it was expected to increase signifi ca ntl y. In
some cases, sugar recognition studi es were also attempted in (CD 3)iSO and (with the
water soluble receptor (S)-121 ) in 0 20.

Seel. 4. 3. 1 describes th e sugar binding prope rti es of the monomeric receptor systems and
Seel. 4.3.2 the suga r binding properties of the dimeric receptor systems.

In severa l

titrati ons, the quantitative determination of the va lues of the assoc iat ion co nstants was
co mplicated by hi gher host-guest comp lex stoichi ometries (see Seel. 4.3. 2. I and 4.3.2.2).
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4.3. 1 1H-NMR Spectroscopic lnvesti gations into the Sugar Binding
Ability of Monomeric Cleft Receptors

4.3.1.1 Binding Studies with R ef ere11ce Receptors (S)-116 a11d (S)-117
T he receptor (S)- 116 (see Fig. 4 1) w ith free ethynyl groups has the ability to bind suga r
substrates mostl y through io ni c H-bondin g interacti o ns betwee n the sugar O H gro ups and
the phosphodi ester group o f the rece ptor. Th e compa ri so n of its binding a ffinit y with that
of the corresponding de ndritic receptors l-G-(S)- 118, 2-G-(S)- 74, and 3-G-(S)- 119 (see

Seel. 4.3. 1.2) a ll ows an estim ate o f the contributi on of the hydrophobi c interactio ns
between the Frechet-ty pe de ndron s a nd the apo lar regio ns o f the suga r substrate to the
overall co mpl exati o n ene rgy. The bindin g strength of the phe nyl substi tuted receptor (S)117 (see Fig. 4 1) should increase re lati ve to (S)- 116 due to so me hydrophobic contribution
ari sing fro m the two ph enyl rings. For th e re lati ve ly small cle ft mol ecul es (S)-116 a nd (S)117, it cannot be excluded that a suga r guest is bound from two diffe rent faces by two host
mo lecules, thereby fo rmin g complexes w ith 2: 1 host-guest sto ichiom etri es.
The re are two wide ly used methods fo r the determinati o n o f cornpl ex stoichi ometri es:
ex tracti on experiments and Job-Pl ot analyses [54].
from liquid-liquid or solid- liquid ph ases.

Ex tracti ons can be performed either

A solvent combinatio n whe re the host is

exclusive ly soluble in one phase and the guest in the other is required for liquid-liquid
ex traction s.

In solid- liquid extraction s an insoluble guest is so lubili zed through the

presence of host in the liquid phase, or vice versa. Th e qu antificati on o f the amount of
so lubili zed guest (or host) is directl y re lated to the ex isting complex and ca n be easily
achieved, e.g. by compa ri son of the integrated intensities of th e 1H-NMR signals of the
guest a nd host. Results obtained from ex traction ex periment s must be c riti ca ll y compared
w ith those from bindin g studies in homogeneous so lution as the complexati on modes may
di ffe r wi th different experimental co ndition s.
In a Job-Plot analys is [54], the absolute concentrati on o f guest a nd host (cabs) is he ld
constant, but the relati ve conce ntrati ons o f guest (xsugar) and host (x host) are varied (x sugar

+ x host = 1). Compl ex stoichiometri es a re eva luated by pl ottin g the re lati ve concent ration
of one spec ies (e.g. Xsugarl wh ose signa l shifts (6 8) were foll owed aga inst ö &xsugar· A
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curve maximum at Xsugar

= 0.5

indicates a 1: 1 complex whereas a max im um at Xsugar =

0.33 or Xsugar = 0.66 points towards 1:2 or 2: 1 host-guest complexes, respective ly.
A Job-P lot analysis of the comp lex between 3 and (S)-117 in CD3CN showed a clear
maximum at 0.5 thereby confirm ing that a complex exhibiting the desired 1: 1
stoichiometry is fom1ed under these conditions (Fig. 48).

0.01 0.008
0.006
l!.olx
sugar

0.004
0.002

0

0.2

0.4

0.6

0.8

Xsugar

analysis of the receptor-guest complex form ed between (S)- 117 and 3. The
absolute concentration was constant at 2.0 mM and the relati ve concentration of sugar 3
(xsugarl varied from 0.1 to 0.9 (300 K).

Fig. 48. Job-P lot

The same experiment with (S)- 116 led to insignificant changes of ö&xsugar and
ö8/xreceptor, whi ch made th e determination of complex stoichiometry impossible and a
third Job- Plot of the complex between 3 and (S)- 116 in CDCI3 resulted in a flat curve
without clear maximum, thereby preventing any precise ana lysis, too.

In 'H -NMR titrations with (S)- 117, the receptor exh ibited small but high ly reproducible
complexatio n-induced downfie ld shi fts (öÖsar < 0.1 ppm) of the sharp binaphthalene signal
1-1 -C(4) and the phenyl signal 1-1-C(9) (for numbering see Fig. 49). In studies with (S)- 116,
the small downfield sh ifts (ö<'>sat < 0. 1 ppm) of the binaphthalene signal H-C(4) and the
acety lenic signal 1-1-C(IO) were fo llowed. The binding data given in Table 3 are the
averaged association constants (Ka) and complexation free enthalphies (öG 0 ) calculated
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with Associate V. l .6 [ 188] from the complexation-induced chemical shifts of th ese two
signals.

Table 3.

Association constants Ka [M- 1] and complexation free enthalpi es t:.G 0 [kcal mol-1] for 1: 1

comp lexes of receptors (S)-116 and (S)- 117 with guests 1-3 in CD3CN or CDCI„ respecti ve ly (300 K). Also
shown are the calculated and. in parenthesis, the max imum observed compl exati on-induced shifts (ppm.

+ = downfield) t:.c55a1 and1::.8,,iax obs· o fth e fo llowed receptor 1-1-signals.
Sugar/Solvent a)

11 CD3CN

Receptor

(S)-116

Ka b)

e:,co

ÖDsat (6Drnax obs)

[M-1]

[kcal moI-1]

[ppm]

70

- 2.5

H-C(4): +0. 047 (+0.026)
H-C( 10): +0. 100 ( +0.056)

2/CD3CN

(S)-116

120

-2.8

H-C(4) : +0.032 (+0.020)

3/C D3CN

(S)- 116

150

-2.9

H-C(4): +0.035 (+0.024)

3/CDCl3

(S)- 116 <)

960

-4.1

H-C(4): +0.046 (+0.042)

260

-3.2

H-C( 10): +0.38 (+0.27)

H-C( IO): +0.087 (+0.044)
H-C( IO): +0.082 (+0.043)

3/CDCI3 d)

(S)- 116

2060

-4 .S

H-C(5): - 0.049 (- 0.045) •)

l/CD 3 CN

(S)- 117

160

- 3.0

H-C(4) : +0.038 (+0.025)
H-C(9): +0.080 (+0.051)

2/CD3CN

(S)-117

200

- 3.1

H-C(4): +0.042 (+0.028)

3/CD3CN

(S)- 117

180

-3 .1

H-C(4) : +0.034 (+0.023)

3/CD3CN d)

(S)-11 7

300

- 3.4

H-C(5): - 0.088 (-0.055) •)

3/CDCI3

(S)-117

1220

-4 .2

H-C(4): +0 .053 (+0.048)
H- C(9): +0.064 (+0.058)

H-C(9) : +0.074 (+0.053)
H-C(9): +0.078 (+0 .054)

a)

Host concent rati on was constant at 1.0 mM. guest concentration varied between 0.3 -12 .5 mM .

b) Association constants determined by non linear least-squares curve fittin g of 500-M Hz 1H-NMR titrations.
Uncertainty in K, est imated at 10%. ') Strongly different results for the two signals H-C(4) and H-C( I O)
indicate higher order stoichiometries.

d) In verse titrati on wit h constant sugar concentration (0.5 mM) and

host concentration vari ed between 0.2-6.3 mM. ') !::.c55ai (l::.Dmax obsl detemined for the upfield shift of the
sugar signa l H-C(5).
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Fii;. 49. T he signals of protons H-C(4) and H-C(9) or H-C( IO) , respectively (in bold) were
signiticantly s hift ed duri ng NMR titrations of the monomeri c rece ptors with
carbohydrates.

T he reference receptor (S)- 116 binds octy l glucos ides 1-3 in C D3CN with very low affi nity
(Ka

=

70- 150 M-1, -t..G 0

=

2.5-2.9 kcal 1110 1-1 ).

In studies w ith the phenyl-substituted

recepto r (S)-117, the assoc iation constants increased (Ka = 160-200 M-1 , - D..G 0 = 3.0-3. 1
kca l 11101-1), as a res ult of fa vo ra bl e hydrophobic interaction s betwee n the two phe nyl rings
and the apo lar suga r reg ions. A n in ve rse titratio n of (S)-117 and 3 gave slightly hi gher
co111plexation constants (Ka = 300 M-1, - t..G 0 = 3.4 kca l mo l-1) th an the corresponding
standa rd titratio n.

The stre ngth of H-bo nding interactio ns is ex treml y sens iti ve to its

environment, and such di screpancy between data obtained fro m sta ndard a nd in verse
titration 111ethods 111ay we ll orig inale fro m the differences in the experimental co nd itions.
The refore, it is cruc ial fo r a ll tit ratio ns to reta in very similar condit ions (for exa mpl e,
consta nt solvent quality, acc urate co nce ntrati ons o f host and guest in stock solutions, and
consta nt temperature).
As ex pected, a signifi cant enhance ment in the va lue of the assoc iati on constant (Ka = 1220
M-1, - D..G0

=

4.2 kca l mo I-1 for the binding of 3 to (S)-117) was obta ined when the studies

we re carried out in the non-co mpetiti ve solvent C DCI3.
In a ll titrations disc ussed above, the data eva luated with Associate V. 1.6 [1 88] we re in
good agreement with a 1: 1 co mpl exation mode . This sto ichiometry was a lso co nfi rmed in
the above described Job -Plot analys is o f the co mplex fo rmed betwee n 3 and (S)- 117 in
C D3C N (Fig. 48).
However, the bindin g curve which res ulted from the tit ratio n of 3 w ith (S)-116 in C DC I3
exhibited o nl y a poor fit for a 1: 1 sto ic hio metry. Furthermo re, the data calc ulated from the
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downfield shifts of the binaphthalene signal H-C(4) and the acetyleni c signal H-C{ IO)
differ stron gly, and an inverse titration gave significantl y hi gher assoc iati on constants (see
Table 3).

These observat ions ca n be rationalized by th e formation of co mplexes with

higher stoichi ometries, which was not further in vesti gated in the cou rse ofthis work.

4.3.1.2 Bi11di11g St11dies witlr tlre First, Demlritic R eceptor Family

Co mpounds 1-G-(S)- 118 and 2-G-(S)-74 (see Fig. 42) show good so lubility in CD3CN (up
to 5 mM) and do not aggregate apprec iabl y at concentrations below 5.0 mM, as co nfinned
by 1H-NM R dilution ex periments of 2-G-(S)-74. Binding studi es we re ca rri ed out at 300
Kin dry CD3CN by 500-M Hz IH-NM R titrations with octyl glucosides 1, 2, an d 3 (see
Fig. 47) . In titrations wi th 3-G-(S)-119, the constant receptor concentration needed tobe

reduced from 1.0 mM (standard conditions for all other monomeric receptor systems) to 0.5
mMdue to the insolubility ofthis receptor in C D3CN at hi gher concentrations.
In the binding titrations with 1-G-(S)-118 and 2-G-(S)-74, th e receptors ex hibited small but
hi ghly reproduc ible dow nfi eld shifts

(~lisat

< 0.1 ppm ) of th e sharp binaphthalene signal

H-C(4) and the dendriti c signal H-C(9) (for numbering, see Fig. 49) upon addition of the
monosaccharide substrates. In titrations with 3-G-(S)- 119, th e shifts of the binaphthalene
signal H-C(4) were negligible. Therefore, the data given in Table 4 were calcul ated from
the chemi cal shifts ofthe dendritic signal H-C(9) using the Associate V. 1.6 program [1 88].
They revealed a good a fit for a 1: 1 complex stoi chiometry. The determination of binding
constants from the chemical shifts of H-C(4) in 1-G-(S)-118 and 2-G-(S)-74 ga ve
comparable results.
For 1-G-(S)- 118, although the binding selecti vity was low, the va lues of th e binding
co nstants were enhanced significantl y (K3 = 260-350 M·I) (Tab/e 4) compared to those of
th e reference receptor (S)-116 (K3 = 70- 150 M-1 ). When the dendritic shell grows, a furth er
enhance ment in binding strengt h (for 2-G-(S)-74) was observed followed by a clear
decrease (for 3-G-(S)- 119) to values below those calcul ated for l-G-(S)- 118.

lt is

proposed, that in 3-G-(S)-119 the binding site is steri ca ll y hindered by the !arge dendritic
shell , making it less accessi ble to the monosacchari de guests.
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The substrate selecti vity for the three stereoisomeric sugar sub strates remained low, with a
slightly increased affinit y for octyl ß-D-glucoside (3). From an in verse titration of 2-G(S)-74 with 3, a hi gher binding constant (Ka = 740 M-1 , - ö.G 0 = 3.9 kcal 11101-1) relati ve to
the standard titration (Ka

= 370

= 3.5

M-1, - ö.G0

kca l mol-1) was calcul ated. The same

phenomena had been observed in the inverse titration of the non-dendritic receptor syste m
(S)-117 with 3 and co nfirms the se nsiti vity of H-bonding interactions towa rds different
ex perimental co nd iti ons.

7i1ble 4.

Association constants K0 [M-1] and complexati on free enthalpies ti.G [kcal mol-1] for 1: 1
0

complexes of receplors l-G-(S)-118, 2-G-(S)-74, and 3-G-(S)- 119 wi1h guests 1-3 in CD3CN or CDCl3 ,
respecti vely (300

K).

Also shown are lhe calculated and, in pa renthesis, thc max imum obse rved

complexati on- induced uptield shitls t.8,0 1 and ÖÖma.< obs• of the dendrit ic rcceptor signal H-C(9).
Sugar/Sol ve nt ")

Rece ptor

Ka b)

ö.Go

[M- 1]

[kcal mol-1]

ö.ßsa1 (ö. Drnax obs)
[ppm)

l /CD3CN

1-G-(S)-118

260

-3 .3

+0 .074 (+0.055)

2/CD3CN

1-G-(S)-J 18

240

- 3.2

+0.068 (+0.05 1)

3/CD3CN

l-G-(S)-118

350

- 3.5

+0.063 (+0 .050)

3/CDCl3

1-G-(S)- 118

11 60

-4 .2

+0.05 8 (+0 .053)

l /CD3CN

2-G-(S)-74

270

- 3.3

+0.067 (+0.055)

2/CD3CN

2-G-(S)-74

330

- 3.4

+0.064 (+0 .050)

3/CD3CN

2-G-(S)-74

370

- 3.5

+0.059 (+0 .047)

3/CDC13

2-G-(S)-74

2280

-4 .6

+0.065 (+0 .060)

3/CD3CN <)

2-G-(S)-74

740

- 3.9

-0. 125 (-0.084) d)

l /CD3CN

3-G-(S)-119

180

- 3.1

+0 .052 (+0 .034)

2/CD3CN

3-G-(S)-119

220

- 3.2

+0.055 (+0.039)

3/CD3CN

3-G-(S)-119

290

- 3.4

+0 .052 (+0.040)

3/CDCl3

3-G-(S)- 119

760

- 3.9

+0.066 (+0.058)

") Host concent ration was constant at 1.0 mM(0.5 mMfo r 3-G-(S)- 119), guest concent ration varied between
0.3-12.5 mM.

b)

Association constants determined by nonlinear least-squares curve titting of 500-MHz 1H-

NMR tit rati ons. Uncertainty in

K0

estimated at 10%. ' ) Inverse titrat ion with constant sugar conce ntration

(0.5 nu'Vt) and host conce nt rati on varied between 0.1-3. 1 mM.
shiti of the sugar signal H-C(5 ).

d)

ö0,,. 1 (ö 0.na.< obs) detenn ined fo r the uptield
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A Job-Plot [54] of the complex fonned betwee n 1-G-(S)-118 and 3 showed a clear
maximum atxsugar = 0.5 confirming a 1: 1 host-guest compl ex stoichiom etry (Fig. 50) .

0.04
0.03

tio/x sugar 0.02
0.01

0

---+----·t-

0.2

0.4

0.6
Xsugar

Fig. 50. Job-Plot-analysis of the receptor-guest complex of l-G-(S)- 118 and 3.

The abso lute

conce ntration was constant at 2.0 mM and the relative concen trati on (xsugar> of sugar 3

varied from

0. 1 to 0.9 (300 K) .

In CD 3CN/ MeO D (98:2), the obse rved chemica l shi fts of the dendriti c receptor signa ls
decreased as weil as th e ca lcul ated valu es of th e assoc iation co nstants (Ka in all cases ca.

100 M- 1). lt was co ncluded, that the ion ic bindin g site is not sufficient ly shi e lded fro m the
so lvent mo lec ul es by the dendritic shell. Surpris ingly, the additio n of protic so lve nt has
the sa me effect on both th e sma ller 1-G receptor and the !arge r 3-G host, a lthough the
shielding of the recog nit ion s ite in the latter was expected to partl y compensate the
decrease in co mpl exation strength . We atte mpted comp lexation studi es betwee n 3 and 2G-(S)- 74 in (C D3)iSO; shi fts of H-signal s of the receptor were, howeve r, not obse rved
under these cond iti ons ind icating in s ignificant or very low binding. In C DC l3, the bindin g
strength was e nh anced signifi ca ntly. Th e 2-G recepto r, whic h comp lexes 3 w ith K 3 = 2280
M-1 (-t.G 0

= 4.6 kcal moJ-1), aga in proved superior to the

1-G and 3-G hosts.
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4.3.1.3 Bi11di11g St11dies with the Dendritic Receptor Witho11t Acetylene Linker lG-(S)-120 and Receptor with Polyether Cappi11g Gro11ps 1-G-(S)-121

The binding properties of J-G-(S)-120 (see Fig. 43), in which the dendritic shell is directly
attached to the binaphthale ne core have also been examined. The averaged assoc iati on
constants (Ka) and complexation free enthalphies (öG 0 ) which result from the small
downfield shifts of the dendritic signal H-C(9) and upfield shifts of the aromatic
binaphthalene sig nal H-C(S) are shown in Tab/e 5.

Table 5.

Association constants K, [M· 1] and cornplexation free enthalpies 1'G 0 [kca l moJ· 1] for 1: 1

com plexes of receptor l-G-(S)- 120 with guests 1-3 in CD3CN or CDC l3, respective ly (300 K) . Also shown
are the ca lculated and , in parentheses, the rnax imum observed complexation-induced upfield and downfield
shi fls 60,"' and 1'<\nax obs of the aromatic binaphthalene signal H-C(8) and the dendritic signal H-C(9).

Sugar/Solvent a)

Ka b)

L1Go

Ö~at (C.8,nax obs)

Ö~at(ÖÖ.nax obs)

[M·I]

[kcal moI·I]

H -C(S)

H-C(9)

[ppm]

[ppm]

1/CD3 C N

90

- 2.7

- 0.069 (-0.035)

+ 0.178 (+0.093)

2/C D 3C N

80

- 2 .6

-0.072 (-0.035)

+0.207 (+0. 104)

3 /C D 3C N

110

- 2.8

- 0.07 5 (-0 .043 )

+0.203 (+0.119)

3 /C D3C N C)

40

-2.2

-0.113 (- 0.040)

no significant shift

1230

-4.2

-0.056 (-0.053)

+0 . 167 (+0.155)

3 /C DC 13

') Hast concc nt ration was constant at 1.0 mM, guesl concentration varied be1ween 0.3- 12.5 mM.

b)

Association constants determined by nonlinear least-squares curve titting of 500-MH z 1H-NM R titrations.
Uncertainties in Ka estimated at ± 10%. c) Add ition of2% MeOD.

These data show a significant decrease in binding stre ngth (about a factor of two,
compared to 1-G-(S)-118), together with a remaining low selectivity.

From the se

observations, it can be concluded with confidence, that direct connection of core and
dendron without acetylene space r is an un suita ble approach towards efficie nt carbohydrate
receptors.
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The receptor 1-G-(S)- 121 w ith pol yether cappin g groups (see Scheme 25) turned out tobe
the best dendritic endo-receptor of this se ri es (Table 6) (Ka = 3 10-570 M-1 , - 1'1G0 = 3.4-3.8
kcal 11101-I ; in C D3CN , 300 K) . In the IH-NMR titrations, the receptor ex hibited small but
hi ghl y reproducib le downfield shifts (1'1Ösat < 0. 1 ppm) of the sharp binaphtha lene signal
H-C(4) and the dendritic sig na l H-C(9). For good compari son w ith the dendriti c receptor
series (1-G-(S)-118, 2-G-(S)- 74 and 3-G-(S)- 1 19) the binding data g iven in Tab le 6 are the
associat ion constants (Ka) and comp lexat ion free enthalph ies (/'1G 0 ) ca lcu lated from th e
chemical shi fts of signa l H-C(9) (data calculated from signal H-C(4) were in the sa me
range) .
The receptor was designed to. co nduct b ind ing studi es in water, in whi ch it proved to be
suffic iently soluble. However, studies in water were prevented by a broade ning ofth e 1HNM R signal s of the protons bc long ing to the receptor in wate r, indicat in g a strong se lfassociation. The signa ls rema ined broad after the add it io n of sugar.

Inverse titrat io ns

(addition of sma ll portions of concentrated host so luti on to d il uted guest solut ion) cou ld
not be conducted due to th e low so lubility ofthe receptor in water.

Tahle 6.

Associat ion constants Ka [M· 1] and complexation frce enthalpies !J.G 0 [kcal mol· 1] fo r 1: 1

cornplexes ofreceptor 1-G-(S)- 121 with guests 1-3 in CD3CN orCDCl3. respectively (300 K). Also show n
are the averaged calculated and , in parcnthescs. the maxirnum observed cornplexation-induccd clownfield
shifts 6058 1 ancl D.c5.nax obs of th e dendritic signal H-C(9).

Sugar/Solvent a)

Ka b)

L1Go

1'18,;ai (1'1Örnax obs)

l'1Dsa1(1'1Örnax obs)

[M· I]

[kca l mol-1]

H-C(4)

H-C(9)

[ppm]

[ppm]

l /CD3CN

370

- 3 .5

+0 .040 (+0.032)

+0.054 (+0.043)

2/CD3CN

3 10

-3.4

+0.042 (+0.033)

+0.054 (+0.043)

3/C D3CN

570

- 3.8

+0.041 (+0.033)

+0.050 (+0.044)

3/C D3CN C)

130

- 2.9

+0.022 ( +0.0 12)

+0.024 (+0.013)

3/C DC l3

1090

-4. I

+0.048 (+0.043)

+0 .056 (+0.051)

') Host concentration was constant at 1.0 mM , guest concentrat ion varied between 0.5- 12.5 mM.

b)

Association constants determined by non lin ear least-squares curve fitting of 500-M l-lz 11-1-NMR tit rations.
Uncertainties in K 8 estimated at ± 10%. ') Addition of 2% MeOD.
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4.3 .2 IH-NMR Spectroscopic lnvestigations into the Sugar Binding
Ability of Dimeric Cleft Receptors
As a result of their seco nd ionic recognition site, dendritic binaphthalene dimers should
ex hibit stronger binding affinities and presumably hi gher substrate se lecti vity than the
monomers de scribed above. The buta- 1,3-diynediyl or p-phenylene spacer unit, however,
can rotate to place the two binaphthale ne moieties in eit her a syn-conformation (the two
binaphthalene moieties are orie nted in the same directi on) or a n anli-conformation (the two
binaphtha lene moi eties point in opposite directions). On ly th e Jyn-conformation a llows the
formatio n of a 1: 1 host-guest comp lex. On the other hand, a 1ra 11s-co nformation may lead
to the fonnatio n of a 1:2 host-g ue st comp lex, w ith one suga r substrate bound to each
phosphod iester group .

Even a 2: 1 host-guest complex, with two receptor molec ules

surrounding one guest molec ul e, cannot be exc luded a priori.

4.3.2.1 Bi11ding Studies witll Dimeric Refere11ce Receptors
The binding data in Tab/e 7 result from complexat ion studi es with the non-de ndritic
re ference receptors (S,S)- 159 and (S,S)-160 (see Fig. 44). Th ey were eva luated from the
che mical shifts of the acetyle nic H-C( 10) receptor signa l since thi s was the on ly o ne
di splay in g significa nt chem ica l changes in all titration s. Neverthe less, in severa l titrati ons
aromatic receptor signa ls, such as H-C(4), H-C(4') 2, or H-{8), also showed sma ll
downfie ld shifts (and quantitative binding data within the same range were calculated). In
a ll cases, a good fit for a 1: 1 comp lex stoichiometry was observed as seen from the
titration curve evaluated with the Associate V. / .6 program .
Both receptors (S,S)- 159 and (S,S)-160 exhibit comparable binding strength w ith octyl
g lucosides (Ka = 150-35 0 M· I , - t'J.G0 = 3.0-3.5 kca l mol-1 ).

The bindin g constan ts

increased by about a factor of two, as compared to those for the non-dendritic , mono meric
receptor (S)- 116 (Tab le 3). The substrate se lectivity remained low in a ll cases.

2 H-C(4') is on the naphthalene system next to thc dendron unit whereas H-C(4) is on the one next to the
but a-1 ,3-diynediyl-linker.

105
When we examined the sugar binding properties by 1H-NMR titrations in nonpolar CDCI 3,
data fttting in agreement with a 1: 1 complex stoic hiometry was not possible. Furthermore,
the values of the association constants determined from the chemical shifts of the signals
H-C(4), H-C(4 '), and H-C(IO) differed strongly from each other. A simi lar behavior has
been observed previously (Sect. 4.3.1 .1) and it can be rationalized by the formation of hostguest complexes with higher stoichiometry or other interfering phenomena (e.g. activ ity
differences because of the addition of a large excess of sugar substrate during the titration
[209]). The latter effect was never observed with the monomeric receptor systems, but
cannot be predicted for the open and flexible receptor structure of the dimeric receptors.

Association constants Ka [M · 1] and complexa tion free enthalpies 6.G 0 [kcal mo i· 1j fo r 1: 1

Table 7.

complexes of receptors (S,S)-159 and (S,S)-160 wilh guests 1-3 in CD 3CN (300 K). Also shown arc the
calculated and, in parenthesis, the maximum observed complexation-induced downfie ld shifts 68„ 11 and
AGnax obs of the acetylenic receptor H-signals H-C( IO).

Sugar ")

Receptor

Ka

/'J.Go

b)

[M-1 ]

3)

/'J.ßsa1 (!'J.Ornax obs)

[kcal moI- 1]

[ppm]

(S,S)-159

200

- 3.1

+0.065 (+0.044)

2

(S,S)-159

150

- 3.0

+0.076 (+0.045)

3

(S,S)-159

350

- 3.5

+0 .066 (+0.054)

(S,S)-160

210

- 3.2

+0.059 (+0.042)

2

(S,S)-160

260

- 3.3

+0.065 (+0.05 1)

3

(S,S)-160

280

- 3.4

+0.057 (+0.038)

Host concentrati on was constanl at 0. 5 mM , guest concentration varied between 0 .3-12.5

mM .

b)

Association conslants determined by nonlinear least-squares curve fitting of 500-MHz 1H-NMR titrations.
Unccrtainty in Ka estimated at 10%.
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4.3.2.2 Binding Studies with Dendritic Dimeric Receptors
Computer modeling and CPK-model examinations (Fig. 51) showed that the binding
pocket ofthe buta-1 ,3-diynediyl-linked receptor 2-G-(S,S)-157 in its cis-conformation is of
an appropriate size to bind monosaccharide substrates though interactions with both
phosphodiester groups (the distance between the two phosphodiester groups is ca. 7 Ä).

Fig. 51. The energy-minimized structure of the complex forrned between octyl a-D-glucoside 1 and
an anal ogue receptor to 2-G-(SS)-157 containing 1-G Freche/ dendrons (the nurnber of
free rota table bonds was too high with 2-G dendrons to be simulated accurate ly).
(MacroMode/ V6.0 , AMB ER*-force field, gas phase, Monte-Car/o-simulati on with 4000
steps). Shown are the interrnolecular H-bonding distances in the complex.

The dendritic, buta-1 ,3-diynediyl-linked cleft receptors 2-G-(S,S)-157 and 1-G-(S,S)-158
with polyether capping groups (see Fig. 45) show good solubility in CD 3CN (up to 5 mM)
and do not aggregate appreciably at concentrations below 5 mM, as confirmed by 1H-NMR
dilution experiments of 2-G-(S)-157.
Two Job-Plot analyses [54) of the complex formed between (S,S)-157 and octyl ß-Dglucoside 3 in CD3CN (one example is represented in Fig. 52) were done in order to shed
light on the host-guest complex stoichiometry.
guest, we chose Cabs .

=

1.0 mM and Cabs.

concentration was varied between Xs ugar

=

=

As absolute concentrations of host and

3.0 mM, respectively.

0.2 and Xsugar

=

The relative sugar

0.8. Due to only very modest
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changes of ii&xsugar or ii&xhost> th e eva luated curves from both experiments ex hibited
very flat shapes. but weakly indicated a maximum around 0.5. This resu lt was considered
to be a first indication of a 1: 1 complexation mode.
0.025 -

0.0

0.2

0.4

0.6

0.8

1.0

Xsugar

Fig. 52. Job-Plot analysis of the compl ex between 2-G-(S,S)-157 and 3 in CD3CN . The absolute
co nce nt ratio n was constant at 1.0 mM and the relative conce ntratio n („\-sucnr) of sugar 3

varied from 0.2 to 0.8 (300K).

-

Liquid-liquid extractions ( 15 min ultrasoni c bath at r.t.) with th e recepto r 2-G-(S,S)- 157
( 1.0 mM in CDCJ3 or C D3CN), and D-glucose (40 mM in H20), resulted in no extractio n of
the sugar into the organic ph ase, as indi cated by the N MR spectra .
expe rime ntal co ndition s (receptor co nc.

= 1.0 mM), so lid

Under th e sa me

D-g lucose could be so lubili zed in

both C DC l3 and C D3CN . A stron g broadening of all signals was observed in the 1H-NM R
spectra of the o rga ni c solution after extraction , but was successfull y redu ced by
evaporating the so lve nt and re-di ssolvin g the solid residue in (CD 3)iSO. In thi s solvent,
the interaction betwee n host and guest, whi ch causes the signa l broadening, beco mes very
weak. Neve rtheless, the integrati on of the signal s could not be performed accurately, as a
result of the poor s igna l to noise ratio. The results indicated th at 1.0 equi v. of D-glucose is
extracted into the C D3CN so luti on, containing 1.0 equiv. of receptor, whereas under the
sa me conditio ns 2.0 equi v. of suga r can be extracted into the C DC l3 so lution .
Subsequent binding studi es were carried out at 300 K in dry C D3CN, C DC l3 und
C D3CN/MeOD (98:2) by 500-MHz 1H-NMR titration s with octyl g lucos ides 1-3 (see Fig.

47). The receptor 2-G-(S,S)- 157 exhibited in most cases small downfi e ld shifts of the
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binaphthalene signals H-C(4) and H-C(4 ' ) and ofthe dendritic signal H-C(9) upon addition
of the monosacc haride substrates. Spectra with sharp signals were obtained, indicating fast
exc hange on the NMR time scale. In a first attempt, the binding data were evaluated with

Associate V.1.6 under the prediction of a 1:1 complexation mode. The data in Table 8
res ult from the chemica l shi fts ofthe receptor signa l H-C(4'), since this was the only signal
with significant and consiste nt chemical changes in all titration studies.

Table 8.

Associalion conslanls Ka [M-1] and complexalion free enthalpies 6G [kcal mol- 1] for 1: 1
0

complexes of receptors (S,S)- 157 and (S,S)-158 with guests 1-3 in CD3CN or CDCl3, rcspeclively (300 K).
Also shown are the calculaled and, in parenthesis, the maximum observed comp lexation-i nduced upfield
shitls 68,;,, and 68,11„
Sugar")

3

)

b)

obs ofthe

fo llowed receptor signa l H-C(4).

Receptor

Ka b)

!:J.Co

[M-1]

[kcal mol·IJ

!:J.Ösat (!:J.Örnax obs)
(ppm]

l/CD3CN

2-G-(S,S)-157

320

- 3.4

+0.064 (+0.051)

2/CD3CN

2-G-(S,S)- 157

550

- 3.7

+0.043 (+0.038)

3/CD 3CN

2-G-(S,S)-157

560

- 3.8

+0.045 (+0.040)

3/CD3CN C)

2-G-(S,S)- 157

1040

-4.1

+0.045 (+0.039)

3/CD 3CN d)

2-G-(S,S)- 157

22 10

-4.6

- 0.099 (--0.087) e)

3/CDCl3

2-G-(S,S)-157

750

-3 .9

+0.070 (+0.056)

3/CD3CN f)

2-G-(S,S)- 157

l IO

- 2.8

+0.042 (+0.024)

3/CD3CN

1-G-(S,S)-158

770

- 3.9

+0.039 (+0.032)

Host con centration was constant at 0.5 mM, guest concentration varicd betwecn 0.3-1 2.5 mM.

Association constants detem1ined by non linear Jcast-squares curve fittin g of 500-MH z 1H-NMR titrations.

Uncertainty in K, estimaled at 10%. c) Small er amounts of 3 added. d) In verse titration with constanl sugar
concentration (0.5 mM) and hosl concentration varied between 0.2-6.3 mM.

0

)

ßc\ai (ßc\11 ax obs)

detertnined

for lhe sugar signal H-C(5). f) Addition of 2% of MeOD.

In studies of 2-G-(S,S)-157 in C D3CN , sli ghtly increased complexation constants (Ka

=

320-560 M· I, - !:J.C0 = 3.4-3.8 kca l mo i· l) as compared to those measured for 2-G-(S)-74
(K3 = 270-370 M-1 , - /:J.C 0 = 3.3-3.5 kcal mol·I) were obtained.
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However, an accurate curve fit coul d not be achi eved (Fig. 53) whi ch clea rl y indi cated
dev iation fro m a simple 1: 1 co mplex sto ichiometry. As seen before (fo r example in Seel.
4.3.2. 1), th e eva luation of different recepto r s igna ls did not g ive com para ble results, a nd in

some cases receptor signa ls shi fte d up and down during one titration 3.
Surpri singly, when we c hanged the so lve nt fro m C D3CN to C DC l3, onl y a small inc rease
in binding strength for the compl ex formed betwee n 2-G-(S,S)-157 and 3 was found
(L\.(L\.C0 ) = 0. 1 kcal moJ -1), w hereas in correspondin g stud ies with th e monomeric receptor
systems di scussed above 3- to 5-fold hi gher assoc iati on co nstants we re obta ined ( L\.(L\.C 0 )
=

0.3- 1.4 kca l mo l-1). Additi on of MeOD led to a c lear decrease in assoc iati on strength fo r

th e compl ex of 2-G-(S,S)-157 -a nd 3.
0.06

0.08

0.04

0.06

M(ppm)
0.02

0.04

0.01

0 .02

o. oo---~-~~-~-~-~

0.00

4.69

9.38

14.06

18.75

o . oo ---~--~--~-~

0.00

2.39

4.79

7.18

Guest Concentration [mM]

Guest Concentration in [mM]

Fig. 53. Titration curves litted with Associate V. 1.6 for a 1: 1 complexari on mode in CDCl.1 (right)
and in CD3CN( left).

The comparison of typi cal titration curves from studi es in either C DC!3 or CD 3CN
revealed a deviati on o f the data poin ts from th e fitted curve in oppos ite direction s.

In

CDCl3, th e first data po ints lie above and the latte r be low the theoreti ca l curve, whereas
the oppos ite is tru e for the meas ure me nt in C D3CN (Fig. 53) . Thi s obse rvation may
indicate,

that d ifferent co mpl exation

modes

ex ist (e.g.

2: 1 host-guest complex

3 Perhaps most interesting was the observation that the va lues of the binding constant s calcu lared fro m the HC(4) prolon we re always half as hi gh th an those calculated from thc H-C(4') as we il as the 1-1-C(9) prolons.
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stoichiometry in CD 3CN and 1:2 host-guest comp lex stoichiometry in CDC13).

This

exp lanation is in agreeme nt with the above mentioned extraction experiments.

Specflt V.2.10 [2 10] is a program suitab le for the eva luation of complexation data that are
obtai ned for comp lex sto ichiometries ot her than 1: 1.

However, when this program was

employed with the data obtained, a good fitting was possible, both under the prediction of
a 1:2 complex sto ichiometry as we il as a 2: 1 complex stoich iometry thereby producing
extremely hi gh assoc iati on constants (Ka ca. 105-106 M-l).

Such high values are quite

unrea li st ic and rather indi cate (i) that for the Specflt a nalys is, the observed changes of
chem ical shifts are too sma ll to be ana lyzed or (i i) that severa l associat ions with different
binding modes and hi gh com plexity ex ist.
T he polyether cappi ng groups in t-G-(S,S)-158 shou ld influence th e so lubility properties,
whereas the co mp lexati on of monosaccharide substrates with thi s receptor should re ly on
the same general principles whic h determine binding by 2-G-(S,S)-157. This was already
seen from the co mparison of the monomeric receptors with and wi thout polyether capping
groups (l-G-(S)- 118 and 1-G-(S)- 121 ). On ly one binding study was performed with l-G-

(S,S)- 158 and octy l ß-D-glucoside 3 in CD3CN and showed that thi s receptor exhibits a
binding affinit y in the sa me range as 2-G-(S,S)-157. Again, the evaluati on ofbind ing data
was assoc iated with the problems of incoherence and a poor fit of titration curves for a 1: 1
comp lex stoic hiometry.

Originally, the polyether capping groups were introduced to

provide water-solubility, which would all ow the study of carbohydrate recognition
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aqueo us so lution. However, l-C-(S,S)- 158 with its e ight glycol ether groups proved to be
quite insoluble in water, thereby rendering any analysis in aqueous solution impossible.
From these observations it turned o ut, that the suga r binding properties of the dendritic,
buta- 1,3-di ynediy l- linked receptors 2-C-(S,S)-157 and 1-C-(S,S)- 1578 are even more
comp lex than those o f the corresponding non-dendritic systems described above (see Seel.

4.3.2. 1). Therefore, the data summarized in Table 8 need carefu l inte rpretation in order to
draw some ge nera l conc lu sions.
To approac h a 1: 1 stoich iometry, we ran titrations under more diluted conditions,
performed in ve rse tit rations with constant sugar concentration and used on ly the first data
points for fitting, whe n a 1:2 host-guest sto ic hi ometry shou ld be neg ligib le . However,
these efforts did not lead to more consistent data and in the course of this work, it was,

111
imposs ibl e to bette r understand th e co mpl exati on prope rti es o f 2-G -(S,S)-157 and 2-G(S,S)-158.
Binding studies of 2-G-(S,S)-169 w ith octy l glycos ides in CD3 CN and C DCl3 a lso
produced incohere nt data ( in the sa me orde r of magnitude) whi ch could not bc
systemati ca ll y ana lyzed . For thi s reaso n, no furthe r exa minations we re underta ke n with
thi s receptor system.

11 2
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5. Conclusion
5.1

Macrocyclic Receptor Systems

In the first part of thi s work, th e preparati on o f a seri es of 1, 1· -binaphth a lene-deri ved ,
opti ca ll y acti ve D3-symmetri ca l [(S.S.S )- and (R,R,R)-] and C2-symmetri ca l [(S.S. R)- and

(R.R,S)-] macrocyc les 71-73 was achieved . They we re sub seque ntl y show n to ex hibi t
re markabl e differences in th eir carbo hydrate recognit ion prope rti es.
The receptors 71 -73 all possess a cav ity lined with six converge nt O H groups for Hbonding recogniti on a nd complementary in size and shape to a monosacchari de. Wh ereas
the D3-sy mmetrica l receptors possess, on average, quite pl anar geometri es, the C2symmetri ca l counterparts are much less planar. The recogniti on sites in the latte r are also
sma ll er and more fl ex ible, thereby providing a bette r fit to a compl exed sugar guest.
The major di ffe rence in the se ri es 71 -73 cons ists in the fun cti ona l groups attached to th e
periph ery of the mac rocycles. T he BnO (in 71 ) and 2-pheny leth yl (in 73) groups were
initi all y int roduced to solubili ze th e receptors in the conce ntrati on ra nges needed fo r 1 HNMR titrations in the non-competiti ve so lvent C DCl3. Whe reas the so lubility properti es of

71 and 73 were sat isfactory, mac rocyc le (R.R,S)-72, lac kin g pe riphera l fun cti onality, was
indeed fo und to be too insoluble fo r binding stu dies. An un ex pected advantage of the BnO
groups in th e 7, 7'-pos iti ons o f the 1, l '-binaphth alene spacers in 71 over the 2-pheny lethy l
groups in the corresponding 6,6'-pos iti o ns in 73 onl y beca me clea r during the bindin g
titrations. The fl at D3-symmetri ca l macrocyc le (S.S,S)-73 (as we il as (S.S.S)-72 w ithout
maj or groove functi o nality) di spl ayed a strong tendency to fo rm hi gher o rder, presumabl y
sa ndwich-type compl exes w ith the octyl pyranos ide substrates, and the determinati on of
1: 1 host-guest assoc iation strength was, the re fore, not poss ible. Th e un ex pected slow
exchange ki netics show that small structu ra l c hanges can strongly influ ence the binding
properti es o f a rtifi ca l receptors and once more e mphas ize the co mpl ex nature o f
carbohydrate recogniti on by artifi cal receptors. In contra st, th e 7,7'- BnO groups in (S,S,S)71 apparentl y effecti ve ly prevent th is higher order compl exation mode, and stoichiometric
1: 1 co mpl exati o n co uld be in vestigated.

No suc h hi gher order compl exation, whi ch is
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indicated by a very strong peak broadening in the IH-NMR spectra, was observed with the
less planar macrocycle (S,S.R)- 73 . These findings underscore the relevance of a proper
design of structural details not directly assoc iated wi th the binding interaction, but rather to
e nsure solubility a nd to prevent agg regat ion of a receptor.
The flat 0 3-symmetrical receptors di splayed only moderate binding affinities and
select iviti es, whereas (S,S,R)- 73 showed remarkable assoc iation strength and selectivity .
The concerted binding of the sugar by a cyclic array of aromatic OH groups provides
comp lex stabi liti es around ? C 0 = - 5.0 kcal moI-1.

With diastereoselectivities up to

? (? eo)= 1.3 kcal moI-1 and enantiose lecti vities of ? (? C 0 ) = 0.9 kcal moI -1, (S,S,R)-73 is
among the most se lective artificia l carbohydrate receptors known.

At the present time,

comp lexation occurs only in non-competitive solve nts such as CDC l3. In Future work, we
hope to provide the necessary hydrophobic desolvation, dispersion interactions, and C-

H··p interactions by attac hing aromatic caps to the receptor, in order to sandwich the
saccharide guest bound to the cycl ic array of OH gro ups in the cavity. This may be a way
to ac hi eve comp lexation in competitive protic so lvents and, ultimately, in H20 .

5.2

Dendritic Receptor Systems

In the second part of this work , novel dendritic receptor systems for carbohydrate
recogn iti on in protic so lvent mixtures were sy nthes ized by highly effic ient routes . The
cnantiomerically pure dendritic cleft receptors are based on an anionic binaphthalene core
linked to Frechet type dendrons (aromati c et her branching). The receptors prepared differ
in the nature of the dendron unit (d ifferent generations, with or without polyether capp ing
groups), in the manner by which the core and the dendrons are connected (with or without
acetylene spacer) and by the formation of the receptor core with one or two 1, 1· binaphthalene moieties (with the two binaphthalenes linked via either a buta-1,3-diynediyl
or p-phenylene spacer).
Some synthet ic methodologies developed for the preparation of macrocyclic receptors
described above could a lso be succe ssfu lly adopted for the preparation of the
enantiomerically pure, dendritic cleft molecules. Among these are the ortho-iodination of
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the 1, l '-binaphthalene moi ety, or various Sonogashira, Suzuki, and Claser-Hay coupling
reactions. The hi gh synthetic efficiency allowed the preparation of sufficient amounts of
receptors for detailed recogn ition studies to compare the intluence of structural variation s
on bindin g strengt h and se lectivi ty.

The receptors were designed to complex sugar substrates through an efficient combination
of ionic H-bondin g interactions between the sugar OH groups and the phosphodiester
groups in the receptor core as weil as hydrophobic CH-7t interactions betwee n the nonpolar
regions of the sugar and the aromatic de ndron surfaces.
Binding studie s with octyl pyranosides (1-3) in differe nt so lvents (CD 3 CN, C D3CN/MeOD
mixtures, C DC1 3, (CD3)iSO, MeOD, and 0 20) by 500 MH z 1H-NMR titration s at 300 K
as weil as Job-P lot analyses and extraction experiments (for the detem1ination of comp lex
stoichiometries) were perfonned.
The comparison of va lues of association constants for 1: 1 complexes of the dendritic
receptors 1-G-(S)-118, 2-G-(S)-74 and 3-G-(.S)-119 (Ka = 260-350 M- 1, - ß.G 0 = 3.2-3.5
kcal moJ-1, for 1-G-(S)-118 in C D3CN) with the lower data obtained in studies wit h the
reference receptors (S)-116 and (S)-117 (Ka = 70- 150 M-1 , - !::i.C 0 = 2.5-2.9 kcal moJ-1 , for
(.S)-116 in C D3CN) as weil as the observed comp lexation- induced downfie ld shifts of
dendron sig nal s H-C(9) confinn, that the increase in bindin g strength can, at least in part,
be assigned to hydrophobic interactions between the dendritic branches with the sugar
substrate.

In the complexation of octyl glucosides to 3-G-(S)-119 (Ka = 180-290 M-1 ,

0

- !::i.G = 3. 1-3.4 kcal moJ-1 in C D3CN), the hi gh steric requirements of the dendritic
branches makes the core less accessib le to the sugar guest, as compared to the
corresponding 1-G and 2-G dendrimers.

Thi s therefore compromises potentiall y better

hydrophobic interactions between dendrons and nonpo lar sugar region s, as we il as
shielding ofthe recognition site from solvent molecule s. With the receptor 1-G-(S)-120, a
clear decrease of the binding strength (Ka = 80-1 10 M-1, - öC 0 = 2.6-2.8 kcal moJ-1 in
CD3CN) was found , whereas the receptor 1-G-(S)-12 1 (Ka = 3 10-570 M-1 , - /';.G 0 = 3.4-3.8
kcal mol- 1 in C D3 CN) proved tobe the best one of this monomeric series. Unfortunately,
this water-soluble rece ptor could not be used for 1H-NMR studies in D20 , due to signal
broadening of al l of its proton reso nances in this solvent. As expected, in stud ies with th e
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mono meri c de ndritic receptors in less po lar CDC I3, a 3- to 5-fo ld increase of the va lues of
the assoc iati on consta nts was observed.
The overa ll sugar binding affi nity o f a ll receptors descri bed above as we il as the observed
substrate se lectivi ty re ma ined low, and rather sma ll affinity cha nges were obse rved w ith
receptors of different generati on numbers.
In studi es w ith the buta- 1,3-di y nediy l-linked, de ndritic, dimeric receptors 2-G-(S,S)-J 57
and 1-G-(S,S)- 158 (w ith po lyether capping groups) as we il as with the p-phenylene- linked,
dendriti c, dimeri c receptor 2-G-(S,S)- 169, co mplexes with octyl pyranos ides ex hibited
highe r stochi o meti es. T he dete rmin ati on of qua ntitati ve bindin g data was not poss ible.
A ge nera l pro bl e m in all binding studi es with the dendritic receptors resul ted from the
extremely sma ll complexation-induced downfi e ld and up fie ld shi fts of signals belonging to
proto ns of the receptor and substrate. As a conseque nce, re lative ly hi gh inacc uracies we re
observed, whi ch prevented a Specfit a na lys is, suitable fo r the determination of higher host
guest stoc hiometry.

Furthermore, Job-Plot a na lyses led in many cases to ins igni fica nt

conclusio ns.
T he obse rvati ons in the binding studies w ith dendritic receptors suggest that these open
c left mo lecules are too fl ex ib le to e ffi c ientl y e ncapsul ate a bound sugar with hi gh affi nity.
In th e future research, the goa l will be to combine the macrocyc li c receptor approach wi th
the de ndriti c o ne. This may be a way to produce systems co nsisting of a rigid macrocyclic
receptor core (with fi xed confo rmation suitable fo r the fo rmation of 1: 1 recepto r-s ubstrate
complexes) connected to fl ex ible de ndrons; thereby ma inta ining the adva ntages of a
dendritic framework, suc h as e ncapsulatio n of the recogniti on s ite and prov iding apo lar
a nd C H-7t interactio ns between th e aromati c gro ups o f the de ndron and the nonpo lar
regions o f the bound sugar.
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6. Experimental Part
6.1

Generals

All reaction s were carried out under N 2. Solvents and reagents were reagent-grade and
commercially available and used without further purification unl ess otherw.ise stated. THF
and EtzO were freshly distilled from sodium ben zophenone ketyl. Evaporation in vacuo
was conducted at H 2 0 aspirator pressure.
Column chromatography (CC): Si0 2 60 (230-400 mesh, 0.040-0.063 mm) from E.

Merck (for products containing MOM-protecting groups) or Fluka , visualization by UV
light.
IR spectra (cm-1): Perkin-Elmer 1600-FT !R.
NMR Spectra: Bruker AMX 500 or AMX 400, and Varian Cemini 300 or 200 at 296 or
300 K, with solvent peak as reference.
MS (m/z (%)): EI: VC TRIBRID spectrometer at 70 eV; FAB: VC ZAB2-SEQ
spectrometer with 3-nitrobenzyl alcohol (NOBA) as matrix ; MALDl-TOF-MS: Bruker

Reflex spectrometer with 2-(4-hydroxyphenylazo)benzoic acid (HABA), a-cyano-4hydroxycinnamic

acid

(CCA),

2,4,6-trihydroxyacetophenone/diammonium

citrate

(THA/citrate) 2: 1 or 1,8,9-trihydroxyanthracene (dithranol) as matrix; positive ion mode.
Preparative gel-permeation chromatography (GPC): Biobeads SX-1 or SX-3 from

Biorad, eluent CH 2Cl 2 unless otherwise stated; detection at 300 nm by UV detector from
Knauer or analytical G PC apparatus from Merck Hitachi.
Optical rotation ([a]RT 0 ): Perking Eimer 241 polarimeter with a 1 dm cell at the Na-Dline (A.

= 589

nm) at r.t. The concentration c is given in g/ 100 1111. CHCl 3 was used as

so lvent unl ess otherwise stated.
M.p. ( 0 ): Biichi-melting point-apparatur-SMP-20.
Elemental analyses were performed by the Mikrolabor at the Laboratorium fiir

Organische Chemie. ETH Zürich.
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6.2

Computer Modeling

For the simul ation s of recepto rs and host-guest co mplexes, MacroModel V. 6.0 [ 185, 186)
was appli ed (Monte Ca rlo simulation, 4000 steps, AM BE R* force field, GB/SA so lvati on
mode l for C HC l3 ).
parameters.

The AMBER* force fi eld was modified to include buta-1 ,3-diyne

For thi s purpose, an X-ray crystal structure of 1,4-diphe nyl buta-1 ,3-diyne

pro vided values for the bond di stances and angles, wh ereas stretc hing and bending fo rce
fi e ld co nstants adapted from AMBER* supplied C(sp2)-C=C paramete rs [2 11].

6.3

t

H-NMR Binding Titrations

Quantitative binding data (Ka, D.G0 , 68531 ) were determined by nonlinea r least-squares
curve fittin g o f IH - NMR titration data (500 MHz, 300 K) in dry C DC13 using the program

Associate V. / .6 [ 188]. Co mmerc ially available g uests were used without furth er treatment.
Octyl pyra nosides 2 and 3 we re prepared according to published procedures [ 187, 189- 191 ].
Fo r the eva luati o n of binding data , the host concentration was kept constant at 0 .5 mM, or
1.0 mM , respecti vely and a conc. so ln. of guest (and 0.5 or 1.0 mM ho st) was added in
portions via mi crosy ringe to the septum-capped NMR tube containin g the l10st. In so me
cases, an inve rse titration with constant guest and variable host concentrati o n was app lied.
Aft er eac h addition , a IH-NMR spectmm was take n. For studies w ith the macrocyclic
receptor systems, the so lve nt had to be ca refully dri ed to obtain reproducible results.
The refo re, C DC l3 was first allowed to stand over anhydrous K2C0 3 and molecular s ieves
(4 A) for at least 24 h prio r to the titration experiment. This served to both deac idify the
C DCl3 and partially dry it. The rema ining traces of H20 (ca. 3 rnM according to the 1HNMR spectrum) in the deca nted so lve nt were removed by the addition of just enough
freshly acti vated, powdered 4

A mol ec ul ar sieves to the NM R tube containing the titration

so ln „ to cause, in most cases, the di sappeara nce of the H20 pea k at 1.54 ppm

(t here

should be no excess of sieves present). Bonar-Law and Sanders had prev iously shown that
th ese ex pe rime ntal conditions do not affect the complexation ofpyranosides (45).
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6.4

Abbreviations

anal.

ana lytical

aq.

aqueous

br.

broad (reso nance)

Bn

benzyl

11-BuLi

11-butyllithium

c

concentration

ca.

circa

calc.

ca lculated

cc

column chromatography

conc.

Concentrated

18-crown-6

1,4,7, 10, 13, 16-hexaoxacyclooctadecane

d

day

8

chemical sh i ft

d

doublet (NMR)

DMF

dimethylformamide

dest.

destilled

DIPA

diisopropylamine

EA

elemental analysis

ee

ena ntiomeric excess

EI-MS

elektron impact mass spectrometry

eq.

equ iva lents

et her

diethylether

AcOEt

ethyl acetate

EtOH

ethanol

FAB-MS

fast atom bombardment mass spectrometry

GPC

gel-permeation-chromatography

h

hour

HPLC

high-performance liquid chromatography

HR

high resolution

HV

hi gh vacuum (< 0.1 mbar)
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Hz

hertz, s- 1

LR

infra red spectrum

J

coupling constant

K

Kelvin

kcal

kilocalorie

kJ

kilojoule

Lit.

literature

m

medium (IR) or multiple! (NMR)

M.p.

melting point

MALDl-TOF

matrix assisted lase r desorption ioni sat ion - time of fli g ht

MeOH

methanol

Min

minute

mol%

mole per cent

MOM

methoxymethyl

MS

mass spec trometry

NMR

nuclea r magnetic resona nce (spectroscopy)

org.

organic

Ph

phenyl

ppm

part per million

prep.

preparative

q

quartet (NMR)

r.t.

room te mperature

s

singlet (NMR), strong (IR)

sat.

saturated
triplet (NMR)

THF

tetrahydrofuran

TLC

thin-layer chromatography

TMEDA

N,N.N ', N '-tetramethylethylendiamine

TMS

trimethylsilyl

w

weak (IR)
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6.5

Experimental Details

6.5 .1 Synthesis of Receptor (S,S,S)- 71 with Benzyloxy Groups
6-Bromo-7-(methoxymethox;)naphthalen-2-ol (76)

:ro
5

4

°"'

1

HO

1 :

3

Br

~2 OMOM

To a degassed mixture of 3-bromonaphthalene-2,7-diol (75) [32] ( 15.0 g, 62.7 mmol) and
K2C03 (7.5 g, 54.3 mmol) in dry MeCN (300 ml), MeOCH 2C I (MOMCI) (6.5 ml , 6.9 g,
85.7 mmol) was added at-18° over 2 h via syringe pump. After stirring for 2 h, 0. 1 M aq.
HCI so ln. (150 ml) was added, and the product extracted with AcOEt. The org. phase was
washed with sat. aq. NaCI soln ., dried (Na2S04), and evaporated in vacuo.

CC

(hexane/AcOEt 5: 1 containing 0.5% Et 3N) afforded 76 (8.9 g, 50%). White so li d.
M.p. 107- 108° (Lit. [212] : 108°). IH-NMR (300 MHz, CDCl3): 3.56 (s, 3 H, OCH 3); 5. 13
(s, 1 H, OH); 5.35 (s, 2 H, OCH 20); 6 .99 (dd, J

= 8.7, 2.5,

1 H, H-C(6)); 7.03 (d, J

= 2.5,

1

H, H-C(8)); 7.31 (s, 1 H, H-C( 1)); 7.59 (d, J = 8.7, 1 H, H-C(5)); 7.98 (s, 1 H, H-C(4)).

6-Benzyloxy-2-bromo-3-(methoxymethoxy)naphthalene (7 7)

6 ~ Br

BnO~OMOM
To a degassed mixture of 76 (4.0 g, 14.1 mmol) a nd K2 C03 (4.0 g, 28.9 mmol) in dry
DMF (40 ml), BnCI (2.0 ml , 2.2 g, 17.4 mmol) was added, a nd the mixture was stirred at
80° for 1 h. The sa lts were removed by filtration through Celite. Evaporation in vacuo
afforded 77 (5.0 g, 94%). White solid (toluene).
M.p. 11 4-1 15°. (Lit. [212]: 115°).

IH-NMR (300 MHz, C DCl3): 3.57 (s , 3 1-1 , OC !-1 3);

5.16 (s, 2 H, OCH2Ph); 5.36 (s, 2 H, OCH20); 7.1 1-7. 15 (m, 2 1-1 , H-C(6), H-C(8)); 7.357.49 (m, 6 H, Ph , H-C(I )); 7.61 (d, J = 9.7, 1 H, H-C(5)); 7.98 (s, 1 H, H-C(4)).

7-Benzyloxy-3-bromonaphthalen-2-ol (78)

6 ~Br

BnO~OH
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A so ln. o f 77 (5.0 g, 13.4 mmo l) and co nc. aq. HC l soln . (37%, 5 ml) in T HF/ MeO H 2: 1
( 100 ml) was heated to re flu x for 3 h. After coo ling to r. t. , the mi xture was que nc hed with
H20 (50 ml), extracted with C H2C l2, and the o rg. phase washed with sat. aq. NaCl so ln .
Eva po ration in vacuo ga ve 78 (4.3 g, 98%). Whi te so lid (to luene).
M. p. 153-1 54°. (Lit. [2 12]: 153°).

1H-NM R (300 M Hz, (CD3)2CO): 5. 17 (s, 2 H,

OC H2Ph); 7.07 (dd, J = 9.0, 2.7, 1 H, H-C(6)); 7.2 1 (d, J = 2.7, 1 H-C(8 ))7 .3 l -7.56 (m , 6
H, Ph, H-C( l )); 7. 68 (d, J = 9.0, 1 H, H-C(5)); 8.03 (s , 1 H, H-C(4)); 9.24 (s, 1 H, OH ).
(±) - 7. 7 '-Bis (benzy/oxy)-3,3'-dibromo-1 ,1 '-binaphtha /ene-2.2 '-dio / (( ±)- 79)

Method A: A so ln. of 78 ( 15 g, 46 mmol) and C uCl2 ( 12.6 g, 94 11111101) in MeO H ( 1. 5 1)

was degassed , satu rated with Ar, and t- BuNH 2 (2 1.0 ml , 14.6 g, 200 mmo l) in MeO H ( 150
ml ) was added slow ly. The mi xture was heated to reflux for 1 h, the n coo led to 0° and
que nc hed with 6 M aq. HCl so ln. (600 ml) to yie ld a ye ll ow prec ipitate whic h was filtered
and redi sso lved in C HCl3.

The org. phase was was hed with H20 until neutra l and

evaporated in vacuo to a fford (±)-79 ( 12.5 g, 84%). White powder (to luene).
Method B: To a so ln. of CuCl(OH)TME DA [45] (56 mg, 2 11101% ) in CH2Cl2 (200 ml ), 7

(3 .8 g, 11 .5 mmo l) was added at 0°. The mixture was stirred fo r 46 h at r. t. , and then
was hed with 0. 1 M aq. N H3 soln. and sat. aq. NaC l so ln. Evaporati on in vacuo gave (±)-79
(2.4 g, 64%). White crysta lline solid (to luene).
M.p . 207-208°. (Lit. [2 12]: 208°). 1H-N MR (300 MH z, CDClJ): 4.72 (d. AB, J = 12.3, 2
H, OC H2Ph); 4.79 (d. AB, J = 12.3 , 2 H, OCH2Ph ); 5.45 (s, 2 H, O H); 6.38 (d, J = 2.4, 2
H, H-C(8), H-C(8 ' )); 7 .1 0-7.27 (m , 12 H, PhH , H-C(6), H-C(6 ' )); 7.72 (d, J = 9.0, 2 H, HC(5), H-C(5 ' )); 8. 15 (s , 2 H, H-C(4), H-C(4 ')).
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Optica l Reso/ution of (±)-79. (+)-[(S)-7. 7 '-Bis(benzyloxy)-3,3 ·-dibromo-1. / '-binaphthalene-2.2 '-diy l] [(J S,2 R,5S)-5-methy l-2-(I-m elhy lethyl)cyclohexyl] phosphite (( +)-80)

To PCl3 (1. 12 ml , 1.76 g, 12.8 mmol) in dry THF (15 ml) was added over 30 min at 0° a
so ln. of (-)-(1 S,2R,5S)-menthol (2 .97 g, 19.0 mmo l) in THF ( 15 ml). The mi xture was
cool ed to - 18° and dry Et 3N (5.35 ml , 3.89 g, 38 .4 mmol) was added . After stirrin g for 15
min, a portion of thi s suspension (27 ml , 9.47 mmol ) was added to (±)-79 (6.87 g, 10.47
mmol) in dry THF ( 15 ml) at - 18°.

The instantaneous di sappea ra nce of (±)-79 was

monitored by TLC (toluene). The white insoluble Et3NHCI was remo vcd by filtration
through Celile, Et20 (200 ml) was added to the filtrate , and the so ln . evaporated in vacuo.
Pure (+)-80 (3.23 g, 37%) was obtained by two recrysta lli zations at - 18° from Et20.
M.p. 180°. (L it. [212):181-1 82° ).

[ a] ~ = +395 .4 (c = 1.0, C H2C l2).

'H-NMR (500

MH z, CDC l3): 0. 83-2.39 (m, 18 H); 4.20-4.35 (m, 1 H); 4.53 (d. AB. J = 11.8, 2 H,
OCH 2Ph); 4.60 (d, A 8, J = 1 1.8, 2 H, OCH2 Ph); 6.55 (d, J

= 2.4,

1 H, H-C(8)); 6.57 (d, J

=

2.4, 1 H-C(8')); 7.00-7 .24 (m , 12 H, PhH , H-C(6), H-C(6 ' )); 7.71(d,J = 6.2, 1 H H-C(S));
7.73 (d, J = 6.2, 1 H, H-C(S')); 8. 13 (s , 1 H, H-C(4)); 8. 16 (s, 1 H, H-C(4 ')).

f-fydrolysis qf (+)-80

Compound (+)-80 (2.0 g, 2.4 mmo l) was stirred with K2C03 (2.0 g, 14.5 mmol) in
C HCl3/ MeOH 1: 1 (200 ml) for 30 min. The reaction was quenched with H20 ( 100 ml)
and the product extracted with CHCl3.

Evaporation in vacuo yielded {+)-(S)-79 (1.5 g,

97%) which was further converted without purification . A sma ll amount was recrysta llized
from toluene to give a white so lid with spectroscopic data identi ca l to those of the racemic
material (±)-79 and [ a] ~;

= + 79. I (c = 1.0, C H2C l2).
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(-) -(S)-7, 7 '-Bis(benzyloxy)-3,3 '-dibromo-1, l '-binaphthalene-2,2 '-diyl dibenzoate ((- )-(S)-

81 )

To a so ln. of (S)- 79 ( 1.30 g, 2.0 mmol ) in C H2Cl2 ( 100 ml ), pyridine (0.33 ml, 0.32 g, 4.0
mmol), DMAP (0.49 g, 4.0 mmol), and BzCI (0.58 ml, 0.64 g, 5.0 mmol ) were added at 0°.
The mixture was stirred at r.t. for 2 h and then washed with 0.02 M aq. CuS04 soln „ 20%
aq. NaHC03 soln„ and H20. Evaporation in vacuo and purification by CC (hexane/AcOEt
5: 1) afforded (S)-81 (1.64 g, 95%). White solid.
M.p. 146- 148° (Lit. [2 12]: 146-148°). [a]'~

= - 8.2

(c

= 1.0,

C H2Cl2).

MH z, CDCl3): 4.7 1 (d, AB, J = 12.0, 2 H, OCH2Ph); 4 .89 (d, AB, J

lH-NMR (200

= 12.0, 2 H, OCH2Ph);

6.60 (s (br.), 2 H, OH); 7. 10-7.60 (m , 20 H, PhH , H-C(8), H-C(8 '), H-C(6), H-C(6 ' )); 7.67
(d, J = 9.1 , 2 H, H-C(5), H-C(5')); 7.81 (s (br.), 4 H, Ph); 8. 10 (s , 2 H, H-C(4), H-C(4')).

(- ) -(S)- 7, 7 '-Bis(benzyloxy)-3,3 '-bis[(trimelhy lsilyl) ethy11ylj-l, J '-binaphthale11e-2,2 '-diyl

Dibenzoate ((- )-(S)-82)

~

TMS

l-(Trimethyl silyl)-2-(trimethylstannyl)ethyne ( 1.5 ml , 1. 8 g, 6.7 mmol) [ 143], (S)-81 (2.0
g, 2.3 mmol), [Pd(PPh3)4] ( 10 11101%, 267 mg), and 2,6-di -tert-butyl-p-cresol (200 mg,
10% by weight) were added to dry toluene (20 ml). The mi xture was heated to 100° under
Ar for 36 h. The black precipitate was remo ved by filtration through Celite, and the soln.
washed with H20 . CC (Fluka Si02-H) (hexane/AcOEt 99.5:0.5 --) 99: 1), followed by
recrystall ization from C H2Cl2 with layered addition of pentane, afforded (S)-82 ( 466 mg,
23%) .
M.p. 170- 172° (Lit. [2 12]: 172°). [ a] ~; = - 2.0 (c = 1.0, C H2C l2). 1H-NMR (300 MHz,
C DC IJ): -0.06 (s , 18 H, Si(C H3))); 4.75 (d, AB, J

= 12.0, 2 H, OCH 2Ph ); 4.92 (d, AB, J =
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12.0, 2 H, OCH2Ph); 6.69 (s, 2 H, H-C(8), H-C(8')); 7.55-7.71 (m , 18 H, PhH , H-C(6), HC(6 ')); 7.72 (d, J

=

9.0, 2 H, H-C(5), H-C(5 ')).); 7.86 (m , 4 H, PhH); 8.08 (s, 2 H, H-C(4),

H-C(4')).

7-Benzyloxy-2-naphtho/ (83)

BnO

5

4

;

:

'-.:: 3

~

7

2

1

OH

Bnßr ( 15.2 ml, 24.0 g, 14.0 mmol) was added to a suspension of2,7-di hydroxynaphthalene
(15.0 g, 9.4 mmol) and K2C03 ( 17.0 g, 12.3 mmol ) in DMF (200 ml) and the reaction
mi xture stirred at 40° for 20 h. After filtration over Ce/ite, the solvent was evaporated in

vacuo and the emde product wa s purified by CC (hexan e/AcOEt 5: 1) and recrystalli zation
(MeOH/H20 2:1) to g ive 83 (7.0 g, 30%). White powder.
M.p. 150° (Lit. [213] : 151-152°).
2 H, OCH2Ph); 6.94 (dd, J

1H-NMR

= 8.6, 2.5,

(300 MH z, CDCl 3): 4.92 (s, 1 H, OH); 5.16 (s ,

1 H, H-C(8)); 7.04 (d, J

= 2.5,

1 H, H-C( 1)); 7.07 (d,

J = 2.5, 1 H, H-C(3)); 7.07 (dd, J = 9.6, 2.5, 1 H, H-C(6)); 7.30-7.45 (m , 5 H, PhH); 7.66

(d, J

= 8.6,

1 H, H- C(5)); 7.66 (d, J

= 8.6,

1 H, H-C(4)).

(±)-7. 7 '-Bis(benzyloxy)- 1.1 '-binaphtha/ene-2.2 '-diol (( ±)-84)

To a so ln . of 83 (7.0 g, 2.8 mmol) in C H2Cl2 (500 ml) wa s added freshly prepared
CuCl(OH)·TMEDA (0.2 g), and the dark blue so ln . was stirred for 24 h at r.t.

After

extraction with H20 (3 x 500 ml) and evaporation of the solvent in vacuo, the crude
product was purified by CC (CH2C l2/AcOEt 7: 1) and recrystallization (toluene) to yie ld 84
(3.6 g, 52%). White solid.
M.p. 106° (Lit. [2 13]: 104-106°). 1H-NMR (300 MH z, CDCl 3): 4.74 (d, AB, J = 11.8, 2 H,
OCH2Ph); 4.80 (d, AB, J

=

11 .8, 2 H, OCH2Ph); 6.49 (d, J

=

2.4, 2 H, H-C(8), H-C(8' ));

7.10 (dd, J = 9.0, 2.4, 2 H, H-C(6), H-C(6 ')); 7.10-7 .20 (m, 12 H, PhH , H-C(3), H-C(3 ' )),
7.80 (d, J = 9.0, 2 H , H-C(5), H-C(5')); 7.89 (d, J = 2.4, 2 H, H-C(4), H-C(4 ')).

126
(±) - 7, 7 '-Bis(benzyloxy) -2.2 '-bis(methoxymethoxy ) -1, 1 '-binapht/ialene ((±)-85)

NaH (di spersion in o il 55-65%), (0.5 g, 12.5 mmol) was washed with T HF ( 15 ml) and
then suspended in T HF (40m l).

Unde r rigorous stirring, (±)-84 (2.6 g, 5.2 mmol) was

added in small portions and the soln. was the n stirred for additional 30 min at r.t. After the
slow addition ( 10 min) of MOMCI (2.37 ml, 2.5 1 g, 31.2 mmol), the mixture was stirred
for 2 h at r.t. The reaction was quenc hed with H20 (80 ml), fi lte red over Celite, and
ex tracted with CH2C l2 (2 x 100 ml). The combined org. phases were washed with sat. aq.
NaCI so ln. (2 x 100 ml), dried over Na2S04, and concentrated.

Purification by CC

(hexane/AcOEt 4: 1, containing 0.5% Et3N) afforded (±)-85 (2.5 g, 83%).
M.p. 100°.

IR (KBr): 3064w, 2936m, 2825w, 16 19s, 1574w, 1497m, 1443w, 138 ls,

1349w, 13 19w, 1230111, 1206s, l 155m, 1089111, 1026w, IOOOw, 932s, 877w. 'H-NMR (300
MH z, CDCl3): 3. 14 (s, 6 H, OCH3); 4.65-4.75 (m, 4 H, OC H2Ph), 4.89 (d, J
OC H20); 4.98 (d, J = 6.8, 2 H, OCH 20), 6.48 (d, J

= 6.8,

2 H,

= 2.4, 2 H, H-C(8), H-C(8')); 7.07-7 . 12

(m, 4 H, PhH); 7. 18-7.2 1 (m, 6 H, PhH , ArH); 7.40 (d, J = 9.0, 2 H, H-C(3), H-C(3 ')); 7.79
(d, J = 9.0, 2 H, H-C(5), H-C(5 ')); 7.86 (d, J = 9.0, 2 H, H-C(4), H-C(4')). 13C-NMR (200

MHz, CDCl3): 55.85 ; 69.80; 95 .38; 105.66; 11 5.03; 11 7.34; 120.59; 125.76; 127.73;
127.96; 128.62; 129.20; 129.65 ; 135.40; 137.0 1; 153.48 ; 157.35. FAB-MS : 586.2 ( 100,
M+, C33 H34Ü6 requires 586.7). Anal. calc. for C3g H3406 (586.7): C 77.80, H 5.84; found:
C 77.55, H 6.00.
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Towards the Optical Resolution of (±)-84: Formation and Separation o( Diastereoisomers

(S,S,S)-86 and (S,S,R)-86
To a soln. of (±)-84 (850 mg, 1.7 mmol) and Et3N (0.59 ml, 430 mg, 4.3 mmol) in C H2Cl2
(13 ml) was added at 0° (+)-(S,S)-camphersul fony l chloride (953 mg, 3.8 mmol), and the
mixture stirred for 3 h. After extraction with HzO, the org. phase was dried over Na2S04
and the solvent was evaporated in vacuo.
separated by CC (CH2C l2/AcOEt 98.5: 1.5

-7

The obta ined diastereoisomers could be
97:3) to give (S,S,S)-86 (670 mg, 39%) and

(S,S,R)-86 (630 mg, 37%).
(S,S,S) -7, 7 '-Bis(benzyloxy) -1 , I '-binaphthalene-2,2 '-bis(camphorsul(onate) ((S,S,S)-86)

M.p. 65°. [a]';;

= + 178.0

(c

= 1.0, CHCl3).

IH -NMR (300 MH z, CDCl3): 0.52 (s, 4 H);

0.7 5 (s, 4 H); 1.2 1-1.42 (m, 4 H); 1.54 (s, 4 H); 1.82-2.06 (m , 6 H); 2. 17-2.26 (m, 2 H);
2.38 (d, J = 15.0, 2 H), 2.87 (d, J = 15.0, 2 H); 4.65 (d, J = 11.7, 2 H, OC H2Ph); 4.86 (d, J
= 11. 7, 2 H, OCH2Ph), 6.57 (d, J = 2.7, 2 H, H-C(8), H-C(8')); 7. 11-7 .27 (111, 12 H, PhH,

H-C(6), H-C(6 ')); 7.6 1 (d, J

=

9.0, 2 H, H-C(3), H-C(3 ')); 7.84 (d, J

=

9.0, 2 H, H-C(5), H-

C(5')); 7.95 (d, J= 9.0, 2 H, H-C(4), H-C(4')).
(S,S. R)- 7, 7 '-Bis(benzyloxy)- 1, / ·-binaphthalene-2.2 '-bis(camphorsulfonate) ((S,S,R)-86)

M.p. 67°. [ a]';

=

- 176.7 (c

=

1.0, CHCl3). 1H-NMR (300 MHz, CDCl3): 0.50 (s, 4 1-1);

0.66 (s, 4 1-1); 1.1 8- 1.38 (111, 4 1-1); 1.54 (s, 4 H); 1. 72-1.96 (m, 6 H); 2.17-2.25 (m , 2 1-1);
2.27 (d, J = 15.0, 2 H), 3.25 (d, J = 15.0, 2 H) ; 4.62 (d, J = 11 .7, 2 1-1, OCH2Ph) ; 4.78 (d, J
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= 11.7, 2

H, OCH 2Ph), 6.52 (d, J

= 2.7,

2 H, H-C(8), H-C(8')); 7.07-7.22 (m, 12 H, PhH ,

H-C(6), H-C(6')); 7.64 (d, J = 9.0, 2 H, H-C(3), H-C(3')); 7.84 (d, J = 9.0, 2 H, H-C(5), HC(5')); 7.96 (d, J

=

9.0, 2 H, H-C(4), H-C(4')).

(+)-(S)-7. 7 '-Bis(benzyloxy)-2,2 '-bis(methoxymethoxy)-3,3 '-dibromo- 1, I '-binaphthalene
((+)-(S)-87)

To a degassed mixture of (S)-79 ( 1.30 g, 2.0 mmol) and K2C0 3 ( 1.7 g, 12.3 mmol) in dry
MeCN (50 ml), MOMCI (0.61 ml, 0.65 g, 8.0 mmol) was added at 0°. The mixture was
stirred for 15 h at r.t., then the salts were removed by filtration through Celite. Evaporation

in vacuo gave (S)-87 ( 1.43 g, 96%). White crystalline solid (hexane).
M.p. 112°. [a]',; = + 155.4 (c = 1.0, CHCl3). IR (KBr): 3485m (br.), 2944w, 2889w,

l620s 1496s, 1453m, 1380s, 1228s, 1205s, l 155s, 1088w, 1029m, 930s. 'H-NMR (300
MHz, CDCI)): 2.63 (s , 6 1-1 , OC!-1 3); 4.49 (d. AB, J = 5.4, 2 H, OCH 20); 4 .66 (d, AB, J =
12.6, 2 H, OCH 2 Ph); 4.69 (d, AB, J
OCH 2Ph); 6.40 (d, J

=

= 5.4,

2 H, OCH 20); 4 .70 (d, AB, J

=

12.6, 2 H,

2.2, 2 1-1 , H-C(8), H-C(8')); 7.02-7.05 (111, 4 H, PhH); 7.1 6-7.20 (m ,

8 H, PhH , H-C(6), H-C(6')); 7.72 (d, J = 8.7, 2 1-1 , H-C(5), H-C(5')); 8. 16 (s, 2 1-1 , H-C(4),
H-C(4')).

13C-NMR (300 MHz, C DCl3): 56.34; 69.82; 77 .2 1; 98 .87; 106.48; 114.66;

11 9.39; 126.34; 127.10; 127.28; 127 .90; 128.54; 132.54; 134.25; 136.47; 150.43; 157.32 .
FAB-MS: 744 ( 100, M +).

Anal. calc. for C3g H320 6Br2 (744.48): C 6 1. 3 1, H 4.33, Br

21.47; found: C 61 .34, H 4.24, Br 2 1.22.

(±)-7. 7 '- Bis(benzyloxy)-2,2 '-bis (methoxy methoxy)-3,3 '-diiodo- 1, I '-binaphthalene ((±)-88)

To a soln. of(±)-87 (1.07 g, 1.4 mmol) in dry THF (25 ml), 1-B uLi ( 1.7

M

soln . in pentane,

2.5 ml, 4.3 mmol) was added at - 78°. The mi xture was stirred for 30 min, and a soln . of 12
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(1. 10 g, 4.3 11111101) in dry THF (4.5 ml) was added . After stirrin g at - 78° for 2.5 h, the
reaction was quenched with H20 (4 1111), the product extracted with C H2C l2, and the o rg.
phase washed with 10% aq. Na2S20s so ln. and H20. Evaporation in vacuo gave (±)-88
( 1.1 3 g, 93%). White crysta ls (CH2Cl2/hexa ne) .
M.p. 132°.

IR (KBr): 3056w, 3022w, 1578w, 2922111, 16 18s, 1496111, 1379111, 1346111,

12 17111, 1204s, 1159111, 101 5w, 932s.

1H-NMR

(300 MHz, CDC l3) : 2.65 (s , 6 H, OCH 3);

4.32 (d, AB, J = 5.3, 2 H, OCH20); 4.6 3 (d, AB, J = 5.3, 2 H, OCH20); 4.63 (d, AB, J =
12.4, 2 H, OCH2Ph); 4.70 (d, AB, J

= 12.4,

2 H, OCH 2Ph); 6.38 (d, J

H-C(8')); 7.00-7.20 (111 , 12 H, PhH, H- C(6), H-C(6')); 7.69 (d, J

=

= 2.5, 2

H, H-C(8),

9.0, 2 H, 2 H, H-C(5),

H-C(5')); 8.4 1(s, 2 H, 2 H, H-C(4), H-C(4')). 13C-NM R (50 MHz, C DC l3): 54.18; 67.48;
86.75 ; 96.65; 104.11 ; 11 6.78; 122.84; 124.8 1; 125.50; 125.57; 125.98; 126 .1 7; 132. 65;
134.08; 137.00; 150.07; 155.09. FA B-MS: 838 (100, M +). Anal. calc. for C3g H32061 2
(838.48): C 54.43, H 3.85 , 0 11.45 ; found: C 54. 24, H 3.80, 0 11. 56.

(+) -(S)- 7. 7'-Bis(benzyloxy)-2. 2 '-bis(methoxymethoxy)-3. 3 '-di iodo- 1, I '-binaphtlwlene (( +)(S)-88)

To a soln. of (S)-87 (500 mg, 0.7 11111101) in dry THF (40 1111), TM EOA (0.5 1 ml , 390 mg,
3.4 mmol) and BuLi (1.6 M soln. in hexa ne, 2.1 0 ml , 3.4 mmol) were added at - 78°. The
mixture was stirred for 45 min , and a so ln. of 12 (792 mg, 3. 1 mmol) in dry THF ( 10 ml )
was added. After 15 min , the reaction was quenched with 10% aq. Na2S20s so ln ., the
product extracted with C H2C l2, the org. phase washed with H20, a nd dried (Na2S04).
Evaporation in vac110 gave the crude product which was purified by CC (hcxane/AcOEt 3: 1
containing 0.5% Et3N) to give (S)-88 (369 mg, 66%). White powder with spectroscop ic
data identica l to those ofthe racemic material (±)-88 and [a] ~,'

= +9 1.6 (c = 1.0, C HCl3).
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(+)-(S)- 7, 7 '-Bis(benzyloxy )-2,2 '-bis(methoxy methoxy) -3,3 '-bis[(trimethylsi lyl)ethy ny l]I , l '-binaphtha/ene ((+)-(S)-89)

1ß-

4

TMS

"' J

""2 OMOM

OMOM

~

TMS

To a degassed so ln. of(S)-88 (559 mg, 0.67 mmol) in dry Et2NH (13 ml) and dry toluene
( 13 ml), Cul (56 mg, 0.29 mmol), [PdCl2(dppf)]'CH2C l2 (22 mg, 4 mo l% ), and
(trimethylsi lyl)acety lene (0.3 ml, 209 mg, 2. 16 mmol) were added, and the mixture stirred
at 40° for 4 h. After evaporati on of the solvent, the res idue was dissolved in CH 2Cl2, the
org. phase washed with sat. aq. NH4C I so ln. and HzO, dried (Na2S04), and evaporated in
vacuo. CC (hexane/AcOEt 7:5 contain ing 0.5% Et3N) afforded (S)-89 (509 mg , 98%).
White solid.
M.p. 156- 158°. [ a]',; = +43.1 (c = 1.0, C HCl3). IR (KBr): 3480s (br.), 2956w, 2891 w,
2 154m, 16 18s, 1492m, 1376m, 1245s, 1221111, 11 60111, 1071w, 983111, 950m , 888 w, 843s,
759w. 1H-NMR (300 MHz, CDCl3): 0.26 (s, 18 H, Si(CH 3)J); 2.5 1 (s, 6 H, OCH 3); 4.62
(d, AB , J = 12. 1, 2 H, OC H2Ph); 4.68 (d, AB, J = 12.1 , 2 H, OCH 2Ph); 4.80 (d, AB, J = 5.9,
2 H, OC H20); 4.94 (d, AB, J = 5.9, 2 H, OC H20); 6.40 (d, J = 2.5, 2 H, H-C(8), H-C(8'));
7.04-7 .07 (111 , 4 H, PhH); 7. 13 (dd, J = 9.0, 2.5, 2 H, H-C(6), H-C(6')); 7. 17-7.20 (m, 6 H,
PhH); 7.7 1 (d, J = 9.0, 2 H, H-C(5), H-C(5 ' )); 8.07 (s , 2 H, H-C(4), H-C(4 ')). 13C-NMR
(75 MHz, CDCl3): --0.08; 56. 16; 69.86; 98.33 ; 98.75; 102.44; 106.60; 11 4.77; 11 9.03;
124.90; 125 .88; 127.55; 127.99; 128.65 ; 129.35 ; 134 .70; 135.38; 136.71 ; 154.15; 158.00.
FAB-MS: 779 (65, M +); 9 1 ( 100, (C7H1l ").
74.00, H 6.47;. fo und: C 74 .23 , H 6.3 1.

Ana l. calc. for C4gHso06Si2 (779. 10): C

13 1
(+)-(S)-7, 7 '-Bis(benzyloxy)-2.2 '-bis(methoxymethoxy)-3,3 '-dielhyny l-1, I '-binaphthalene
((+)-(S)-90)
H

~

H

To a soln . of (S)-89 (330 mg, 0.42 mmo l) in THF/ MeO H 1: 1 (70 ml ), KzC03 (385 mg,
2.79 mmol) was added, and -the mix ture was sti rred at r.t. for 2 h. Afte r the add ition of
C H2Cl2 ( 160 ml), the org. p hase was was hed with H20 and dried (Na2S04). Evaporati on
in vacuo and CC (hexane/ AcOEt 5: 1, co nta ini ng 0.5% Et3N) affordcd (S)-90 (249 mg,
93%). White powde r.
M.p. 160-162°. [ a] ~

= +7 1.4 (c = 1.0, CHC l3).

IR (KBr): 3279111, 3233111, 282 1w, 2822111,

2089111, 16 19s, 1493s, 1448m, 1379s, 1241 s, 1220s, 1158s, 1099w, 1068m, 1026111, 940 br

s, 85 1w, 8 12w, 736111. 1H-NMR (500 MHz, CDC IJ): 2.60 (s, 6 H, OC H3); 3.30 (s, 2 H,
C=CH); 4 .66 (d, AB, J
(d, AB, J

= 5.7, 2

= 12. 1, 2

H, OC HzP h); 4.70 (d, AB, J

H, OC H20); 4.84 (d, AB, J

= 5.7, 2

= 12. 1, 2

H, OC Hz Ph ); 4.8 1

H, OC HzO); 6.43 (d, J

= 2.5, 2 H, H-

C(8), H-C(8')); 7.05-7 .07 (m, 4 H, PhH ); 7. 14-7 .1 9 (m, 8 H, PhH , H-C(6), H-C(6')); 7.74

(d, J

= 9.0, 2

H, H-C(5), H-C(5 ' )); 8. 10 (s, 2 H, H-C(4), H-C(4 ' )). 13C-N MR (75 MH z,

CDCl3): 56. 13; 69.82; 80.8 1; 98.68 ; 106.37 ; 111.58; 11 3.74; 11 8.87; 124.65; 125.63 ;
127.28; 127.79; 128.4 1; 129. 18; 134.73; 135.25; 136.34; 153.8 1; 157.85 . FAB- MS : 634
(100, M+). Anal. ca lc. fo r C42 H34Ü6 (634.74): C 79.48, H 5.40; fo un d: C 79.24, H 5.29.
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(+)-(S,S.S)-Tris[7, 7 '-bis(benzy loxy)-2,2 '-bis(methoxymethoxy) - 1,1 '-binaphtha/ene-3,3 '-

diylbis(ethyny/)} ((+)-(S,S,S)-91)

A mixture of (S)-90 ( 100 mg, 0.16 mmol) and CuCI ( 1.3 5 g, 14 mmol) in C H2Cl2 (500 ml)
was stirred for 10 min under dry air, the n TM EDA (2. 1 ml, 1. 62 g, 14 mmol) was added.
After 3 h, the reaction was que nched with H20 (500 m l), the org. phase washed (l-1 20), and
concentrated. CC (cyclo hexane/AcOEt 4: 1) yielded a mi xture of cyc lic oligomers, and
separation by G PC (toluene) afforded (S,S,S)-91 (25 mg, 25%).
M.p. 272°.

[aJi; = +445. 2 (c = 0.5, C HCl3).

IR (KBr): 3059m, 2929111, 2200w, 2 133w,

16 17s, 1494m, 1450m, 1378m, 126 lm, 12 17s, l 156m, 101 7m.

IH -N MR (200 MHz,

CDC l3): 2.68 (s, 181-1 , OCH 3); 4.62 (d, AB,J = 12.0, 6 H, OCH 2Ph); 4.71 (d, AB,J = 12.0,
6 H, OCH2Ph); 4.77 (d, AB, J
6.52 (d, J

= 2.4, 6

= 5.6,

6 H, OCl-1 20 ); 4.87 (d, AB, J

= 5.6, 6

H, OC H20);

H, H-C(8), H-C(8 ')); 7.05-7 .24 (m, 36 H, PhH , H- C(6), H-C(6 ')); 7.76

(d, J = 9.0, 6 H, H-C(5), H-C(5 ' )); 8.09 (s , 6 H, H-C(4), H-C(4')). 13C-NMR (50 MH z,
C DC l3): 53.89; 67.45; 75 .80; 77.6 1; 96.68; 104.02; 111.44; 11 6.59; 122. 17; 123.25;
124.93; 12 5.54; 126.11; 127 .25 ; 13 1. 66; 133.03; 134.04; 153 .25 ; 155.85. MALDl-TOFMS (dithranol): 1920 ([M + Na]+); 1936 ([M + K]+).
( 1898. 16): C 79.73, H 5.10; found: C 79.86, H 5.3 1.

Ana l. calc. for C 126 H96Ü J8

133

(+)-(S,S,S)-Tris[7, 7 '-bis(benzyloxy)-2.2 '-dihydroxy-1 . I '-binaphtha/ene-3.3 ·diylbis(ethynyl)] ((+)-(S,S,S)-71 )

To a so ln. of(S,S,S)-9 1 ( 18 mg, 9.5 µm ol) in THF/ MeOH 1: 1 (6 ml ), conc. aq. HCl so ln.
(37%, 0.3 ml) was added. Afler stirring for 12 h, the solid was filtered and dried to g ive
(S,S,S)-71 (12 mg, 77%).
M.p. 206 (L it. [2 12]: 205°).

[ a]',;

= +554.3

(c

= 0.5 ,

CHCl3).

CDCl3): 4.62 (d, AB, J = 12. 1, 6 H, OC H2Ph ); 4.72 (d, AB, J

=

1H-NM R

(200 MH z,

12. 1, 6 H, OCH zPh); 5.75

(s, 6 H, OH); 6.4 1 (d, J = 2.4, 6 H, H-C(8), H-C(8 ')); 7.07-7.23 (m, 36 H, PhH , H-C(6), H-

C(6')); 7.75 (d, J = 9.3 , 6 H, H-C(5), H-C(S")); 8.08 (s, 6 H, H-C(4), H-C(4 ')).

6.5.2 Synthesis of unsubstituted Receptors (S,S,S)- and (R,R,S)- 72
(- )-(8S,9R)-N-Benzylci11c/1011 idinium chloride ((- )-(8S,9 R)-93)

To a soln. of (-)-cinchonidine (30.0 g, 102 mm ol) in acetone (500 ml) was added benzyl
chloride {12.90 g, 102 mmol) at r.t. under Ar. The mixt ure was heated to 75° for 5 d. The
resulting precipitate was filtered, dissolved in hot H20 and sepa rated from remaining solid
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starting materi al.

Evaporation of the so lvent in vacuo affo rded the product (8S,9R)-93

(34.9 g, 8 1%). White powder.
M.p.: 156° (L it. [177] : 2 12-2 13°). 'H-NMR (200 MHz, C DC l3): 1. 56- 1.68 (m, 1 H); 1. 8 12.37 (m , 3 H); 2.70 (s (br.), 1 H); 3.23-3 .62 (m, 3 H); 3.93-4.04 (m, 1 H); 4.20-4.46 (m, 1
H); 4.8 1-5.23 (m, 6 H); 5.6 1-5 .78 (m, 1 H); 6.66 (s, 1 H); 7 .57-7.90 (m, 7 H); 7.97 (d, J =
4.4, 1 H); 8. 10-8 .28 (m , 2 H); 8.95 (d, J

= 4.4, 1 H).

{±)-/ , / '-Binaphthalene-2,2 '-diol ((±)-92) [ 139]

A suspe nsio n of CuC l(O H)·TM EDA (0 .50 g, 1.1 mmo l, 1 mo1%) in C H2C l2 (480 ml) was
stirred under a ir for 15 min.

After add iti on of 2- naphthol (20.0 g, 138.7 mmol) , the

mixture was stirred under air unti l TLC indicated comp lete conve rs ion (ge nera lly 17-24 h) .
The reaction was quenched wit h sat. NH4C I so ln., and the o rg. phase then washed with
HzO until deco lorization. After drying (MgS04) and evapo ration of the so lvent in vacuo,
recrystalli zat ion (toluene) yie lded the desired product (±)-92 ( 13.6 g, 68%).

Ye llow

powder.
M.p.: 2 16° (L it. [1 39]: 2 16-2 18°). 'H-NMR (200 MH z, C DC l3): 5.06 (s, 2 H, O H); 7.19

(d, J = 7.9, 2 H, H-C(8), H-C(8')); 7 .30-7.44 (m , 6 H, ArH); 7 .9 1-7 .95 (m, 2 H, H-C(5), HC(5 ' )); 8.02 (d, J = 8.7, 2 H, H-C(4), H-C(4 ')).

Optical resolution of (±)- 1.1 '-Binaphlhalene-2,2 '-diol [ 172]

To a so ln. of (±)-92 (20.00 g, 69.8 mmol) in MeO H (400 ml) was added in portions

(8S,9R)-93 ( 14.80 g, 35.2 mmol ). A white precipitate from the 1: 1-co mplex of (8S,9R)-93
and (R)-92 was formed. The prec ipitate was filtered and di ssolved in 1 N aq. HC I so ln .
( 166 ml) and AcOEt (200 ml ) whic h led to decompl exation. After the separati on of the
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two phases, the org. ph ase , which conta ined (R)-92, was dri ed (M g S0 4), and the so lve nt
evaporated in vacuo. The aq . ph ase was stored to recover (8S,9 R)-93 . The (S)-92-enriched
mother layer was evaporated and the resu ltin g so lid vigorously stirred in AcOEt ( 150 ml).
A so lid of the 1: 1-complex of (8S,9R)-93 and (R)-92 remained, whereas (S)-92 was
di sso lved.

The so ln . was filtered, and the so lve nt evapo rated in vacuo.

After

recrystalli zat ion (benzene), (S)-92 (4.8 1 g, > 99%ee (determined by HPL C), 24%, [ a]',; = 36.3 (c

=

1.0, THF) (Lit. [1 72]: - 35.4)) was obtain ed. The so lid ofthe 1:1-complex of

(8S,9 R)-93 and (R)-92 was worked up in the sa me way as described above . The crude
product of (R)-92 was recrysta lli zed (be nzene) to give (R)-92 (3.66 g, > 99%ee (determined
by HP LC), 18%, [ a]';~

= +35 .2

(c

=

1.0, THF) (Lit. [1 72]: +35.4)). The com bined aq.

phases were treated with Na2C03 until neutra l. The precipitate was filt ered, and (8S,9R)93 was recove red after recrysta llization ( H20/ EtOH 1: 1).

(-) -(S)-2,2 '-Bis(methoxymethoxy)- 1.1 '-binaphtha /ene ((- )-(S)-94) [ 178)

Method A: NaH (d ispersion in o il , 55-65%), (1.7 g, 41.6 11111101) was was hed for 30 min
under Ar with abs . THF (50 ml). THF was decanted, and fresh abs. THF (94 ml) added.
(S)-2,2' -dihyd roxy- 1, l ' -binaphthalene ((S)-92 ) (4.0 g, 14.0 mmol) was added in small
portions over 20 min , and the reaction mi xture was then st irred for anothe r 30 min at. r.t. ,
prior to the s low additio n of MOM CI (7 . 1 g, 6.7 ml , 87 .6 mmo l). After 2 h at r.t. , the
mi xture was quenched with H20 (60 ml) and fi ltered over Celite. After the add ition of
H20 ( 140 ml) and C H2C l2 (300 ml ), the ph ases we re separated and the aq . ph ase ex tracted
w ith CH2Cl2 (200 ml ). The combined org. phases were washed with sat. aq . NaC I soln.
(300 ml ), dried (Na2S04), a nd the so lvent evaporated.

Pure (S)-94 (4.7 g, 90%) was

obta ined without furth er purification .

Method B: A mixture of (S)-92 (6.0 g, 2 1.0 mmol), P20 5 (9.0 g, 63.0 mmol), " Ki ese lgur"
(Fluka) (6.0 g), an d (dimethoxy)methane ( 120 ml) was stirred under N2 at r.t. for 3 h. The
mixture was then filtered over Ce /ite, the re sulting soln . extracted with H 20 a nd C H2C l2,
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dried (Na 2S04), and evaporated in vacuo.

Purification by CC (hexane/ AcOEt 6: 1,

containing 0.5% Et 3N) yielded (S)-94 (6.1 g, 89%).
M.p.: 95° (Lit. [1 78]: 93-94°).

[aJ ~> -96 .8 (c = 1.0, THF).

'H-NMR (200 MHz,

CDCl3): 3.17 (s , 6 H, OCH3); 5.00 (d, AB, J = 6.6, 2 H, OCH 20); 5. 11 (d, AB, J = 6.6, 2
H, OCH 20); 7. 16-7.4 1 (111, 6 H, ArH); 7.60 (d, J = 9.1, 2 H, H-C(3), H-C(3 ')); 7.90 (d, J =
7.9, 2 H, H-C(5), H-C(5 ')); 7.98 (d , J = 9. 1, 2 H, H-C(4), H-C(4 ' )).
Compound (+)-(R)- 94 ([ aJ ~; = +95.5 (c = 1.0, THF)) was prepared in the sa me manne r.

(+)-(S)-2,2'-Bis(metlioxymethoxy)-3,3 '-diiodo-1 , / '-binaphthalene ((+)-(S)-95)

To a so ln. of (S)-94 ( 1.15 g, 3. 1 mmol) in dry Et20 (50 ml), TMEDA ( 1.70 ml, 1.85 g, 15.9
mmol) and BuLi ( 1.6 M so ln . in hexane, 7.05 ml, 15.7 mmol) were added at r.t. After
stirrin g for 6.5 h, a soln. of 12 (3 .66 g, 14.4 mmol) in Et20 (50 ml) was slow ly added at 78°. The mixture was stirred for 2 h, then warmed to r.t. , and quenched with 10% aq.
Na2S205 soln. ( 15 ml). The product was extracted with AcOEt, the org. phase washed
with H20 and evaporated in vacuo.

CC (hexane/AcOEt 9: 1 containing 0.5% Et 3N)

afforded (S)-95 ( 1.67 g, 87%). White crystals.
M.p. 92°. [ a] ~ = +8.7 (c = 1.0, THF). IR (Kßr): 2922w, 2356w, 1383111, 1344111, l 180s,
994s, 956s. 1H-NMR (200 MH z, CDC l3): 2.63 (s , 6 H, OCH 3); 4 .72 (d, AB, J = 5.4, 2 H,
OCH20); 4.83 (d, AB, J = 5.4, 2 H, OCH 20); 7 . 18-7 .22 (dd, J = 8.3 , 0.8, 2 H, H-C(8), HC(8 ')); 7.29-7.33 (m , 2 H, ArH); 7.36-7.49 (m, 2 H, ArH); 7.80 (d , J = 7.9, 2 H, H-C(5),
H-C(5')); 8.57 (s , 2 H, H-C(4), H-C(4 ')).

13C-NMR (50 MH z, CDCI 3): 54.09; 90.09;

97.03; 123.54; 123 .92; 124.20; 124.43; 124.8 1; 129.92; 131.57; 137.73; 149.9 1. FAB-MS:
626 ( 16, Nf+), 468 ( 100, [M - 1- OCH3]+). Anal. calc. for C24 H2004l 2 (626.23): C 46.03,
H 3.22; found: C 45 .85, H 3.09.

Compound (-)-(R)-95 ( [a] ~ =-7.4 (c = 1.0, THF)) was prepared in the same manner.
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(- )-(S)-2.2 '-Bis(methoxymethoxy)-3,3 '-bis[(trimethylsilyl) ethy ny lj- I, I '-binaphthalene
((- )-(S)-96)

9-

4

TMS
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To a degassed so ln . of (S)-95 (1.06 g, 1.7 mmol) in dry Et3N (29 ml), [PdCl2( PPh3)z] (58
mg, 5 mol %), Cut ( 17 mg, 5 mol%), and (trimethylsilyl)acetylene ( 1.0 ml , 0.69 g, 7.5
mmol) were added, and the mixture was stirred for 20 hat 40°. The reaction wa s quenched
with sat. aq. NaC I so ln . (20 ml), the mi xture filt ered through Celite, and the so ln . ex tracted
with CH2Cl2. The org. phase was washed with sat. aq. NaHC03 soln „ dried (Na2S04),
and concentrated. CC (hexa ne/ AcOEt 5: 1 containing 0.5% Et 3 N) afforded (S)-96 (0.86 g,
90%). White crystals (hexane).
M.p. 170°. [a]',; =-34.7(c= 1.0, THF). IR (KBr): 2956m, 2 155m, 1426m, 1244s, l 15 8s,
1068s, 978s, 91 Im, 844s, 759m. IH-NMR (300 MH z, C DCIJ): 0.27 (s, 18 H, Si(C H3)3);
2.44 (d, J = 0.6, 6 H, OCH 3); 4.87 (dd. AB, J = 6.2, 0.6, 2 H, OC HzO); 5.18 (dd. AB, J =
6.2, 0.6, 2 H, OCH 20); 7.15-7 .1 8 (d, J = 8.7 , 2 H, H-C(8), H-C(8 ' )); 7.25-7.30 (m, 2 H,
ArH ); 7.38-7.43 (m, 2 H, ArH); 7.8 1 (d, J = 8.1 , 2 H, H- C(5), H-C(5')); 8.17 (s, 2 H, HC(4), H-C(4 ')). 13C-NMR (75 MHz, CDCl3): - 0.13 ; 56.06; 98.88; 99.29; 102.09; 11 7.26;
125.27; 126.01 ; 126.79; 127.50; 127.75; 130.38 ; 134. 14; 135.15; 153.66. FAB-MS: 566
(63, M +), 391 (100). Anal. ca lc. for C34 H3304Si2 (566.85): C 72 .04, H 6.76; found: C
72.00, H 6.55.
Compound (+)-(R)-96 ([ aJ ~; = + 35.4 (c = 1.0, TH F)) was prepared in the sa me ma nner.

(- )-(S)-2,2 '-Bis(methoxymethoxy)-3-3 '-diethy ny l-1 ,1 '-binaphthalene ((- )-(S)-97)

~

H
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A soln . of (S)-96 (0.70 g, 1.2 mmol) and K2C03 ( 1.1 7 g, 8.5 mmo l) in MeO H/THF 1: 1
( 120 ml ) was stirred at r.t. fo r 3 h. A fter addition ofC H2Cl2 (500 ml ), th e org. phase was
was hed with H20, dried (Na2S04), a nd co ncentrated. CC (hexane/AcOEt 5: 1 co ntain ing
0.5% Et3 N) afforded (S)-97 (0.5 1 g, 98%). White powde r.
M.p. 42°. [ a] ~; = - 83 .0 (c = 1.0, T HF). IR (KBr): 3280s, 2925m , 2 1OOw, 16 l 7w, 1490m,
1425m, 1392m, 135 3m, 1240s, l 156s, 1064s, 9 173s, 75 1s. 'H -NM R (500 MH z, CDCl3):
2.53 (s , 6 H, OC H3); 3.33 (s , 2 H, C=C H); 4 .89 (d, AB, J

=

6.0, 2 H, OC H20); 5.08 (d. AB,

J = 6.0, 2 H, OC H20); 7. 19-7 .2 1 (m , 2 H, H-C(8), H-C(8 ')); 7.29-7.32 (m , 2 H); 7.4 1-7.44
(m, 2 H); 7.82-7 .84 (rn, 2 H, H-C(5), H-C(5 ' )); 8.20 (s, 2 H, H-C(4), H-C(4 ' )). 13C-NMR

( 125 MH z, C DCl3): 56.05; 80.60; 8 1. 52; 98.87; 11 6.24; 125.46; 125.59; 125.76; 127.49;
127.57; 130. 11 ; 133 .97; 135.23; 153.3 7. FAB-M S: 422 (36, M+), 39 1 ( 100, [M - Meü] +).
Anal. calc. fo r C2s H2204·0.5 H20 (43 1.48): C 77 .94, H 5.37; fo und: C 77 .95 , H 5.56.
Co mpound (+)-(R)-97 ( [ a] ~

= +8 1.8 (c = 1.0, Tl-I F)) was prepared in the same ma nn er.

G/aser-Hay Cyc/ization of (S)-97
A so ln. of(S)-97 (150 mg, 0.35 mmo l) and CuCI (4.0 g, 40 mmol) in CH2Cl2 ( 1. 8 1) was
stirred fo r 15 min, the n TM EDA (6.0 ml , 4.6 g, 40 mmol) was added. T he mi xture was
sti rred fo r 2 h under dry a ir, the n quenched with H20. T he o rg. phase was washed (H20),
dried (Na2S0 4), a nd concentrated. Separation by GPC (to lu ene) affo rded (S,S,S)-98 (55
mg, 37%), in addition to tetramer (S,S,S,S)-99 (36 mg, 24%) and pentame r (S,S,S,S,S)- 100
(8 mg, 5%).
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(+)-(S,S,S)- Tris[2.2 '-bis(methoxy methoxy)-1 , I '-binaphthalene-3.3 '-diy lbis(ethy nylj]
((+)-(S,S,S)-98)

M.p. >300°. [ a]',;

= + 1287.8

(c

= 1.0, THF).

IR ( Kßr) : 2928m, 2202w, 2134111, 16 18m,

1584m, 1490m, 1448m, 1426m, 1388m, 1349111, 1238m, 1200111, l 152s, 1067s, 969s, 914111.
1H-NMR (500 M Hz, C DCl3): 2.59 (s, 18 H, OC H ); 4.83 (d, AB, J = 6.4, 6 H, OCH 20);
3

5.05 (d. AB, J

= 6.4, 6 H, OCH 20); 7.24 (d, J = 8.7, 6 H, H-C(8),

H, ArH); 7.42-7.45 (m, 6 H, ArH) ; 7.84 (d, J
C(4), H-C(4 ')).

H-C(8')); 7.30-7.33 (m, 6

= 8. 1, 6 H, H-C(5), H-C(5 '));

8. 18 (s, 6 H, H-

13C-NMR ( 125 MH z, C DCl3): 56.23; 78.60; 79.95 ; 99.20; 11 6.25 ;

125.60; 125.63; 126.47; 127. 79; 127.94; 130.08 ; 134. 14; 134.46; 154.86. MALDl-TOFMS (dithra nol): 1284 ([M +Na]+), 1303 ([M + K] +). Anal. calc. fo r Cg4 H600 12 ( 1261.4 1):
C 79.98, H 4.79; found: C 79.73 , H 4.77.
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(+)-(S,S,S,S)-Tetrakis[2,2 '-bis{lnethoxymethoxy)- 1,1 '-binaphtha/ene-3, 3 '-diy/bis(ethyny/)}

((+)-(S,S,S,S)-99)

M.p. >300°.

[at;

= +992.0 (c = 1.0, THF).

IR (K.Br) : 2950m, 221 l w, 2138w, 1725m,

161 6111, 1583m, 1489111, 1446111, 1428m, 1390111, 1353111, 1240111, l 155s, 1071m, 968s,

907m. 1H-NMR (300 MHz, CDC l3): 2.58 (s, 24 H, O C H3); 4.90 (d, AB, J = 6 .3, 8 H,
OCH20); 5.13 (d, AB, J = 6.3, 8 H, OCH 20); 7.20 (d, J = 8.4, 8 H, ArH); 7.30-7.35 (m , 8
H, ArH) ; 7.41-7.46 (m, 8 H, ArH); 7.85 (d, J = 8. 1, 8 H, H-C(5), H-C(5 ' )); 8.24 (s, 8 H, HC(4), H-C(4 ' )).

13C-NMR ( 125 MHz, CDC l3): 56.37; 78.29; 79.47; 99.40; 116.29;

125.97; 126.03; 126.76; 128.00; 128.08; 130.37; 134.48; 135 .98; 154.26. MALDl-TOFMS (HABA): 1705 ([M + Na] +). Anal. calc. for C112Hso0 16·3 H20 (1735.92) : C 77.49, H
4.99; found: C 77 .38, H 5.22.

14 1

(+)-(S.S,S,S,S)-Pentakis[2,2 '-bis(methoxymethoxy)-1, / '-binaphtha /ene-3.3 ·diylbis(ethy ny/)j (( +)-(S,S,S,S,S)-100)

M. p. >300°. [ a]',; ·

=

+339.8 (c= 1.0, T HF). IR (Kßr): 2956m, 2207w, 2 13 l w, 173 1w,

162 1111, 1586111, 1490111 , 1446111, 1424111, 1394111, 1350m, 1258m , l 153s, 1079111, 969s,
9 12m. 'H-NMR (5 00 M Hz, CDC l3): 2.60 (s, 30 H, OC H3); 4.90 (d, AB, J

=

6.3 , 10 H,

OC H20); 5. 12 (d, AB, J = 6.3, 10 H, OC H20); 7.20 (cf, J = 8.7, 10 H, H-C(8), H-C(8'));
7.30-7.35 (m, 10 H, A rH ); 7.42-7.47 (m, 10 H, ArH ); 7.85 (cf, J
C(5')); 8.23 (s , 10 H, H-C(4), H-C(4 ')).

=

8. 1, 10 H, H-C(5), H-

13 C-N MR ( 125 MHz, C DCl3): 56.38; 78.32;

79.62 ; 99.39; 11 6.27; 126.0 1 (2 x); 126 .74; 127.97; 128. 12; 130.40; 134.39; 136. 19;
154.02. MALDl -TOF- MS (HABA): 2 126 ([M + Na] +).
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(+)-(S,S,S)-Tris[2,2'-dihydroxy-1 , 1 '-binaphthalene-3,3 '-diylbis(ethynyl) ((+)-(S,S,S)-72)

To a so ln. of (S,S,S)-98 (22 mg, 1.7 µmol) in THF/ MeOH 1: 1 (6 ml) was added conc. aq.
HCI soln. (37%, 0.4 ml), and the mixture was stirred for 12 h. Afteraddition of H20 (35
ml), the precipitate was filtered and dried to afford (S,S,S)-72 ( 17 mg, 97%).
M.p. 260° (dec.). (a]',;

= + 1663.5

(c

=

1.0, THF).

IR (KHr): 3508s, 3056w, 2200w,

2 140w, 16 19s, 1494m, 1455m, 1430m, 1392111, 1349111, 1264s, 1240s, l 150s, 1097w, 889m.
1H-NMR

(200 MHz, CDCl3): 5.75 (s , 6 H, OH); 6.97 (d, J = 8.3, 6 H, H-C(8), H-C(8'));

7.13-7.20 (m, 6 H, ArH); 7.3 1-7.35 (m, 6 H, ArH); 7.82-7.86 (d, J = 7.9, 6 H , H-C(5), HC(5')); 8. 14 (s , 6 H, H-C(4), H-C(4')).

13C-NMR (50 MHz, CDCIJ): 76.43; 77.45;

108.55; 111.00; 122.05; 122.90; 125.89; 126. 14; 126.24; 131.95; 132.14; 149.91. FABMS: 997 (100, !vf+). Anal. calc. for C72H36Ü6 2.5 H20 ( 1042. 17): C 82.98, H 3.97; found:
C 82.8 1, H 4.25.
(+)-(R)-2,2 '-Bis(methoxym ethoxy)-3-ethyny l-3 '-[(trimethy lsilyl)ethynyl}-1. l '-

binaphthalene ((+)-(R)- 101 )

TMS

OMOM
~

H

A so ln. of (R)-97 (535 mg, 0.94 mmol) and Borax ( 1.45 g, 9.4 mmol) in THF (500 ml) and
H20 (380 ml) was stirred at r.t. for 3.5 h. Afteraddition of H20 (380 ml), the mixture was
extracted with CH2Cl2.

The org. phase was washed with . sat. aq. NaCI soln „ dried
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(Na2S04), and concentrated. CC (hexane/AcOEt 7: 1 containing 0.5% Et3N) a fford ed (R)IOl ( 196 mg, 42%).
M.p.1 22°. [ a] ~ =+63.3(c= 1.0,THF). IR( KBr):3245s, 2955m, 2 155m, 1426111, 124 1s,
l 159s, 1069s, 97 5s, 9 14s, 843s, 756s.

'H-NMR (200 MH z, C DCl3): 0. 29 (s, 9 H,

Si(C H3)J ); 2.49 (s, 3 H, OCH 3); 2 .54 (s , 3 H, OCH 3); 3.35 (s, 1 H, C=C H); 4 .88 (d, AB, J
= 6. 0, 1 H, OCH20); 4. 92 (d, AB, J = 6.2, 1 H, OCH20); 5.11 (d, AB, J = 6. 0, 1 H,
OC!-120) 5.19 (d, AB, J = 6.2, 1 1-1 , OC H20); 7. 18-7.22 (m, 2 H, H-C(8), l-l-C(8 ' )); 7.277 .36 (m , 2 H, ArH) ; 7.39-7.49 (m, 2 H, ArH); 7.82-7.88 (m , 2 H, H-C(5), H-C(5 ')); 8. 19 (s ,
1H, 1-1-C(4)); 8.22 (s , 1 H, 1-1-C(4')). 13C-N MR (75 MHz, C DC IJ): - 0.14 ; 56.0 1; 56.2 1;
80.78; 8 1.65; 98.85; 99.0 8; 99.35; 102.05; 11 6.45; 117.29; 125 .72; 125.80; 126.1 9 (2 x);
126.69; 126. 77; 127 .57; 127 .66; 127. 78 (2 x); 130.3 7 (2 x); 134.07; 134.30; 13 5.20;
135.39; 153.63; 153.68. FAB-MS : 494 (23, M+), 4 19 ( 100, [M - C3 Hg0 2]+). Anal. calc.
for C3 1HJo04Si (494. 67): C 75.27, H 6.1 1; found: C 75.35, H 6.20.
Compound (+)-(S)-101 ([ a J'i; = +64.1 (c = 1.0, THF)) was prepared in the same manner
and used for the sy nthes is of dendritic receptors (see Seel. 6.5. 11 ).

(- )-(R, R)-3. 3 '-(Buta- l ,3-diy nediy /)bis{2,2 '- bis(me thoxym ethox;~ - 3 '-[(t rimethy lsily/)ethy nyl/-1,/ '-binaphthalene} ((-)-( R,R)-102)

11

II
I
/

~

~

OMOM

-

!.

~
~
OMOM

=

TMS

<-- I

A so ln. of(R)-10 1 (132 mg, 0 .27 mmol) a nd CuC I (1.00 g, 10 mmol) in C H2Cl2 (440 ml)
was stirred for 15 min, then TM EDA (1.5 ml , 1.1 6 g, 10 rnmol) was added, and stirring
was continued for 3 h under dry a ir. Afteraddition of H20, the org. phase was was hed
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(H 20), dried (Na2S04), and conce ntrated. CC (hexane/ AcOEt 5: 1 containing 0.5% Et3N)
afforded (R,R)-102 ( 11 3 mg, 86%).
M.p. 83°. [ a] ~

=-

125. 1 (c

= 1.0, THF).

1R (Kßr): 2956m, 2 l 44w, l 244m, l l 58s, 1072m,

973s, 844s, 744m. 'H-NM R (200 MH z, C DCl3): 0.30 (s , 18 H, Si(CH 3)3); 2.52 (s , 6 H,
OC H3); 2.66 (s, 6 H, OC H3); 4.90 (d, AB, J = 6.2, 2 H, OC H20 ); 4.95 (d, AB, J = 6.2, 2 H,
OC H20); 5.1 2 (d, AB, J = 6.2, 2 H, OC H20) 5.22 (d, AB , J = 6.2 , 2 H, OCH20); 7.20-7 .50
(m , 12 H, ArH); 7.85 (d, J = 7.9, 2 H, H-C(5)); 7.88 (d, J = 7.9, 2 H, H-C(5 ')); 8.2 1 (s, 2 H,

H-C(4)); 8.28 (s, 2 H, H-C(4' )). 13C-NMR (50 MH z, C DCl3): - 2.64; 53 .55 ; 53 .86; 75.73;
77 .23; 96.37 ; 96.75; 96.9 1; 99.48; 11 3.76; 11 4 .78 ; 123.09; 123.22; 123.4 1; 123.79;
124.08 ; 124.30; 125 .09; 125.28; 125.34; 125.47 ; 127.85; 128.55; 131.44; 13 1.98; 132.74;
133.50;

15 1.1 2; 151.34 .

EI-MS : 987 ( 18, M+),

149 ( 100).

Anal. calc.

for

C62 H5g03S i2·0.5 H20 (996.23): C 74.74, H 5.97 ; found: C 74.82, H 5.91.
Compound (+)-(S,S)- I02 ( [ a]',~ = + 124.6 (c

=

1.0, THF)) was prepared in the same

mann er and used for the synthesis of dendritic receptors (see Seel. 6.5. 10) .

(-)-(R,R)-3,3 '-(Buta- l ,3-diynediy l)bis[2,2 '-bis(methoxymethoxy)-3 '-ethyny /-1 , I ·binaphtha/ene} {(- )-(R,R)-103)

11
11

H

A soln. of (R,R)-102 (2 15 mg, 0.22 mmol) and KzC0 3 (208 mg, 1.50 mmo l) in
MeOHff HF 1:1 (40 ml) was stirred at r.t. for 1.5 h. Afteradd ition ofC H2Cl2 (250 ml),
the org. phase was washed (H20), dried (Na2S04), and concentrated. CC (hexane/AcOEt
3:2 co ntaining 0.5% Et3N) afforded (R ,R)-103 ( 148 mg, 8 1%).
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M.p. 82°. [ a] ~

= - 28.7 (c = 1.0, THF).

l l 58s, 97 l s, 75 1m.

IR (KBr): 3278111, 2922w, 2143111, 2 109w, 1240111,

1H-NMR (200 MH z, C DCl3): 2.55 (s , 6 H, OCH 3); 2.64 (s, 6 H,

OCH3); 3.34 (s , 2 H, C=CH); 4.89 (d, AB, J
OC H20); 5.08 (d. AB, J

= 8.7, 4

= 6.2, 2

H, OCH 20); 4.90 (d, AB, J

= 5.8 , 2 H,

= 5.8, 2 H, OCH 20) 5. 10 (d, AB, J = 6.2, 2 H, OCH 20); 7.20 (d, J
= 7.9, 4 H, H-C(5 ), H-

H, H-C(8), H-C(8 ' )); 7.28-7.48 (111, 8 H, ArH); 7.85 (d, J

C(5')); 8.2 1 (s,2 H, H- C(4)); 8.28 (s, 2 H, H- C(4')). 13C-NMR (50 MH z, CDCIJ): 56.21 ;
56.37; 78.26; 79.70; 80.70; 8 1.79; 99. 13; 99.29; 116. 29; 11 6.45; 125.84; 125.90; 126.0 1;
126. 16; 126.64; 126.77; 127-.83; 127.87; 127.94; 128. 10; 130.40 (2 x); 134. 15; 134.46;
135.59; 136.16; 153 .68; 153.94. MALDl-TOF-MS (THA/citrate): 866 ([M + Na] +). Anal.
calc. for Cs6 H420g 0.5 H20 (851 .95): C 78.95, H 5.09; found: C 79.00, H 5.31.
Compound (+)-(S,S)- 103 ([a]',J

=

+26.9 (c

=

1.0, THF) was prepared in th e same mann er

and used for the synthesi s of dendritic receptors (see Seel. 6.5. 10).
(- )-(R.R.S) -Tris[2.2 '-bis(methoxy 111etl10xy) -l .l '-binaphthalene-3. 3 '-diylbis(elhyny/)} ((- )(R ,R,S)-98 )

A so ln. of CuCI ( 1.35 g, 14 mmol) in CH2Cl2 (600 ml) was stirred for 15 min under dry
air, then TMEDA (2 .09 ml , 1.62 g, 14 mmol) was added. A soln . of (S)-97 (50 mg, 11 .6
µmol ) and (R,R)-103 (100 mg, 11.6 µm o l) in CH2C I2 (250 ml) was slowly added via
syringe pump over 3 h. The mi xture was stirred at r.t. for 24 h, th en warmed to 30° for 2 h.
The sa me workup as described for the synthes is o f (S,S,S)-98 yie lded a di astereoi someric
mixture of(R,R,S)-98 ( 16 mg, 11 %) and (S,S,S)-98 (6 mg, 4%), which was separated by
HPLC (Sph erisorb SW, 5 µm ; to lue ne/AcOEt 99/ 1).
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M.p. 254° (dec.). [ aL' = - 2 10.5 (c = 1.0, THF). 1H-NM R (500 MHz, C DCl3): 2.54 (s, 6
H, OCH3); 2.60 (s, 6 H, OC H3); 2.61 (s, 6 H, OCH3); 4.73 (d, AB, J = 6.2, 2 H, OCH20);
4.77 (d, AB, J = 6.2, 2 H, OCH20); 4.85 (d, AB, J = 6.2, 2 H, OCH20); 4.98 (c/, AB, J =
6.2, 2 H, OCH 20); 4.99 (d, AB, J = 6.2, 2 H, OCH 2 0); 5.1 1 (d, AB, J = 6.2, 2 H, OCH20);
7.22-7.48 (m , 18 H, ArH); 7.85-7 .9 1 (m, 6 H, H-C(5), H-C(5')); 8.20 (s, 6 H, H-C(4), HC(4 ')). 13C-NMR ( 125 MH z, CDCl3): 56. 16; 56.20; 56.29; 78.71; 78.74; 78.97; 80.08;
80.35; 80.49; 98.9 1; 99.18; 99.23 ; 11 6. 11 ; 11 6.30; 11 6.33; 125.48; 125.55 ; 125.60; 126.42
(2 x); 126.55 ; 127.78; 127 .90; 127.95; 128.20 (3 x); 129.03 (3 x); 130.07 (2 x); 130. 15;
134.02; 134.05 (2 x), 134. IO; 134.46; 134.62; 154.40; 154.81 ; 154.86.
(-)-(R,R.S)-Tris[2.2 '-dihydroxy- / , / '-binaphthalene-3.3 '-diy lbis(ethyny/)j ((- )-(R,R,S)72)

Compound (- )-(R,R,S)-72 (18 mg, 79%) was prepared in the same manner as described for
(S,S,S)-72 startin g from (R,R ,S)-98 (29 mg, 1.7 µmol) and conc. aq. HCI soln. (37%, 0.15
ml) in TH F/MeO H 3:2 (10 ml).
M.p. >300°. [ a]',; =-611.1(c = 1.0, THF). IH-NMR (200 MH z, Dg-THF): 6.99-7 .09 (m ,
6 H, OH); 7. 15-7.34 (m, 12 H, ArH); 7.80-7.87 (m, 6 H, H-C(5), H-C(5 ')); 8. 11 (s, 2 H, HC(4)); 8. 14 (s, 4 H, H-C(4'), H-C(4 " )). IJC-NMR (50 MH z, Dg-TH F): 78.43 (2 x); 78.85;
79.64; 79.75; 80 .02 ; 112.53; 11 2.64; 11 2.7 1; 11 3.98 (3 x) ; 123.16; 123.28; 123 .37; 124.7 1
(3 x); 127.08; 127. 19 (2 x); 127.68; 127.79 (2 x); 128.20; 128.27; 128 .36; 133 .22; 133 .30;
133.66; 134.6 1; 134.7 1 (2 x); 154. 17; 154 .42 (2 x).
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6. 5.3 Synthesis of the Receptors (S,S,S)Ph enylethyl G roups

and (S,S, R)- 73

with

(+)-(S)-6,6 ·-Dibromo-1 . / '-binaphthalene-2,2 ·-diol ((+)-(S)- 104) (1 80)

To a soln . of (S)-92 (3.0 g, 10.5 mmo l) in C H2C l2 (90 ml ) was slowl y added at - 78° Br2
( 1.6 ml , 5. 1 g, 32. 1 mmol) in C H2C I2 ( 10 ml ), and the reac ti o n mi xture th en st irred fo r 3 h
at r.t. Resul tin g Br2 was destroyed by th e additi o n of sat. aq. Na2S2ü7 soln. (20 ml ), the
ph ases were separated and the aq. phase was ex tracted with AcOEt (2 x 20 ml ).

The

combined org. phases were dri ed ove r MgS04, the so lve nt eva porated in vac110, a nd
recrystall ization (cyc lohexa ne) y ie lded (S)-104 (4. 2 g, 9.5 mmol, 90%).
M.p. 123° (L it. (1 80) : 124- 146°). [ a] ~ = + 123.4 (c = 1.0, C HCI3). 1H-NMR (300 MH z,
CDCl3): 5.08 (s (br.), 2 H, O H); 6.99 (d, J
2 H, H-C(7), H-C(7' )); 7.42 (d, J

=

= 9.0, 2 H,

H-C{8), H-C(8 ' )); 7.40 (dd, J

9.0, 2 H, H-C(3), H-C(3')); 7.92 (d, J

=

= 9.0,

9.2, 2 H, H-

C(S), H-C(S ')); 8.08 (d, J = 2.0, 2 H, H-C( 4), H-C( 4 ')).
Compound (- )-(R)-104 ([ a ]'1;

=-

12 1.9 (c

=

1.0, CHCI3)) was prepared in the sa me

manner.

(- )-(S)-2,2 '-Bis(111ethoxy 111ethoxy)-6.6 '-dibro1110-I , I ·-binaphthalene ((- )-(S)-105)

To a degassed so ln. o f (S)- 104 (2.5 g, 5.6 mmol), MO MCI ( 1.7 ml , 1.80 g, 22.4 mmo l) a nd
K2C03 (4.67 g, 33.8 mmol) were added in DMF (50 ml) at 0°, and the mi xture was stirred
at r.t. for 12 h. The sa lts were re moved by filt rati o n th rough Ce /ite, and evaporati on in

vacuo gave (S)- 105 (2.8 g, 95%). White powder (cyc lohexane).
M.p. 125°. [ a ]',; = - 16.3 (c = 1.0, C HCl3).

IR (KBr): 2957111, 2898111, 1586s, 1492s,

1344111, 1237s, 11 88111, 1147111, 1077m,. 1065 111 , 10 19s, 954w, 9 17111, 896w, 863w, 806111.
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1H-NMR

(300 MHz, CDCl3): 3.16 (s, 6 H, OCH3); 4.98 (d, AB, J

=

6.9, 2 H, OCH20);

5.09 (d. AB, J = 6.9, 2 H, OCH20); 6.98 (d, J = 9.0, 2 H, H-C(8), H-C(8 ')); 7.29 (dd, J =
9.0, 2. 1, 2 H, H-C(7), H-C(7')); 7.60 (d, J
H, H-C(5), H-C(5 ')); 8.03 (d, J

=

= 9.0, 2 H, H-C(3 ), H-C(3 ' )); 7.87 (d, J = 9.0, 2

9.0, 2 H, H-C(4), H-C(4')). l3C-NMR (100 MH z, Ds-

THF): 55.93; 95.60; 11 8.28; 118.75 ; 12 1.27; 128.07; 129.36; 130.15; 130.7 1; 131.90;
133.45; 154.34.

EI-MS: 532 (62, M +), 456 ([M - C3Hs02j+).

Anal. calc. for

C24H20Br204 (532.23): C 54. 16, 1-1 3.79; found : C 53 .89, 1-1 3.85.
Co111pound (+)-(R)-1 05 ([a]'1;

=

+ 19.7 (c = 1.0, CHCl3)) was prepared in the same

manner.
(- )-(S)-2,2 '-Bis(methoxymethoxy)-6. 6 '-bis(2-pheny /ethy/)-l. I '-binaphthalene ((-)-(S)- 107)

A soln . of styrene ( 1.72 1111 , 1.56 g, 15.0 m111ol) in TH F ( 10 1111) was slowly added to 9-

BBN (0.5

M

sein. in THF, 30 1111, 15.0 11111101), and the 111ixture was heated to 60° for 5 h.

This sein. (40 1111, 15.0 11111101) was th en added to a degassed sein . of (S)- 105 (2.70 g, 5.1
11111101), [PdCl2(dppt)]'CH2C l2 (135 mg, 3 11101%), and 3 M NaOH ( 10.0 ml, 30.0 11111101) in
THF (100 ml), and the resulting mixture was warmed to 50° for 15 h. After filtration
through Ce/ite, H20 (300 ml) was added and the product extracted with CH2C l2. The org.
phase was stirred with 5% aq. 1-120 2/NaOH sein. (200 ml ) for 3 h and then washed with
H20 and sat. aq. NaCI sein. Evaporation i11 vacuo and CC (hexane/AcOEt: 5: 1 containing
0.5% Et 3N) afforded (S)- 107 (2.80 g, 94%). Highly viscous oil.
[ a]'~

= - 2.7

(c

= 1.0, CHCl3). IR (neat): 2924.s, 2853w, l 597m, 1497m, 1451 w, l 355w,

1238m, l 197w, l 147m, 1070111, 1020s, 9 17w, 8 16w. 11-J -NMR (200 MHz, CDCl3): 2.973.05 (m, 8 H, CH2CH2); 3. 17 (s, 6 H, OCH 3); 4.99 (d. AB, J

= 6.6, 2 H, OCH 20); 5.10 (d,

AB, J = 6.6, 2 H, OCH20); 7.1 0-7.32 (m. 14 H, PhH , ArH); 7.60 (d, J = 9.0, 2 H, H-C(3),

H-C(3 ')); 7.97 (s , 2 H, H-C(5), H-C(S ' )), 7.90 (d, J = 9.0, 2 H, H-C(4), H-C(4 ')). 13C-

149

NMR ( 100 MHz, CDCl3): 37 .65; 37.72; 55.75 ; 95.36; 117.54; 12 1.45; 125 .63 ; 125.86;
126.35; 127.73; 128.29; 128.39; 128 .8 1; 130.05; 132.56; 137.38; 141.77 ; 152.20. EI-MS:
582 ( 100, M+). HR- El-M S: 582. 2759 (M•, C40H3g04. calc. 582.2770) .

= +3.4 (c = 1.0, CHCl3)) was prepared in the same ma nner.

Co mpou nd (+)-(R)- 107 ([a]';

(+) -(S)-2.2 '-Bis(methoxymethoxy)-6.6 '-bis(2-pheny lethy/)-6,6 '-diiodo-1. f '-binaphthalene
((+)-(S)- I08)

Compound (S)-108 (2.30 g, 73%) was prepared from (S)- 107 (2 .20 g, 3.8 mmol ) in Et20
(70 ml) usi ng BuLi (1.6 M soln. in hexa ne, 9.5 ml , 15.2 mmo l), TMEDA (2.29 ml , 1.77 g,
15.2 mmol), and 12 (4.80 g, 18.9 mmol , so ln. in 20 ml Et20) and following th e sa me
procedure as described for the synthes is o f (S)-95. Hi ghly viscous o il.
[a] ~'

= + 12.2 (c = 1.0, CHCl3).

IR (neat): 292 1s, 2849w, 1736m, 1602 w, 1562w, 149 1111,

1453m, 1372m, 1233111, l 195w, l 159s, 1083111, 996111, 962111, 935111, 820w.

1H-NMR

(200

MHz, CDCl3): 2.62 (s , 6 H, OCH3); 2.97-3.06 (111, 8 H, C H2C H2); 4.69 (d. AB, J = 5.6, 2
H, OCH 20); 4 .84 (d, AB, J

=

5.6, 2 H, OCf-1 20); 7. 13-7. 30 (m. 14 H, PhH , ArH) ; 7.52 (s , 2

H, H-C(5), H-C(5 ')); 8.45 (s, 2 H, H-C(4), H-C(4 ' )).

IJC-NM R (100 MH z, CDCl3):

35 .01 ; 35.26; 54. 12; 90.2 1; 97 .06; 123.03; 123.79; 123.95; 124 .30; 126. 11 (2 x); 126. 17;
126.36; 130. 14; 137.06; 137.22 ; 139. 12; 149.37.

EI-MS: 834 ( 17, M+), 45 (100,

[C2 Hsü]+). HR- El-M S: 834.0685 (M+, C40 H36Ü4 l2, calc. 834.0707).
Co mpound (- )-(R)-108 ([ a]'1; ·

= - 11.3 (c = 1.0, C HCl3)) was prepared in the sa me manner.
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(- )-(S)-2,2 '-Bis(methoxymethoxy)-6,6 '-bis(2-pheny lethy l)-3,3 '-bis[(trimethy lsilyl)ethynylj1, f '-binaphthale11e ((- )-(S)-109)

~

TMS

To a suspensio n o f (S)- lOS (2.30 g, 2.8 mmo l) in Et3N (40 ml), [PdC l2( PP h3)z] ( 100 mg, 5
mo lo/o), Cul (27 mg, 5 mol% ), and (trimethy lsil yl)acety le ne (0.78 g, 1. 12 ml, 8.4 mmo l)
we re added, and the mi xture was heated to 50° fo r 2 h. Afte r addition of sat. aq. NaC I
so ln. (30 ml ) a nd filt rat ion over Celite, the product was extracted with CH2C l2, and the
so lve nt re moved in vacuo. CC (hexane/AcOEt 12: 1 conta ining 0.5 % Et 3N) afforded (S)-

109 (2.00 g, 93%). Highl y viscous o il.

[aJ ~;

= - 35 .8 (c = 1.0, C HC l3). IR (neat): 2956m, 2 144m, 159 1w, 1493111 , 1250111, 1429m,

1243s, 1205111, l 154m, 1070m, 977m, 846111. 1H-NM R (200 M Hz, CDC l3): 0.27 (s, 18 H,
Si(C H3) 3); 2.44 (s , 6 H, OC H3); 3 .00-3 .06 (m , 8 H, C H2CH2); 4.87 (d, AB, J

= 6.2,

2 H,

OC H20); 5.1 8 (d, AB, J = 6.2, 2 H, OC H20); 7 .1 3-7 .32 (m. 14 H, PhH , ArH); 7 .55 (s, 2
H, H-C(5 ), H-C(5')); 8.08 (s, 2 H, H-C(4), H-C(4')). 13C-NM R (75 M Hz, C DC l3): -2 .64;
34.95; 35 .20 ; 53.5 1; 96.30; 96.52; 99.70; 11 4.62; 123 .38; 123 .66; 123.73 ; 124 .27; 126.01 ;
126. 14 ; 126.43; 127 .95; 130. 14; 132.04; 136.49; 139. 19; 150.58. E I-MS : 774 (9, M+), 73
( 100, (M e3Si]+). HR -E l-MS: 774.3582 (M+, C50 H5404S i2, ca lc. 774.3560).
Compound (+)-(R)-109 ( [ a] ~

=

+32 .0 (c

=

1.0, C HC l3)) was prepared in the same

manner.

(- )-(S)-2,2 '-Bis(methoxymethoxy)-6.6 '-bis(2-pheny lethy lj-3,3'-diethynyl-1,1 ·binaphthalene ((- )-(S)- 110)
H

~

H
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Co111pound (S)-110 was prepared fro111 (S)-109 (895 111g, 1.2 11111101) using K2C03 ( 1.1 6 g,
8.4 111mol) in THF/MeOH 1:1(1401111) and followin g the sa111e procedure as described for
(S)-97. CC (hexane/AcOEt 9: 1 containing 0.5% Et 3N) afforded (S)- 110 (630 111g, 87%).
M.p. 45°. [ a]';;

= -36.0 (c = 1.0, CHCl3). IR (Kßr): 2920s (br.), 2107w, 1731 w, l 590m ,

1492111, 1448m, 1430m, 1395111, 1373111, 1355111, 1236m, 1250m, l 156s, 1068111, 101 l w,

966s, 905m, 8 16w. IH -NMR (300 MHz, CDCl3): 2.53 (s, 6 H, OCH3); 2.95-3 . 12 (m, 8 H,
CH2CH2); 3.33 (s, 2 H, C=CH), 4.89 (d. AB, J = 5.7, 2 H, OCH20); 5.08 (d. AB, J

=

5.7, 2

H, OCH 20); 7. 12-7.32 (m. 14 H, PhH , ArH); 7.58 (s, 2 H, H-C(5), H-C(5 ' )); 8. 11 (s, 2 H,
H-C(4), H-C(4 ')).

13C-NM R ( 100 MH z, CDCl3): 37 .55; 37. 76; 56. 17; 80.89; 81.59;

99.06; 116.42; 125.98; 126.27; 126.40; 126.77; 128.62; 128.72; 129 .28; 130.54; 132.80;
134.98; 139.30; 141.74; 153.18. EI -M S: 630 (58, M+), 45 ( 100, [C2 Hsü]+). Anal. calc.
for C44H3g04 (630.79): C 83.78, H 6.07; found: C 83.80, H 6.20.
Compound (+)-(R)-110 ([a]',; = +36.2 (c = 1.0, CHCl3)) was prepared in the same
111anner.
G/aser-Hay Cyclization of (S)-1 l0

A soln. of (S)- 110 (240 mg, 0.38 m111ol) and CuCI (3.5 g, 35 mmol) in CH2Cl2 ( 1.2 1) was
stirred for 1O min. Afteraddition ofTMEDA (5.3 1111, 4.1 g, 35 11111101) and stirring for 1 h
under dry air, H20 (400 ml ) was added, the org. phase washed (H20), dried (Na2S04), and
concentrated. CC (hexane/AcOEt 3: 1 ----7 1: 1, containing 0.5% Et3N) and separation by
GPC (CH2Cl2) afforded (S,S,S)- 111 (85 mg, 36%), in add ition to tetra111er (S,S,S,S)-1 12
(59 mg, 25%).

152
(+)-{S.S,S)-Tris[2, 2 '-bis(methoxymethoxy)-6,6'-bis(2-pheny lethy l)- I,1 '-binaphthalene-

3. 3 '-diy lbis(ethynyl)] ((+)-(S,S,S)- 111 )
l?h

Ph

Ph

Ph

Ph
Ph
M.p. 172°. [ a] ~;

= +792.3

(c

= 1.0, C HCl3).

IR (KBr): 2920m, 2854w, 2206w, 2 132w,

1585m, 149 1111, 1446m, 1434111, 1368w, 1233w, 1200 w, l 155s, 1069111, 97 l s, 922m, 898111,
8 16m.

1H-NMR (200 MH z, CDCl3): 2.6 1 (s, 18 H, OC H ); 2.98-3 .08 (m, 24 H,
3

CH2CH2); 4.95 (d. AB, J

= 6.3, 6

H, OC H20 ); 5.07 (d. AB, J

= 6 .3,

6 H, OC H20 ); 7. 15-

7.32 (111. 42 H, PhH , ArH); 7.60 (s, 6 H, H-C(5), H-C(5')); 8. 10 (s , 6 H, H-C(4), H-C(4 ' )).
13C-NMR (50 MH z, C DC l3): 35.04; 35 .23; 53.80; 76. 18; 77.70; 96.84 ; 11 3.86; 123 .28;
123.73; 124. 20 (2 x); 126.08; 126. 17; 127.03; 127.92 ; 130.39; 13 1. 63; 136.7 1; 139. 12;
152. 10. MA LDl-TOF-MS (HAB A): 19 10 ([M + Na]+).
( 1886.33): C 84.05 , H 5.77 ; fo und : C 83.92, H 5.93.

Anal. ca lc. fo r C 132 H1 osü1 2
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(+)-(S,S,S,S)-Tetralds{2.2 '-bis(methoxy methoxy)-6,6 '-bis (2-ph enylethyl)- I , I ·binaphthalene-3,3 '-diylbis(ethyny l)] ((+)-(S,S,S,S)- 112)

Ph

Ph

II
II

II
11

Ph

Ph

Ph

M.p. 195- 197°. [ a] ~

=

+595 .1 (c

=

1.0, C HC l3). IR (Kßr): 2926m, 2232w, 2161w,

1587m, 1492 m, 1445m, 1427 m, 1372w, 1239w, 1204w, l 157s, 107 1m, 968s, 929 m,
908 m, 8 l 7m. 1H-NMR (300 MHz, C DCl3): 2.59 (s, 24 H, OCH3); 2.95-3 .09 (m, 32 H,
C H2C H2); 4.89 (d, AB, J = 6.3, 8 H, OCH20); 5. 12 (d, AB, J = 6.3 , 8 H, OCH 20); 7. 117.32 (m, 56 H, PhH , ArH); 7.58 (s, 8 H, H-C(5), H-C(S')); 8. 13 (s, 8 H, H-C(4), H-C(4')).
13C-NMR (75 MHz, C DCl3): 37.54; 37.76; 56.37; 78.24; 79.60; 99.39; 11 6.27 ; 125 .98;
126.29; 126.54; 126.81 ; 128.62; 128.72; 129.6 1; 130.54; 133.05; 135.4 1; 139.39; 141.69;
153.79. MALDl-TOF-MS (HA BA): 2539 ([M + Naj+). Anal. calc. for CI76 H1 44016·2
H20 (2551 .13): C 82.86, H 5.85 ; found: C 82.99, H 5.85.
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(+)-(S,S,S)-Tris[6.6 '-bis(2-phenylethy/)-2,2 '-dihydroxy-1, / '-binaphthalene-3,3 '-

diylbis(ethynyl)j ((+)-(S,S,S)-73)
f?h

Ph

Ph

Ph

Ph
Ph
A soln. of (S,S,S)- 111 (70 mg, 3.7 µmol) and conc. aq. HCI so ln. (37%, 0.35 ml) in
THF/ MeOH 3:2 (25 ml) was stirred at r.t. for 12 h.

After concentration to 1/3 of the

volume, reprecipitati on wit h hexane (20 ml), ftltration, and drying afforded {S,S,S)-73 (45
mg, 75% ). Yellow powder.
M.p. >250°. [a]',;

= + 1278.3

(c

=

1.0, CHCl3). !R (K.Hr): 3502s (br.), 3027w, 292 1m,

2853w, 2202w, 2 132w, 15981n, 1492w, 1439m, 1376w, 1259111, 90 1m, 8 14111. IH-NMR
(400 MHz, CDC l3): 2.90-2 .97 (m, 24 H, OCH 3); 5.69 (s (br.), 6 H, OH); 6.90 (d, J

= 8.5, 6

H, H-C(8), H-C(8 ')); 7.01 (d, J = 8.5, 6 H, ArH); 7.16-7.29 (m, 30 H, PhH, ArH); 7.58 (s,
6 H, H-C(5), H- C(S')); 8.06 (s, 6 H, H-C(4), H-C(4 ')).

13C-NMR (IOO MH z, C DC l3):

37.57; 37 .6 1; 78.90; 79.86; 110.85; 11 3.23; 125.37; 126.02; 126.96; 128.41 ; 128.44;
128.56; 129.55; 132.73; 133.93; 137 .7 1; 141. 58; 151.69.

MALDI -TOF-MS (HABA):

1645 ([M + Naj+). Ana l. calc. for C120Hg4Ü6·H20 (1640.02): C 87 .89, H 5.29; found: C
87 .83, H 5.21.

155
(- ) -(S)-2.2 '-Bis(111ethoxy111elhoxy) -6,6 '-bis(2 -pheny lethy l) -3-ethy ny l-3 ·_
[(lrimethy lsily l) ethy ny /)- 1, / '-bi11aph1ha lene ((- )-(S)-113)

~

TMS

Co mpound (S)-113 was prepared from (S)-109 (2 .0 g, 2.6 mm o l) usin g Borax (4.0 g, 26.0
mmo l) in T HF/H20 4 :3 ( 1.4 1), fo llow ing the sa me procedure as desc ri bed fo r the synthes is
of (R)-101. CC (hexa ne/AcOEt 12: 1 co ntaining 0.5% Et3N) affo rded (S)- 113 (520 mg,
28%) besides startin g materi a l ((S)-109) ( 1.11 g, 55%) and (S)- 110 (90 mg, 6%). Hi g hl y
viscous o il.
[ a] ~;

= -45. 1 (c =

1.0, CHC l3). IR (KBr): 2922s (br.), 2 148111, l 590w, l 494w, 1445w,

1428w, 1239111, 1203w, l 155s, 1067111, 970s, 843s. IH-N M R (500 MH z, CDC IJ): 0.27 (s ,
9 H, Si(C H3)J); 2.46 (s, 3 H, OC H3); 2.50 (s, 3 H, OC H3); 2.97-3.06 (111 , 8 H, CH2C H2);
3.32 (s, 1 H, C=CH), 4.84 (d , A B, J
OC H20); 5.07 (d, AB, J

= 6. 1,

= 6. 1,

1 H, OC H20 ); 4.88 (d, AB, J

1 H, OC H20); 5. 15 (d. AB, J

7.26 (m, 16 H, PhH , ArH ); 7.53 (c/, J

=

= 6.2,

1.2, 1 H, H-C(5 )); 7.56 (d, J

= 6.2,

1 H,

1 H, OC H20 ); 7. 10=

1.2, 1 H, H-C(5 '));

8.06 (s, 1 H, J-1 -C(4)); 8.09 (s, 1 H, H-C{4 ' )). 13C-N MR (1 25 MH z, CDCl:i): - 0. 13; 37.41 ;
37.45 ; 37.63 ; 37.65 ; 55 .90; 56. 10; 80.78 ; 8 1.3 1; 98 .64; 98 .86; 98.95; 102.05 ; 11 6. 18;
11 7.02; 125.5 1; 125.88; 125 .99 (2 x); 126.09; 126. 11 ; 126.50; 126.58; 128.33 ; 128.34;
128.45 (2 x); 128 .83; 128 .93; 130.28 (2 x); 132 .40; 132.63 ; 134.42; 134.60; 138.84;
138 .96; 14 1.46 (2 x); 152.83; 152.88. EI-M S: 702 ( 15, M+), 9 1 ( 100, (C7 H7]+). Ana l.
ca lc. fo r C47 H4604S i (702.97) : C 80.3 1, 1-1 6. 60; fo un d: C 80.52 , H 6 .60.
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(- ) -(S.S) -3,3 '-(Bwa-l ,3-diynediyl)bis[2.2 '-bis(methoxy methoxy)-6,6 '-bis(2-phenylethyl)-3 'ethyny l-1 . f '-binaphthalenej ((-)-(S,S)-115)
l?h

Ph

Co mpound (S,S)- 114 was prepared from (S)-113 (590 mg, 0.84 mmol) usi ng CuCI ( 1.00 g,
10 mmol) and TMEDA (1.5 ml, 1.16 g, 10.0 mmol) in CH2C l2 (600 ml) and fo llowing the
same procedure as described for the synthes is of (R,R)-102.

The crude product was

directly dissolved in THF/ MeOH 1:1 (140 ml) and converted to (S,S)- 115 in the same
manner as described fo r (R,R)- 103, using K2C0 3 (0.58 g, 4.2 mmol). CC (hexane/AcOEt
9: 1 containing 0.5% Et 3N) afforded (S,S)- 115 (400 mg, 76% from (S)- 113).
M.p. 75°. [ a]',~

= - 59.7

(c

=

1.0, CHCl3).

IR (KBr): 2927s, 2855m, 2 l 55w, 2 l l 2w,

1726s, 1588w, 1490w, 1450111, 1428w, 1369w, 1272111, 1236111, 1200w, l 156s, l 120w,
1066111, 968s, 8 16w.

1H-NMR (300 MHz, CDC l3): 2.55 (s, 6 H, OCH ); 2.64 (s, 6 H,
3

OCH3); 2.99-3.10 (m, 16 H, CH 2C H2); 3.35 (s, 2 H, C=C H); 4 .89 (d, AB, J
OCH 20); 4.92 (d, AB, J

= 6.2,

2 H, OCH20); 5.09 (d, AB, J

= 6.2,

= 6.2,

2 H,

2 H, OCH20); 5.10 (d,

AB, J = 6.2, 2 H, OC H20); 7. 15-7.35 (m, 28 H, PhH , ArH); 7.59 (s, 4 H, H-C(5), H-C(5'));

8.12 (s, 2 H, H-C(4)); 8. 16 (s, 2 H, H-C(4 ')). 13C-NMR ( 125 MH z, CDCIJ): 37.44; 37.66;
56.08; 56.23; 77.20; 78 .04; 79.65; 80.67; 81.45; 98.90; 99.07; 11 6.03; 116. 17; 125.54 ;
125.84; 126.00; 126.01 ; 126.17; 126.23; 126.45; 126.56; 128 .35 (2 x); 128.45 (2 x);
129.07; 129.34; 130.28; 130.31; 132.46; 132.48; 132 .76; 134.77 ; 135.32; 139.05; 139. 16;
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14 1.40; 14 1.44; 152.86; 153. 14. MAL Dl -TO F-M S (HABA): 1283 ( [M + Na]+). Anal.
calc. for Cgg H74Üg ( 1259.57): C 83.92, H 5.92; fo und: C 83 .8 1, H 6.02.
(+)-(S,S,R)-Tris[2.2 '-bis(methoxymethoxy)-6.6 '-bis(2-phenylethy l)- I , I '-binaphthalene3,3 '-diy lbis(ethynyl)} (( +)-(S,S,R)- 111 )
F?h

Ph

Ph

Ph

Ph
Ph
A so ln . of (R)- 110 (75 mg, 0.1 2 mmol), (S,S)-115 ( 150 mg, 0.1 2 mmo l), and CuCI (3.2 g,
32 mmol) in CH2Cl2 ( 1. 2 1) was stirred for 15 min. Afte r addition ofTMEDA (4.8 ml , 3.7
g, 32 mmo l) and sti rring fo r 1 h under dry air, H20 (400 ml) was added, the org. phase
washed (H20 ), dri ed (Na2 S04), and co nce ntrated.

CC (hexa ne/ AcOEt 3: 1 -7 1: 1

co ntainin g 0.5% Et3N) and GPC (C H2C l2) afforded a di astereo isomeric mi xture of trimers
(68 mg, 3.6 µm ol, 30%). (S,S, R)- 111 (52 mg, 2.8 µm ol, 23%) was separated from (S,S,S).111 by H PLC (Spherisorb SW, 5 µm ; toluene -7 toluene/ AcO Et 95/5).

M.p. 175°. [ a]',; = +24 1.9 (c = 1.0, CHCl3). IH-NM R (5 00 MH z, C DCl3): 2.5 1 (s , 6 H,
OC H3); 2.57 (s, 6 H, OCH3); 2.59 (s, 6 H, OCH3); 2.95-3 .08 (111 , 24 H, C H2C H2); 4 .69 (d.
AB, J

=

6.2, 2 H, OCH20); 4.73 (d, AB , J

= 6.5, 2 H, OC H20); 4.82 (d,

OCHzO); 4.95 (d, AB, J = 6. 5, 2 H, OC HzO); 4.96 (d. AB, J
AB, J

= 6.5, 2 H, OC H20); 7.12-7.30 (m, 42 H,

=

AB, J

= 6.5, 2

H,

6.2, 2 H, OC H20); 5.08 (d,

PhH , ArH); 7.57 (s , 4 H, H-C(S), H-C(5' ));

7.60 (s, 2 H, H-C(5")); 8.07 (s, 2 H, H-C(4)); 8.08 (s, 4 H, H-C(4 '), H-C(4 " )). 13C-NMR
( 125 MH z, C DC l3): 37 .45 (2 x); 37.49; 37.66 (2 x); 37.69 ; 56. 18; 56.22; 56.32; 78.68 ;
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78.73; 78.94; 80.27; 80.55; 80.69; 98 .92; 99. 17; 99.22; 11 6. 17; 11 6.34; 11 6.37; 125.28;
125.3 1 (2 x); 125.44; 125 .50; 125.60; 126.03 (2 x); 126.05 ; 126.46; 126.49; 126.60;
128 .36 (2 x); 128.38 ; 128 .46; 128.47; 128.48; 129.29 (2 x); 129.32; 130.27 ; 130.28;
130.35; 132.66; 132.68; 132.73; 133.57; 133 .89; 134.06; 139.00 (2 x); 139.04; 141.42 ;
141.43 ; 14 1.44; 153.98; 154.39; 154.43.
(+ )-{S,S, R)-7i-is[6,6 '-bis(2-phenylethy l)-2,2 '-dihy droxy- 1, / '-binaphtha/ene-3,3 ·-

diylbis(ethyny l)} ((+)-(S,S,R)- 73)
f?h

Ph

Ph

Ph

Ph
Ph
Compound (+)-(S,S,R)-73 (35 mg, 8 1%) was prepared in the same manner as described for
(S,S,S)-73, sta rting from (S.S,R)- 111 ) (50 mg, 2.7 µm o l) and conc . aq. HC I so ln . (37%,
0.23 ml ) in THF/ MeO H 3:2 ( 15 ml).
M.p. > 250°. [a]'; = +38 1.7 (c = 1.0, CHCI)). IH -N MR (400 MHz, C DCl3): 2.94-3.04
(111 , 24 H, CH2C H2); 5.80 (s (br.), 6 H, OH); 6.99 (d, J

= 8.7, 6

H, H-C(8), H-C(8 ' ), H-

C(8')); 7.04 (d, J = 8.7, 6 H, H-C(7), H-C(7'), H-C(7")); 7. 10-7.3 1 (m,30 H, PhH , ArH );
7.58 (s, 4 H, H-C(S'), H-C(5 ' )); 7.60 (s , 2 H, H-C(5")); 8.06 (s, 2 H, H-C(4)); 8.08 (s , 4 H,
H-C(4' ), H-C(4")). 13C-N MR (100 MHz, CDCl3): 37.58 (3 x); 37 .6 1 (3 x); 77.22 (3 x);
79.38; 79.48 ; 79.92; 80.07 (3 x); 110.83; 111.05 (2 x); 11 3.25; 11 3.27; 11 3.40; 125.34;
126.03 (2 x); 126.95 ; 127.00; 127.08; 128.40 (2 x); 128.42; 128.46 (2 x); 128.48; 128 .71 ;
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128.77; 128.80; 129 .86; 129. 90; 129.99; 132.75 ; 132.77 ; 132 .94; 133 .54; 133.67; 133.94;
137.96; 137 .99 (2 x); 141. 50; 141. 53 (2 x); 15 1.45; 151.6 1; 151.79 .

6.5.4 Dendron-Synthesis
3.5-(D ibenzyloxy) benzyl alcohol (122) [87]

o~

;=\

HO~O~

0

A mixture of 3,5-dihydroxybenzyl alcohol ( 10.0 g, 7 1.7 11111101), Bn Br ( 17 1111 , 142.8 111mol),
18-crown-6 (4.7 g, 17.9 mmol), and K 2C0 3 (24 .7 g, 178 .6 mmol) in dry acetone ( 1.1 1)
was heated under vigo rous stirrin g under N 2 to 55° for 24 h. The so lvent was evaporated
and the re sidue di ssolved in H20 (600 ml) and C H2C l 2 (700 ml). After separation, the aq.
ph ase was extracted w ith C H2C l2 (2 x 600 ml), .th e comb ined org. phases dried over
MgS0 4, and the solvent evaporated in vacuo.

Recrystalli zation (toluene/hexane 2: 1)

yielded the desired product 122 (20. 1 g, 88%). White crystals.
M.p. 84° (Lit. [87]: 85-86°).

1H-NM R

5.05 (s, 4 H, OC H2Ph); 6.57 (1, J

(200 MH z, CDC l3): 4.64 (d, J = 6.2, 2 H, C HpH );

= 2.0,

1 H, ArH); 6.64 (c/, J

= 2.0, 2

H, ArH ); 7.36-7.44

(m, 10 H, PhH ).

3,5-(Dibenzyloxy)benzyl bromide ( 123) [87]

o~

;=\
Br~ 0 ~

0

To a soln . of 122 (34.2 g, 106. 7 11111101) and CBr4 ( 44 .2 g, 133.4 111mol) in abs. THF ( 150
1111) was added in s111all portions PPh 3 (35.0 g, 13 3.4 11111101). The 111i xture was stirred for 3
h and th e reaction then quenched with dest. H20 ( 150 1111 ). Afte r the addition of C H2Cl2
(200 1111), the ph ases were separated a nd the aq. phase extracted w ith C H2C l2 (2 x 200 ml ).
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The combined org. phases were dried (MgS04) and concentrated.

CC (hexane/CH2Cl2

1: 1) afforded the desired product 123 (37.1 g, 91 %). White solid.
M.p. 92° (L it. [87]: 92-93°). 1H-NMR (200 MHz, CDCl 3): 4.43 (s, 2 H, C H2 Br); 5.05 (s, 4
H, OCH2Ph); 6.57 (1, J

= 2.0,

1 H, ArH); 6.66 (d, J

= 2.0, 2

H, ArH); 7.37-7.44 (m , 10 H,

PhH).

3,5-Bis{3,5-(dibenzyloxy)be11zyloxy]benzyl alcuho/ ( 124) [87)

o~

oß~

;==<.
0
\J
Ho~ 0yo-O

ov

A mixture of 3,5-dihydroxybenzyl alcohol (4.6 g, 32.6 mmol), 123 (25.0 g, 65.2 mmol),
18-crown-6 (2.2 g, 8.2 mmol) and K2 C0 3 (22.5 g, 163. 1 mmol) in dry acetone (500 ml)
was heated under vigorous stirring under N2 to 55° for 24 h. The so lvent was evaporated
and the residue di sso lved in H20 (500 ml) and CH 2C l 2 (600 ml). Afterseparation of the
o rg. layer, the aq. layer was extracted with C H2C l2 (2 x 500 ml), the combined org. phases
were

dried (MgS04 ), and

the

so lvent evaporated

in

vacuo.

Recrystallization

(to luene/hexane 2: 1) y ielded the desired product 124 ( 14.9 g, 6 1%). White solid.
M.p. 108° (Lit. [87]: 110- 111 °).

1H-NMR

(200 MHz, CDC l3): 4.62 (d, J = 5.8, 2 H,

CH 20H); 4.97 (s , 4 H, OC H2Ar); 5.02 (s, 8 H, OC H2Ph); 6.52 (1, J = 2.2, 1 H, ArH); 6 .57
(t , J

= 2.2, 2

H, ArH); 6 .59 (d, J

= 2.2,

2 H, Ar H); 6.67 (d, J

(m , 20 H, PhH).

3,5-Bis[J,5-(dibenzy/oxy)benzy/oxy]benzyl bromide ( 125) [87)

_oß

o~
0

r-Q

"'°"10'0-0

ov

= 2.2,

4 H, ArH); 7.29-7.42

16 1
To a soln. of 124 ( 14.8 g, 19.9 m111ol) and CBr4 (8.2 g, 24.8 11111101) in abs . THF (65 1111)
was added in s111all portions PPh 3 (6.5 g, 24.8 m111 ol). The 111ixture was stirred for 3 h, and
th e reaction then quenched with H20 (80 1111). Afte r addition of CH2CI2 ( 140 1111), the
phases were separated, and the aq. phase extracted with CH2Cl2 (2 x 100 1111). The org.
phase was dried (MgS0 4) and concentrated. CC (hexane/CH2Cl2 1: 1) afforded the desired
product 125 ( 13.9 g, 86%). White solid.
M.p. 130° (Lit. (87): 129- 131 °). IH-NMR (200 MHz, CDCl3 ): 4.41(s, 2 H, CH2Br); 4.97
(s, 4 H, OCH2A r); 5.04 (s, 8 H, OCH2Ph); 6.53 {I, J

ArH); 6.63 (d, J = 2.0, 2 H, ArH); 6.68 (d, J

= 2.0,

1 H, ArH ); 6.59 (t , J

= 2.0, 2 H,

= 2.0, 4 H, ArH); 7.30-7.44 (m, 20 H, PhH ).

3,5-Bis{3,5-bis[3.5-(dibenzyloxy)benzyloxyjbenzyloxy}benzyl alcohol ( 126) (87)
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A 111ixture of 3,5-dihydroxybenzyl alcohol (0.25 g, 1.8 11111101), 125 (2.92 g, 3.6 11111101), 18crown-6 (0. 12 g, 0.5 11111101) and K2C0 3 ( 1.25 g, 9.0 11111101) in dry acetone (80 1111) was
heated under N2 and vigorous stirring to 55° fo r 24 h. The solve nt was evaporated and th e
residue dissolved in H20 ( 180 1111 ) and CH2Cl2 (220 ml ). After separation of the org.
laye r, the aq. layer was extracted with CH2Cl2 (2 x 200 1111), th e co111bined org. phases
dried (MgS04 ), and th e solvent evaporated in vacuo. CC (CH 2Cl2/Ac0Et 40:1 ) yielded
the desired product 126 (2 .64 g, 92%). Highl y viscous oil.
1H-NMR

(200 MHz, CDC13): 4.57 (d, J

=

6.2, 2 H, CH20 H); 4.94 (s, 12 H, OCH2A r);

5.00 {s, 16 H, OCH 2 Ph); 6.54-6.56 (m, 3 H, ArH); 6.59 (t, .! = 2.0, 4 H, ArH ); 6.62 (1, J

=
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2.0, 2 H, ArH ); 6.68 (d, J = 2.0 , 4 H , ArH ); 6.70 (d, J = 2.0, 8 H, ArH ); 7.27-7 .41 (m , 40 H,
PhH ).
3,5-Bis{3,5-bis[3,5-(dibenzyloxy)benzyloxy} benzyloxy} benzyl bromid ( 127) [87]
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To a soln . o f 126 (8.9 g, 5.6 mmo l) and CBr4 (2.3 g, 7.0 mm ol) in abs. T HF (60 ml) was
added in small portions PPh 3 ( 1. 8 g, 7.0 mmo l). T he mi xtu re was stirred fo r 3 h, and the
reaction then quenched with H20 (60 ml ). A fter additio n of C H2Cl2 (80 ml), the phases
we re se pa rated, and the aq. phase extracted with C H2C l2 (2 x 80 ml). The combined org.
phases were dri ed (MgS04 ) and concentrated. CC (hexane/CH2C l2 1:4) gave the desired
product 127 (8 .9 g, 96%). Hi ghl y viscous oil.
1H-NMR (200 MH z, CDCl ): 4.36 (s, 2 H, C H Br); 4.93 (s , 4 H, OC H Ar); 4.95 (s, 8 H,
3
2
2

OC H2Ar); 5.00 (s, 16 H, OC H2Ph); 6.52 (m, 3 H, ArH ); 6.55 (t, J = 2.0, 4 H, ArH ); 6.60
(d, J

= 2.0, 2

H, ArH ); 6.63 (d, J

= 2.0, 4

H, ArH); 6.65 (d, J

= 2.0, 8

H, ArH); 7.27-7.4 1

(m, 40 H, PhH ).
2-[2-(2-111ethoxyethoxy)ethoxy}e1hy /(to/uenesu/phonate) ( 137) [200]
r-.. r-'>I\ /
TosO

O O

O

To a soln. o fN aOl-I (5.72g, 130 mmo l) and triethyleneglyco l mono methyl ether ( 16.42 g,
15.67 ml , 100 mmol ) in H20/T HF 1: 1 (60 ml ) was added slow ly ove r a period of 1 h a
so ln . o f tolue ne-4-sulfonylchloride ( 17 .36 g, 9 1 mmo l) in TH F (3 0 ml). T he so ln. was then
stirred for 3 h and quenched with H20 ( 100 ml ). CH2Cl2 (50 ml ) was added, the phases
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were separated, and the org. phase was dried (MgS04) and evaporated in vacuo to afford
pure 137 (27.30 g, 94% ) without further purification . Co lorl ess oil.
1H-NMR (200 MHz, CDCl3): 2.45 (s, 3 H, ArC H3); 3.37 (s , 3 H, OCH3); 3.55-3.7 1 (m, 10

H, CH20); 4. 16 (1, J

= 5.0,

2 H, ArOC H2); 7.35 (d, J

=

8.0, 2 H, ArH); 7.80 (d, J

= 8.2, 2

H, ArH).

3,5-Bis- {2-[2-( 2-methoxyethoxy)ethoxy]ethoxy}benzy l alcohol (138) [ 199)
!\ /\!\ /

0

0

0

0

HO, - QO

0

0

0

\_) \_J\_j '

Compound 137 (8.5 g, 26.8 mmol ) was mi xed wi th 3,5-dihydroxybenzyl alcohol ( 1.8 g,
13.4 mmol), K 2C0 3 (2.8 g, 20. 1 mmo l), and 18-crown-6 (0.9 g, 3.3 mmol) in MeCN. The
mi xture was heated to reflu x (80°) under N2 for 48- 72 h until TLC control indi cated
compl eti on of the react ion . The mi xture was cooled to r.t. , filt ered throu gh Ce /ite, and the
solvent evaporated in vacuo.

CC (CH 2CI 2/ MeO H 95/5) afforded 138 ( 1.9 g, 33%).

Viscous oil.
1H-N MR (200 MH z, CDCl 3): 3.33 (s, 6 H, OCH 3); 3.48 (t, J
(m , 12 H, C H20); 3.80 (t , J

= 4.6, 4 H, C H20) ; 4.06

(t , J

5.0, 2 H, CH20 H); 6.36 (1, J = 2.0, 1 H, ArH); 6.50 (d, J

= 4.2, 4

H, C H20); 3.7 1-3.58

= 4.4, 4 H, CH20); 4.56 (d, J =

= 2.0, 2 H, ArH).

3,5-Bis- {2-[2-( 2-methoxy ethoxy)-etlwxy]-ethoxy}-benzyl bromide ( 139) [ 199)
!\ /\ /\ /

tQO 0
Br

0

0

0

0

0

0

\_) \_J\_j '

Compound 138 (4.45 g, 10.3 mmol) was dissolved in dry THF (95 ml ), and to thi s so ln.
was added C Br4 (4.20 g, 12.6 mmo l) and PPh 3 (3 .37 g, 12.6 mmol). Th e mixture was
stirred a r.t. for 12 h. (lf the reaction was not co mpl ete after thi s time, furth er portions of
CBr4 (2. 10 g, 6.3 mmol) and PPh 3 ( 1.78 g, 6.3 mmo l) were added). The so lvent was
eva porated in vacuo, the product dissolved in CH 2CJ2 ( 100 ml ) and was hed with HzO (2
x 80 ml). The org. laye r was dried (MgS0 4) and purified by CC (C H 2Cl2/MeOH/ Et3N
96/4/ 1), to y ield the desired product 139 (4.22 g, 83%). Viscous oil.
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1H-NMR (200 MHz, C DCI 3): 3.3 1 (s, 6 H, OCH 3); 3.48 (1, J = 3.2, 4 H, CHzO); 3.70-3.57
(m, 12 H, CH 20); 3.77 (t , J = 4.8, 4 H, C H20); 4 .04 (t, J = 4.8, 4 H, C H20); 4.33 (s, 2 H,

C H2 Br); 6.36 (1, J = 2.0, 1 H, A rH ); 6.49 (d, J = 2.0, 2 H, ArH).

6.5.5 Synthesis of Iodoaryl -Oendrone-Units
I ,3-Dimelhoxy-5-iodobenzene (133)
OMe

1-Q

OMe

A so ln . of NaN0 2 (5.6 g, 75 mmol) in H20 (25 ml) was added dropwi se to a mixture of
3,5-dimethoxyanilin ( 10.0 g, 64 mmol), conc. aq . HCI so ln . (37%, 45 ml ), and H20 (30 ml)
unde r vigo rous stirring at 0°. After 15 min, this soln. was slow ly added at 0° to a soln. of
Kl ( 11 0 g, 700 11111101) in H20 (250 ml). T he res ultin g dark brown a nd heterogeneou s
mixture was stirred ove mi ght at r.t. After neut ra lizati on with aq. 10% NaOH so ln. (150
ml ), the remaining 12 was destroyed with sat. aq. NaS 20 3 so ln . (250 ml). C H 2C I2 (350 ml)
wa s added, the org. phase separated, and the aq. phase washed with C HzC I2 until the
extracts were colorl ess. The combined org. layers were dri ed (MgS04 ) , and the solve nt
evaporated i11 vacuo. The residue was disso lved in C H2C I2, filtered through Si0 2, and the
product recrysta lli zed (hexa ne) to yie ld 133 (8.8 g, 52%). Orange powder.
M.p. 75°. 1R (K.Hr): 306 lm, 3000w, 2956w, 2826m, l 576s, 1470w, l462w, 1424111, l 295m,
1254w, l l 98m, l 162m, 1032111, 939w.

1 H-NMR

6.4 1 (1, J = 2.6, 1 H, ArH ); 6.86 (d, J

=

(200 MH z, C DCI 3): 3.76 (s , 6 H, OMe);

2.6, 2 H, ArH). 13C-NMR (50 MH z, C DCI3):

55.44; 93 .97; 100.62; 11 5.76; 16 1.06. EI-MS: 264 ( 100, !vf+). Ana l. calc. fo r C 8 H9ü 21
(264.06): C 36.39, H 3.44, 0 12.12; fo und: C 36.54, H 3.5 1, O 11 .93.

5-lodobenzene- 1,3-diol (128)

165
Compound 133 (8.0 g, 30.3 mmol), glac ial acetic ac id (50 ml), and conc. aq HI (47%, 80
ml) were heated to retlux ( 110°) under N 2 for 20 h. After coo ling to r.t., the reaction
mi xture was neutralized with aq. 10% NaO H soln ., I2 was destroyed with sat. aq. NaS 2o3
soln. (50 ml) and AcOEt (250 ml) added. The phases were separated and the aq. phase
washed with AcOEt ( 150 ml ).

The combined org. phases were dried (MgS0 4) and

evaporated in vacuo. CC (hexa ne/ AcOEt 5: 1 ~ 3: 1) yielded I 28 (5.3 g, 74%). White
powder.
M.p. 111 °. IR (KBr): 3593m, 3398m, 3240s, 3082111, 3045111, 2952w, 2822w, I6 l 2m,
I586s, ISOlm, 1480s, 1399w, 1344m, 1294m, 120 1w, l 166s, 996s. IH-NMR (200 MHz,
CD 3 CN): 6.27 (t, .J = 2.0, 1 H, ArH); 6.7 1 (d, .J = 2.0, 2 H, ArH); 7.28 (s, 2 H, OH). 13CNMR (50 MHz, CDCl3): 97.58 ; 106.53; 120.28; 163.42. EI-MS: 236 ( 100, 1W). Anal.
calc. for C6 H50 2I (236.01 ): C 30.54, H 2.14, 0 13.56; found: C 30.76, H 2.31, 0 13.49.
!,3-Dibenzy loxy-5-iodobenzene ( 1-G-129)

'-Qo"'°

ov

A mixture of 128 ( 1.25 g, 5.3 mmol), BnBr ( 1.81 g, 1.1 5 ml, 10.6 mmol), 18-crown-6 (0.42
g, 1.6 mmol), and K 2co3 (2.20 g, 15.9 mmol) in dry aceto ne ( 100 ml) was heated under
N2 and vigorous stirring to 55° for 24 h. The solve nt was evaporated and the residue
dissolved in H20 (40 ml) and CH2Cl2 (50 ml). Afterseparati on of the org. layer, the aq.
layer was extracted with CH2Cl2 (2 x 50 mI ), the combined org. phases dried (MgS04 ) ,
and the solven t evaporated in vacuo. CC (hexane/ AcOEt 6: 1) yielded the desired product
1-G-129 (2. 1 g, 95%). White powder.
M.p. 57°. IR (KBr): 3067w, 3032111, 2998w, 2930w, 2878111, l 592s, 1568s, 1491m, 1444111,
1425111, 1377s, 134 1w, 1324111, 1277s, 1239111, 12 15m, 1049m, 1028111, 986111.

IH-NMR

(300 MHz, CDC l3): 5.08 (s , 4 H, OCH 2Ph); 6.60 (t , .J = 2.5, 1 H, ArH); 7.0 1 (d, .J = 2.5, 2
H, ArH); 7.33-7.49 (m, 10 H, PhH). 13C-NMR (75 MHz, CDCl3): 70.4 1; 94.26; 102.4 1;
117.28; 127.8 1; 128.42; 128.9 1; 136.63; 160.57. FAB-MS: 417 (100, M+). Ana l. calc. for
C20H1 102 I (4 16.26): C 57.7 1, H 4. 12, 0 7.69; fou nd : C 57.80, H 4.26, 0 7.77.
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l ,3-Bis[3. 5-(dibenzy/m y )benzy loxy]-5-iodobenzene (2-G- 130)

o-.J0
- o~or--()
1-Q
y o-O
0

o~
A mi xture of 128 (1.9 g, 7.8 m111ol), 123 (6.3 g, 16.5 11111101), 18-crow n-6 (0.4 1 g, 1.6
11111101), and K2C0 3 (4.3 g, 3 1.4 111mol) in dry acetone ( 140 1111) was heated under N 2 and
vigorous stirring to 55° for 24 h. Th e so lve nt was evaporated and the residue dissolved in
H20 (60 ml) and CH2Cl2 (70 ml). After separation of the org. laye r, the aq. layer was
extracted with C H2C I2 (2 x 60 ml), the co111bined org. phases dried (MgS04 ), and the
so lvent evapora ted in vacuo. CC (C H2C l2/hexa ne 3: 1) y ielded the des ired product 2-G130 (6.0 g, 90%). White powder.
M.p. 11 6°. IR (Kßr): 30 1 l w, 2889w, 1592s, l450m, 1369s, 1328111, 1297111, l 156s. IHNMR (200 MH z, C DC l3): 4. 90 (s, 4 H, OCH 2 Ar); 5.02 (s , 8 H, OCH 2Ph); 6.50 (t, J = 2.2,
1 H, ArH); 5.56 (1, J = 2.2, 2 H, ArH); 6.62 (d, J = 2.2, 4 H, ArH ); 6.92 (d, J = 2.2, 2 H,
ArH); 7.26-7.42 (m, 20 H, PhH ).

IJC-NMR ( 100 MHz, C DCI 3): 70.09; 70. 14; 94 .03 ;

101.7 1; 102. 15; 106.37 ; 117.04; 127 .54; 128. 02; 128.59; 136.73; 138.72; 160. 11 ; 160. 19.
MALDl -TOF-MS (2,5-DHB): 84 1 (MW, C 48 H420 6 1 required 84 1.8); 864 ([M+ Na] +,
C4 gH41061Na required 863.8); 880 ([M+ K] +, C 4 gH41 0 6 IK required 879.9). Ana l. calc. for
C4gH41061 (840.76):C68.57, H 4.92 ; found: C 68 .64, H 5.03.
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J ,3-Bis{3,5-bis [3,5-(dib enzy loxJ)benzyloxy} benzy loxy}-5-iodobenzene (3-G- 131)
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A mixture of 128 (0.47 g, 2.0 mmol), 125 (3.55 g, 4.4 mm ol), 18-crown-6 ( 140 mg, 0.5
mmol), and K2C0 3 (1.38 g, 9.0 mmol) in dry MeCN/acetone 1:1 ( 100 ml ) was heated
under N2 and vigorous st irring to 55° fo r 3 d. The solvent was evaporated and the residue
dissolved in H20 ( 100 ml) and CH2Cl2 ( 120 ml). Afte r separation ofthe org. layer, the aq.
layer was extracted with CH 2Cl2 (60 ml), the co rnbin ed org. phases dried (MgS0 4), and
the solvent evaporated in vacuo. CC (CH 2Cl2/hexa ne 3: 1) yielded the desired product 3-

G-131 (2.7 g, 79%). White solid.
M.p. 53°.

IR (KB r): 3027111, 29 18w, 2864111, 1595s, 1449111, 1374111 , 1342w, 13 19w,

1292m, l 156s, 105 lm. IH-NMR (300 MHz, CDC13): 4.90 (s, 4 H, OC H2Ar); 4.96 (s, 8 H,
OCH 2Ar); 5.01 (s, 16 H, OCH 2Ph); 6.53-6.58 (m, 7 H, Ar H); 6.62 (d, .! = 2.4, 4 H, ArH);
6.67 (d, J

= 2.1, 8 H, ArH); 6.95

(d, J

= 2. 1, 2

H, Ar H); 7.26-7.42 (111 , 40 H, Phl-I). 13C-

NMR ( 125 MHz, CDct 3): 70.0 1; 70. 11 (2 x); 94.04; 101.63 ; 101.73; 102.17; 106.38;
106.44; 11 7.05 ; 127.53; 127 .98 ; 128 .56; 136.77 ; 138.72; 139. 17; 160.09; 160. 13; 160. 17.
MALDl-TOF-MS (HABA): 17 12 ([M+Na] +). Anal. calc. for C 104 H890
73.93, 1-1 5.3 1, 0 13.26; found: C 73.77, 1-1 5. 15, 0 13.04.

14 1 ( 1689.74):

C

168

l .3-Bis(3,5-bis{3,5-bis[3,5-(dibenzyloxy)benzyloxy}benzyloxyjbenzyloxy)-5-iodobenzene
(4-G-132)

A mixture of 128 (0.26 g, 1.10 mmol), 127 (3 .8 g, 2.30 mmol ), 18-crown-6 (70 mg, 0.28
nunol), and K2C0 3 (0.68 g, 4.95 mmol) in dry MeCN/aceto ne 5:3 (40 ml) was heated
unde r N2 and vigorou s stirring to 55° for 24 h.

The solvent was evaporated, and the

res idue di sso lved in HzO (60 ml) and C H2 Cl 2 (70 ml ). After separatio n of the org. layer,
the aq. layer wa s extracted wi th C H2Cl2 (2 x 60 ml ), the comb ined org. phases dri ed
(MgS04), and the so lvent evapo rated in vacuo. G PC (B iobeads SX- 1) yie lded the desired
product 4-G-132 (1.6 g, 44%) and unreacted start ing materia l (850 mg, 22%).

Hig hly

viscous oil.
IR (KBr): 3026m, 2932w, 2858m, 1595s, 1449m, 1373m, 1338w, 13 19w, 129 1m, l 155s,
1050m. IH -N MR (300 MH z, CDCl3): 4.90 (s, 4 H, OC H2Ar); 4.96 (s, 8 H, OC H2Ar);
5.0 1 (s, 16 H, OCH 2Ph); 6.53-6.58 (m, 7 H, ArH) ; 6.62 (d, J
2. 1, 8 H, ArH); 6.95 (d, J

=

= 2.4, 4 H, ArH); 6.67 (m, J =

2. 1, 2 H, ArH ); 7.26-7.42 (m, 40 H, PhH). MALDl-TOF-MS
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(HABA): 3413 ([M+Na] +). Anal. calc. for C216 H 1g50 3ol (3387.72) : C 76.58, H 5.50, 0
14.17; found: C 76.60, H 5.50, 0 14.05.

l-[3.5-(Dibenzy/oxy)pheny lj-4,4,5, 5-tetramethy /- l ,3,2-dioxaboro/ane (152)

0

+d -Qo~
o
o
'9 '/'l~

To a soln. of 1-G-I 29 ( 1.00 g, 1.18 mmol) in dioxane (10 ml) was added [Pd(dppf)Cl 2] (29
mg, 3 mol o/o), Et 3N (0.36 mg, 0.49 ml, 3.56 mmol) and pinacol borane (0.23 g, 0.25 ml ,
1. 78 mmol), and the mixture was heated to 80° for 12 h. The mixture wa s quenched with
H20 (30 ml), and CH 2C l2 (30 ml) was added. After tiltration over Ce/ite, the two phases
were separated and the aq . phase extracted w ith C H 2Cl 2 (40 ml).

The combined org.

phases were dried (Na 2S04 ) and the so lvent evaporated in vacuo. Compou nd 152 (540
mg, 54%) was obtained after CC (hexane/AcOEt 10: 1, containing 0.5 % Et 3N).

W hite

so lid.
M.p. 128°.

IR (KBr): 3068111, 3034111, 2975m, 2866111, 1587s, 1495w, 1474111, 1460m,

1430m, 1345s, 1359s , 131 Im, 1276w, 1217m, l 1S9s, 11 04111, 1053m, 1025111, 968111. 1HNMR (300 MHz, COCI 3): 1.38 (s, 12 H, 6 CH3); 5.08 (s, 4 H, CH 2Ph); 6.57 (t , J
H, ArH); 7. 12 (d, J = 2. 1, 2 H, ArH); 7.33-7.49 (m , 10 H, Ph).

=

2.1 , 1

13C-NMR (75 MH z,

CDC1 3): 24.86; 70.07 ; 83 .9 1; 105.84; 11 3.0 1; 127.54; 127.87; 128.5 1; 137.07 ; 159.66
(s ignal for carbon next to boron-atom not vis ible). FAB-MS: 4 16 ( 100, M+). HR-El-MS :
4 16.2 156 (M+, C 26 H29o4 B; ca lc. 416.2 159).

1,3-Bis(3, 5-Bis{2-[2-( 2-methoxyethoxy)ethoxy]ethoxy} benzyloxy)-5-iodobenzene ( l -G-

140)
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To a so ln. of 128 (0.30 g, 1. 29 mmo l) and 139 ( 1.11 g, 2.68 m111ol) in acetone (63 1111) were
added K2C0 3 (0.457 g, 3.31 mmo l) a nd 18-crown-6 (69 mg, 0.26 mmol). The mixture
was heated under N2 to 60°. After 20 h, the reaction was cooled to r.t. , filtered through

Celile and Si0 2, and the solvent evavorated in vacuo. The purification was achieved by
GPC (Biobeads SX-3) to afford 140 (586 mg, 43%). Highly visco us oil.
IR (neat): 3087w, 2938s, 2875s, 2724w, 1962w, 1754w, 1722w, 1684w, 1596s, 1572rn,
1448s, 1374m, 1348111, 1321m, l 198m, l 172s, 11 IOs, 1070s, 1027111, 995 m, 947rn, 84 1m,
7 18w, 680111.

'H -NM R (200 MH z, CDCl3): 3.39 (s, 12 H, OC H3); 3.54-3.59 (m, 8 H,

OCH 2); 3.65-3.77 (m, 24 H, OCH 2); 3.84-3. 88 (m, 8 H, OCH 2); 4.10-4.15 (m, 8 H,
OCH 2); 4.92 (s, 4 H, ArC l-! 20); 6.47 (1, J = 2.0, 2 H, Arl-I); 6.5 3-6.58 (m , 5 1-1 , Arl-I); 6.95
(d, J

=

2.2, 2 1-1 , Arl-I). 13C-NMR (75 MHz, CDCl3): 59.15; 67,64; 69.80; 70.23; 70.72;

70.80; 70.96; 72.08; 94. 19; 101.46; 102. 35 ; 106.28; 117. 18; 138.84; 160.44 (2 x). FAB-

o

MS: 1065 (100, M ", C4g l-l 730 1gl required 1065.0). Anal. ca lc. for C48 1-1 73 181 ( 1065.01):
C 54. 13, 1-1 6.9 1; found : C 54.13, 1-1 6.86.

1,3-Bis (3,5-(dibenzyloxy) benzyloxy]-5-[(trimethy lsilyl)ethy ny l} benzene ( 1341)

o-GJ

TMS

oß~
o V
0

y o-O
o'\8

A degassed soln. of 130 ( 1.0 g, 1.15 mmol), (trimethylsilyl)acety le ne (0.64 ml , 0.45 g, 4.6
11111101), [Pd(PPh3)zC l2) (41 mg, 5 11101%), Cul ( 11 mg, 0.058 mmol, 5 mol%) in abs. THF
(22 ml ) and dry DIPA (20 ml) was stirred for 12 h at 40°. The reaction was quenched with
sat. aq. NaC I so ln . (40 ml), and CH2Cl2 (40 ml) was added. T he phases were separated,
and the aq. phase was extracted with C l-l zCl2 (40 ml). The co mbined org. phases were
dried (MgS0 4) and concentrated. The purification of 134 (900 mg, 96%) was ach ieved by
CC (hexane/C H2Clz 2:3). 1-lighly viscous oil.
IR (neat) : 3059w, 303 1111, 2951m, 295 1m, 2870111, 2 157m, 1596s, 1497m, 1452s, 1375s,
1344111, 1294111, 1249w, l 157s, 1055s, 843s. 'H -NMR (500 MH z, CDC l3): 0.25 (s, 9 1-1 ,
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Si(CH3)J); 4.95 (s , 4 H, OC H2Ar); 5.03 (s, 8 H, OCH 2Ph); 6.56-6.58 (m, 3 H, ArH ); 6.66
(d, J = 2. 1, 4 H, ArH); 6.7 1 (d, J = 2. 1, 2 H, ArH ); 7. 26-7.42 (m , 20 H, PhH ). 13C-NMR

( 125 MHz, C DC l3): - 0.05; 70.00; 70. 15; 93 .99; 10 1.67; 103.74; 104.92; 106 .35; 110.99;
124.49; 127 .55; 128.00; 128. 58; 136.78; 139.06; 159.5 1; 160. 18. FA B-MS: 8 12(36,MW,
C53 H5106Si requires 8 12.0); 303 ( 100, [M-C H2C6 H3(0CH2Ph ]+).

Ana l. ca lc. fo r

C53 H5006Si (8 11.06): C 78.49, H 6.2 1; fo un d: C 78.37, H 6.0 1.

l,3-Bis[3,5-(dibenzyloxy)benzyloxy]-5-(ethy nyl)benzene ( 135)

A soln. of 134 (0.90 g, 1.11 mmo l) and K 2C0 3 (0.6 1 g, 4.45 mmo l) in MeOHff HF 1: 1
( l 60 ml ) was stirred at r.t. fo r 3 h. Afteradditi o n o f CH2Cl2 (500 ml ), th e org. ph ase was
was hed with H20 , dri ed (MgS04), and conce ntrat'ed. CC (hexa ne/ AcO Et 3: 1) foll owed by
recrysta lli zati on (C H2C i2/hexane) a fforded 135 (0.78 g, 94%). White crysta ls.
M.p. 96°. IR (neat): 3065w, 3029111, 293 1m, 2869111 , 2 1 IO w, 1596s, 1492111 , 145 1s, 1374s,
1341 m, 1292111, 115 6s, 1052s, 832s. 1H-N MR (500 MH z, CDCl3): 3.07 (s , 1 H); 4.99 (s , 4
H, OC H2Ar); 5.07 (s, 8 H, OCH 2Ph); 6.59-6.62 (m, 3 H, ArH ); 6.89 (d, J

= 2.6, 4 H, ArH );

6.76 (d, J = 2.0, 2 H, ArH ); 7.33-7.43 (111, 20 H, PhH ). 13C-NM R ( 125 MH z, C DCl3):
70.23; 70.35; 83.89; 101.97; 104.14 (2 x ); 106.68; 111. 55 ; 123.85; 127.92; 128 .38; 128 .96;
137. 18; 139.38; 160.02; 160.62. FAB- MS : 739 ( 10, M +, C50 H4206 requ ires 738.9); 303
([M-C H2C6 H3(0 CH2Ph]+).
fo und: C 79.5 1, H 5.84.

Anal. ca lc. fo r C 50 H42 0 6 ·H 20 (756.90): C 79.34, H 5.86;

172

J,3-Bis[3, 5-(dibenzyloxy)be11zyloxy]-5-(ethenyl)benze11e ( 136)

o_,,Q

H

_rQ oß~
o V
r- - oy
o-O
o~

A soln. of 135 (200 mg, 0. 135 mmo l) and Z r(C 5 H 5)2C IH (67 mg, 0. 130 mmol) in benzene
(5 ml ) was stirred ar r.t . under li ght exc lusion for 2 h. T he react ion was fo llowed by TLC.
A seco nd porti o n of Zr(C 5 H5)iCIH (34 mg, 0.065 mmo l) was added and the suspens ion
stirred fo r aditio nal 2 h. T he reactio n was quenched wi th EtOAc ( 1 m l), then CH 2C l2 (30
m l) and H20 (20 ml) we re added, th e phases were se parated and the aq. phase was hed wi th
C H2C l2 ( 15 ml).

T he conbin ed org . phases were dried (Na 2S0 4), and the so lvent

evaporated. CC (hexane/ AcOEt 3: 1) yie lded 136 ( 190 mg, 95% ).
M.p. 92°. IR (neat): 306 1w, 3029m, 2928m, 2863111, 1595s, 1490m, 145 1s , 1370s, 1332m,
1296111, l 150s, 850s. IH -NMR (500 MH z, C DCl 3): 4 .99 (s , 4 H, OC H 2Ar); 5.05 (s , 8 H,
OC H2Ph); 5.26 (d, J = 11.1 , 1 H, C f-/2=C HA r); 5.72 (d, J = 17.4, 1 H, Cf-l2=C HAr); 6.426.28 (m, 1 H, C H2=Cf-/Ar); 6.5 1-6.55 (m, 1 H, ArH); 6.59 (t, J = 2.4, 2 H, ArH ); 6.66 (d, J
= 2.4, 2 H, ArH ); 6.70 (d, J = 2.6, 4 H, ArH); 7 .30-7.43 (m, 20 H, PhH ). 13C-NM R (75
MH z, C DC l3): 70. 15 ; 70 .28; 99.50; 101.84; 10 1.9 1; 105 .86; 106.63 ; 107.46; 11 4.69;
127 .8 1; 128 .25; 128.85; 137.08; 139.60; 160.3 1; 160.52 .

FAB-MS: 742 (20, MW,

C50 H45Ü6 requires 741.9); 74 1 ( 10, M+, C50H44 0 6 requires 740 .9); 303 ( 100, [MC H2C6 H3(0C H2Ph]+). Anal. calc. fo r C50 H4406·H20 (758 .92): C 79. 13, H 6. 11 ; found:
C 79.30, H 5.98.
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6.5 .6 Synthesis ofNon-Dendritic, Monomeric Reference Receptors
(S)-3,3 ·-Diethyny l- 1. I '-binaphthalene-2,2 '-dio/ ((S)-141)
H

To a soln. of(S)-97 (100 mg, 0.24 mmol) in THF/ MeOH 1: 1 (200 ml ) was added conc.
HCI (37%, 350 µI ). The so ln . was stirred for 4 h under N 2 at r.t „ and the reaction was the n
quenched with H20 (200 ml ). The aq. ph ase was extracted with CH 2Cl2 (2 x 100 ml), the
combined org. phases dried (Na 2S04 ), and conce ntrated. The emde product (S)-141 (9 1
mg, 99%) was used in the next reaction step without further purificat ion.
IH-NMR (200 MH z, CDCl3): 3.33 (s, 2 H, C=C H); 5.75 (s, 2 H, OH); 7.1 0-7 . 15 (m , 2 H,
H-C(8), H-C(8')); 7.3 1-7.41 (m , 4 H, ArH); 7.83-7.88 (m , 2 H, H-C(5 ), H-C(5 ' )); 8.2 1 (s, 2
H, H-C(4), H-C(4')).

Tetrabuty /ammonium (+)- (S)-3.3 '- Diethyny l-1 , I '-binaphtha lene-2,2 '-diy/phosphate ((+)(S)-2)
H

To a soln . of (S)- 141 (0. 11 g, 0.24 mmol) in dry C l-l 2Cl2 (50 ml ) were added at r.t. unde r
N2 POCl3 (0. 16

M

soln . in C H2Cl2, 4.8 ml , 0.5 3 mmol) and Et 3N (0.73 g, 1.0 ml , 7.2

mmol) , a nd the so ln . was stirred for 3 h at r.t. The so lvent was evaporated in vacuo and
THF/H20 1: 1 (40 ml) added. After st irrin g th e reacti on mi xture for 12 h at 40°, CH2Cl2
(80 ml) and H20 (80 ml ) were added, th e separated org. phase was was hed with H20 (2

x 60 ml ), dried (Na 2S04 ), and concentrated. The emde product was recrystalli zed
(toluene). After ion-exc hange-chromatography (Dowex 50WX8, Bu 4 N+, CH 2Cl2/ MeCN
1: 1), (S)-2 (58 mg, 38% from (S)- 116) was obtained ana lyti ca ll y pure. Ye ll ow so lid.
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M.p. >240°. [ a]'~

= +223.5

(c

= 0.5,

CHCl3 ). IR (KBr): 33 10w, 3 167w, 2956m, 2867w,

2 100m, 1483111, 1306s, 1450111, 1236111, l l l ls, 1097s, 903m, 767m. 'H -NMR (200 MHz,
C D3CN) : 0.93 (t, J

= 7.2,

12 H, CH3); 1.22- 1.63 (m, 16 H, C H2C H2); 3.00 (m, 8 H,

C H2N); 3.60 (s, 2 H, C:=C H); 7 . 13-7 . 17 (m, 2 H, H-C(8), H-(8 ')); 7 .23-7.3 1 (m, 2 H, ArH);
7.40-7.48 (111, 2 H, ArH ); 7.9 1-7.95 (m , 2 H, H-C(5), H-C(5')); 8.22 (s, 2 H, H-C(4), HC(4')). l 3C-NM R (50 MHz, C D3 CN): 13.88; 20.42; 24.43; 59.48; 8 1. 65; 82.74; 11 7.94;
123.80; 126.43; 127.52; 128 .33; 129.47; 13 1.14; 133.76; 135 .82; 15 1. 58 (d, J(3 1p,13q

=

9.3). 3IP-N MR ( 12 1 MH z, CD3C N): 5.36. ES l-MS: 395 ( 100, [M-N Bu 4)- ). Anal. calc.
fo r C40 H4g0 4NP· H20 (655.82 ): C 73.26, H 7.68, N 2.1 4; fo und: C 73. 16, H 7.67, N 2.25.

(+)-(S)-3,3 '-Bis[(pheny l)ethyny /] -2,2 '-bis(111ethoxymethoxy)- I. / '-binaphtha/ene ((+)-(S)142)

A degassed so ln. of (S)-97 ( 100 mg, 0.24 mmol) in abs. TH F (2 ml) was added s low ly ( 10
min) to a degassed so ln . of iodobenzene (0.10 ml , 0.92 mmo l), [Pd(PPh3)iCl2] ( 12 mg, 5
molo/o), Cul

(3 mg, 5 mo lo/o) in dry THF (4 ml) a nd dry DIPA (3 ml ) at 40°, and the

mi xture was stirred for 2 h at 40°. The reacti on was the n que nched with sat. aq. NaC I soln.
(20 ml ) a nd C H2C I2 (3 0 ml ) was added. The phases were separated, and the aq. phase was
extracted with CH2Cl2 (3 0 ml ).
co nce ntrated.

T he combined org. phases we re dried (Na2S04) and

The purificatio n o f (S)- 142 ( 134 mg, 97%) was ach ieved by CC

(hexa nel AcOEt 6: 1, containin g 0.5% Et3N). White foa m.
M.p. 8 1° . [ a] ~= + 197. 1 (c = 1.0, C HCI3).

IR (KBr): 3058111, 295 1111, 2925m, 28 18w,

22 16w, 1594m, 1492s, 1443 m, 1426111, 1390m, 1359m, 1332w, 1257w, 1226m, 11 99111,
11 57s, 1097111, 1062s, 101 3m, 972s, 9 16m. 'H-NMR (3 00 MHz, C DCI 3): 2.53 (s , 6 H,
OC H3); 4.97 (d, AB, J = 6.3, 2 H, OC H20 ); 5.2 1 (d, AB, J = 6.3, 2 H, OC H20); 7 .29-7.37
(m, 10 H, PhH ); 7.41-7.47 (111, 2 H, ArH ); 7.55-7.58 (m, 4 H, ArH); 7.87 (d, J

H-C(S), H-C(S')); 8.24 (s , 2 H, H-C(4), H-C(4')).

= 8. 1, 2

H,

13C-N MR (75 MH z, CDC I3): 56. 19;
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86.65; 93.92; 99.07; 11 7.52; 123.46; 125.79; 126. 13; 126.82; 127.47; 127.83; 128.68;
128.72; 130.59; 131.82; 134.05; 134.46; 153.35. FAB-MS: 574 ( 100, M+). Anal. ca lc. fo r
C40H3004·0.5 HzO (580.67): C 82.3 1, H 5.35; fo und: C 82.65, H 5. 39.

(+ )-(S)-3,3 ·-Bis[(phenyl)ethynyl}- 1. I '-binaphtha lene-2,2 '-dio l ((+)-(S)-143 )

To a soln. of (S)- 142 ( 170 111g, 0.30 111 11101) in T HF ( 100 1111) was added a soln . o f conc. HC I
(37%, 250 µ I) in MeO H ( 100 1111). The so ln. was stirred fo r 12 h under N 2 at r. t„ and th e
reaction was then quenched w ith H 20 (200 1111), after w hic h CH 2Cl2 (200 ml) was added.
T he aq . phase was extracted with C H2 C l2 ( 100 1111), the co111bined org. phases dried
(Na 2S0 4), and co nce nt rated. The crude product (S)- 143 ( 11 0 111g, 75%) was used in th e
next reaction step w ithout fu rther purifi cati on.
1H-NMR (300 M Hz, CDC l3): 5.9 1 (s, 2 H, O H); 7. 19 (d, J = 8.4, 2 H, H-C(8), H-C(8 ' ));

7.26-7.40 (m, 10 H, PhH ); 7.57-7.60 (m, 4 H, ArH); 7.87 (d, J = 7.5, 2 H, H-C(5), HC(5')); 8.2 1 (s,2 H, H-C(4), H-C(4' )).

Tetrabutylammonium (+)-(S)-3,3 '-Bis[(pheny l)ethyny!J-1 , / '-binaphthalene-2.2 ·diylphosphate ((+)-(S)- 117)

To a so ln. of (S)- 143 ( 100 mg, 0. 17 mmol) in dry C H2C l 2 (35 ml ) we re added at r. t. u ncler
Nz POC l3 (0.2 M so ln. in C H 2C l2, 1.9 ml , 0.38 111mo l) ancl Et3N (0.53 g, 0.73 ml , 5.2
mmo l), and the so ln . was stirred fo r 6 h at r.t. Th e so lve nt was evaporated in vac110 and
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THF/ H20 1: 1 (30 ml) added. After stirring the reaction mixture for 12 h at 30°, CH2Cl2
(50 ml) a nd H20 (30 ml) were added, the separated org. phase was washed with H20 (2
x 30 ml ), dried (Na 2 S04), and concentrated.
(C H2C l2/ Et3N 98:3).

Pure product was obtained by CC

Afte r ion-exc hange-chromatography (Dowex 50WX8, Bu4N+,

C H2Cl2/MeC N 1: 1), (S)-117 (58 mg, 54%) was obtained a nalytically pure.
M.p. 239° . [ a] ~;

= +287 .1 (c = 0.5 ,

C HCI3).

IR (neat): 3389m (br.), 3056m, 2954m ,

2934m, 2867w, 22 11 w, 1598m, 1490s, 1439m, 1420111, 1378w, 136 1w, 1299s, 12 13m,
11 52w, 1109s, 1096s, 109 1w, 963w,9 18m. 'H-NMR (500M Hz,C D3CN):0.9 1 (t, J=7 .2,
12 H, C H3); 1.2 5-1.32 (m, 8 H, CH2C H3); 1.48-1.55 (m , 8 H, CH2C H2); 2.98-2.01 (m, 8
H, CH2N); 7.20 (d, J = 8.2, 2 H, H-C(8), H-(8 ')); 7.25-7.29 (m, 2 H, ArH); 7.40-7.46 (m, 8
H, Ar H, PhH); 7.63-7.65 (m , 4 H, Ar H, PhH); 7.95 (d, J = 8.2, 2 H, H-C(5), H-C(5')); 8.23
(s , 2 H, H-C(4), H-C(4 ' )).

13C-NMR (125 MHz, C D3CN): 13.70; 20.2 1; 24.20; 59.12;

87.84; 93.7 1; 11 8.59; 123.52 (d, J(31p,13C) = 2.3), 124.4 1; 126.00; 127.24; 127.72;
129.14; 129.42; 129.57; 130.92; 132.48; 133.26; 134.22; 151.1 3 (d, J(3 ' P,13C) = 9.8).
31P-NMR ( 12 1 MHz, C D3CN) : 6. 10.

ESl-MS: 547 (100, [M-NBu 4]).

Anal. calc. for

C52 Hs6 N04 P·0.5 1-1 20(799.01) : C 78.17, H 7.19; N 1.75, 0 9.0 1, P 3.88; fo und: C 78. 11 ,
1-1 7.37, N 1.77, 0 8.48, P 3.9 1.

6.5.7 Synthesis of First Dendritic Receptor Series
(+)-(S)-3.3 '-Bis{[3. 5-(dibenzyloxy)pheny l]ethyny l}-2.2 '-bis(methoxymethoxy) -1. I ·binaphthalene ((+)-(S)- 1-G-144)

0

F

r : o~
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A degassed soln. of (S)-97 (50 mg, 0.12 mmol) in dry THF (2 ml) was slowly (30 min)
added to a degassed soln. of l-G-129 ( 1 10 mg, 0.26 mmol ), [Pd(PPh 3)zC l2] ( 4.0 mg, 4
mol o/o), and C ul (0.9 mg, 4 11101%) in abs. THF (1 ml) and dry DIPA (3 ml). The mixture
was warmed to 40° for 5 h. The reac tion was then quenched with sat. aq . NaC I so ln . ( 10
ml ) and C HzClz (20 ml) added.
extracted with C HzC lz ( 15 ml).

The phases were separated, and the aq. phase was
Th e comb ined org. ph ases were dri ed (Na 2 S04 ) and

concentrated. CC (C l-l zC lz/toluene 1:2

-7

1: 1, containing 0 .5% Et3N) afforded pure 1-G-

(S)-144 ( 100 mg, 85%). White foam .
M.p. 68°. [ a]';;

= +82. 1 (c = 0 .5,

C HCl3). IR (KBr) : 3059w, 3033w, 2922s, 2846m,

2236w, 1585s, 1493w, 1454111, 1430111, 1373m, 1349111, 131 8w, 1244111, 12 11w, 11 59s,
l IOO w, 1056111, 980111, 925w, 908w. lf-1-NMR (500 MH z, C DC l3): 2.51 (s, 6 H, OCH 3);
4.93 (d, AB, J

= 6.3

OC l-1 20); 6.64 (t , J
PhH); 7 .86 (d, J

, 2 H, OC H20); 5.06 (s , 8 H, OC H2Ph); 5. 17 (d, AB, J

= 2.4, 2 H, ArH); 6.82 (d, J = 2.3, 4 H, ArH);

= 8. 1, 2 H, H-C(5 ),

= 6.3, 2

H,

7. 16-7.47 (111 , 26 H, ArH,

H-C(5 ')); 8.23 (s, 2 H, H-C( 4), H-C( 4 ')). l 3C-NM R

(75 MH z, C DC l3): 56.19; 70.36; 86.36; 93.85; 93.85; 99. 13; 103.87; 110.79; 11 7.36;
124.82; 125.82; 126. 11 ; 126.82; 127.53; 127.75 ; 127.84; 128.3 1; 130.58; 134.09; 134.56;
136.89; 15 3.39; 160.08.

FAB-MS: 999 ( 100, M+).

Anal. ca lc. for C6s H 54 0g· 0.5 H20

(1008. 19): C 8 1.08, H 5.50; found: C 80.92, H 5.59.

(+) -(S)-3,3 '- Bis{[3,5-(dibenzyloxy)pheny l}ethynyl}-l. I '-b inaphthalene-2.2 "-diol (( +)-(S)-

J-G-146)

0
1
:

9
orV
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To a soln . o f I-G- (S)-142 (90 111g, 0 .09 11111101) in THF (35 1111) was added a soln. of conc.
HC I (37%, 100 µl ) in MeOH (35 1111). The so ln. was stirred unde r N2 at r.t. fo r 7 h and the
reaction then quenched w ith H20 (60 1111). The aq. phase was ex tracted with C H2C l2 (2

x 70 1111), the co111bined org. phases dri ed (Na 2S04 ) and concentrated . The crude product
was purified by CC (C H2C l2/toluene 1:5, containing 0. 5% Et3N) to afford pure 1-G-(S)146 (65 111g, 79% ).
M.p. 88°. [ a J'i; ·= +56.3 (c = 0 .5, C HC l3). IR (neat): 349 ls (br.), 3063w, 3023w, 2924 w,
2854 w, 22 19w, 1593s, 15 86s, 1495w, 14 51 w, 1426m, 1376w, 13 5 1w, 1262m, 1222m,
l 152s, 1048m, 1022w. IH-NMR (5 00 MH z, C DCI3): 5.06 (s , 8 H, OC H2 Ph); 5.84 (s, 2 H,
O H); 6.68 (t, J = 2 . 1, 2 H, ArH) ; 6.85 (d, J = 2. 1, 4 H, ArH ); 7. 20 (d, J
H-C(8 ' )); 7.28-7.47 (m, 24 H, ArH , PhH); 7.88 (d, J
2 H, H-C(4), H-C(4 ' )).

13C-NMR

= 7.5, 2

=

7.8, 2 H, H-C(8),

H, H-C(5), H-C(5 ' )); 8.2 1 (s ,

( 100 MH z, C DC l3): 70.38; 83.82 ; 96.33; 104.30;

110.90; 112.34; 113.70 ; 124.04; 124.66; 127.76; 127. 54; 128 .25 ; 128.36; 128.5 1; 128.9 1;
129.01 ; 133 .70 ; 134. 10; 136.84; 15 1.14; 160. 15. FA B-M S: 9 11 ( 100, M+). HR-FA B- MS:
9 11 .3298 (M+, C64 H460 6; ca lc. 9 11 .3294).

Tetrabuty /ammonium (+)-(S)-3,3 '- Bis{[3,5-(dib enzy loxy)benzy loxyj pheny /}ethy ny /j - l , I ·binaphthalene-2,2 '-diy lphosphale ((+ )-(S)-l-G- 118)

0

9

1: 0,,-Q

To a soln. of J-(S)-G-146 (45 g, 0 .05 11111101) in dry C H2C l2 ( 10 ml) was added at r. t. under
N2 POC l3 (0.2

M

soln . in C H2C l2, 0 .55 ml , 0.11 11111101) and Et3N ( 135 mg, 195 µI , 1.4

mmo l), and the soln . was stirred for 3 h at r.t. The sol vent was evaporated in va c 110 and
THF/ H20 1: 1 (10 ml) added . After stirring the mi xture for 12 h at 30°, CH2C i2 (20 ml )
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and H20 (30 ml) were added, the sepa rated org. phase was washed w ith H 20 (2 x 20 ml) ,
dried (Na2S04), and concentrated. CC (CH 2C l2/Et3N 99: 1) fo ll owed by ion-exchangechromatography (Dowex 50WX8, Bu 4 N+, CH 2Cl 2/ MeC N 1: 1) afforded the desired
product 1-G-(S)-118 (43 mg, 7 1%). Ye ll ow foam.
M.p. 87°. [ a]';

= + 194.6

(c

= 0 .5,

CHC l3). IR (neat): 3060w, 3025w, 2955111, 22 l 7w,

1587s, 1492w, 1431m , 1374m, 1292 m, 1253w, l 157s, 1 IOlm, 1053111.
MHz, CDCl 3): 0.73 (t, J

=

IH -NMR (500

7.3, 12 H, CH 3CH 2); 1.11-1 . 14 (m, 8 H, CH 2CH 2); 1.23-1.28

(m, 8 H, CH 2CH 2); 2.89 (t, .J = 9.05, 8 H, NCH 2); 5.03 (s, 8 H, OCH 2 Ph); 6.59 (t , J = 2.4,

2 H, H-C(&), H-C(8 ')); 6.94 (d, J

= 2.4, 4

H, ArH); 7.17-7.23 (m, 2 H, ArH); 7.29-7.43 (111 ,

24 H, ArH , PhH); 7.81 (d, J = 8.2, 2 H, H-C(5), H-C(5 ' )); 8.13 (s, 2 H, H-C(4), H-C(4 ' )).
13C-NMR (125 MH z, C D3CN): 13.56; 19.46; 23 .64; 58. 16; 70. 16; 86.85; 92.99; 103.02;
110.98; 117.72; 122.67; 122.68; 124.75; 125.52; 126.33; 126.79; 127.57; 127.88; 127.93;
128.50; 130.05; 132.51 ; 133.6 1; 136.7 1; 159.56.

J IP-NMR ( 12 1 MH z, CDC l3): 4.71.

FAB-MS: 1457 (49, M+2 NBu 4]+); 1215 (2 1, [MH +N Bu 4]+); 973 (6, MH 2+); 243 ( 100,
[NBu 4]). HR-FAB-MS: 972.2848 (MW, C6 4 H45 0gP; calc. 972.2852).

(+) -(S)-3,3 '-Bis({3,5-bis[3,5-(dibenzyloxy)benzyloxy]p'1eny l}et'1ynyl)-2,2 'bis(methoxymethoxy)-1, l '-binaphthalene ((+)-(S)-2-G-145)
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To a degassed so ln. of(S)-97 (0.2 g, 0.47 mmol) in abs. THF ( 12 ml) and dry DIPA (6 ml)
[Pd(PPh 3)2C12] ( 16.6 mg, 5 11101%), Cul (4.5 mg, 5 11101%), and 2-G-130 (0.80 g, 0.95
11111101) were added, and the 111ixture was warmed to 40° for 12 h.

The react ion was

quenched with sat. aq. NaC I so ln. (60 ml ) and CH2Cl2 (70 1111) added. The phases were
separated, a nd the aq. phase was extracted with CH 2Cl2 (2 x 60 ml). The co111bined org.
phases were dried (Na 2S04 ), filtered throug h Si0 2 and Celile, and concentrated.

The

separation of 2-G-(S)- 145 (0.62 g, 71%) fro111 so111e ho1110-coupled binaphtha lene
o li go mers was achieved by GPC (B iobeads SX-1). Highly viscous oi l.

[ a]',; = +96.7 (c = 0.5 , CHC l3). 1R (KBr): 303 1w, 2869w, 2214111, l 593s, l 506s, l 449m,
l 152s, 1053m, 736m, 696m. IH-NMR (400 MHz, CDCl3): 2.48 (s, 6 H, OC H3); 4.92 (d,

AB, J

= 6.2 , 2 H, OCH 20); 4.96 (s, 8 H, OC H2Ar); 5.0 1 (s,

16 H, OCH 2Ph); 5.16 (d, AB, J

= 6.2, 2 H, OCH 20); 6.55 (t, J = 2.3, 4 H, ArH); 6.58 (t, J = 2.3, 2 H, ArH); 6.66 (d, J =

2.3, 8 H, ArH); 6.78 (d, J

= 2.3 , 4

H, ArH ); 7.2 1-7.42 (m, 46 H, PhH , ArH); 7.83-7.85 (111,

2 H, H-C(5), H-C(5')); 8.2 1 (s, 2 H, H-C(4), H-C(4 ' )).

13C-NMR (IOO MHz, CDCl 3):

56.07; 70. 12 (2 x); 86.25; 93.65; 98.9 1; 101.65; 103.54; 106.32; 110.60; 117.11 ; 124.49;
124.58 ; 125.55; 125 .86; 126.56; 127.27 ; 127.54; 127.99; 128.57; 130.3 1; 133.81; 134.3 1;
136.74; 139.00; 153.07; 159.65; 160. 19. MALDl-TOF-MS (HABA): 187 1 ([M +Na] +).
Ana l. calc. for C 124 H 1020 16·2 H20 ( 1884.2): C 79.05 , H 5.67 ; fo und: C 79.13, H 5.82.

18 1
{+)-(S)-3.3 '-Bis({3.5-bis[3. 5-(dibenzyloxy)benzyloxy] phe11y l}ethy ny l)- l , I '-binaphthalene2.2 '-diol ((+)-(S)-2-G-147)

To a so ln . of 2-G-(S)- 145 (0.60 g, 0.33 mmol ) .in THF/ MeOH 1: 1 (260 ml ) was added
conc. HCI (37%, 350 µJ ). The so ln . was stirred under N 2 at r.t. for 12 h and th en quenched
with H20 (200 ml ). The aq. phase was ex tracted with C H2C l2 (2 x 200 ml ), the co mbined
org. phases dried (Na 2S04 ) and co ncentrated. The crude product 2-G-(S)- 147 (0. 58 g,
100%) was used in the nex t reacti o n step without furth er purificati on.
1H-N MR

(200 MH z, CDC l3): 5.00 (s, 8 H, OCH2A r); 5.05 (s , 16 H, OC H2Ph ); 5. 19 (s, 2

H, O H); 6.6 1 (t , J

= 2.0, 4

H, ArH ); 6.66 (t, J

= 2.0, 2 H, ArH ); 6.7 1 (d, J = 2.0, 8 H, ArH );

6.85 (d, J = 2.0, 4 H, ArH ); 7.20-7.46 (m , 46 H, PhH , ArH ); 7.83-7.87 (m, 2 H, H-C(S), HC(5 ')); 8.2 1 (s, 2 H, H-C(4), H-C(4' )).

182
Tetrabutylammoni um ( +)-{S)-3,3 '-8 is ({3, 5-bis [3,5-(di benzyloxy)benzyloxyj phenyl) ethy ny l)-

1. I '-binaphtha /ene-2,2 '-diy lphosphate ((+)-(5)-2-G-74)
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To a so ln. of 2-G-(S)- 147 (0.59 g, 0.33 mmol ) in dry CH2C l2 (66 ml) at r.t. under N2 was
added POCl3 (0. 16 M soln. in CH2Ct2, 6.6 ml, 0.72 mmol) and Et3N (0.94 g, 1.3 ml, 9.33
mmol), and the soln. was stirred for 3 h at r.t. The so lvent was evaporated in vacuo, and
TH F/ H20 1: 1 (70 ml ) was added.

After stirring the reacti on mixture for 12 h at 40°,

CH2Cl2 (200 ml) and H20 (200 ml) were added, the separated org. phase was washed with
H20 (2 x 100 ml ), dried (Na 2S04), and conce nt rated.
Et3N)

fo llowed

by

ion-exchange-c hromatography

CC (C H2Cl2, contain ing 1.5%
(Dowex

50WX8,

Bu 4N+,

C H2Cl2/MeCN 1: 1) affo rded the desired product 2-G-(5)-74 (0.37 g, 54% from (5)-2-G145). Yellow foa m.

M.p. 68° (<Ze rs). [ a] ~~· = + 101.8 (c = 0.5, C HCl3).

IR (KBr): 3022w, 2867w, 2200w,

1594s, 1506s, 1450111, 1242m, l 156s, 106 1m, 969m, 828111. 'H-NMR (300 MHz, C DCl3):
0.76-0.80 (111 , 12 H, C H2C H3); 1.1 3- 1. 34 (m, 16 H, CH2CH2); 2.94 (m , 8 H, NCH 2); 4.99
(s, 8 H, OCH 2Ar); 5.03 (s, 16 H, OC H2Ph); 6.55-6.58 (m, 6 H, ArH); 6.69 (d, J = 2.1 , 8 H,

ArH ); 6.92 (d, J

= 2. 1, 4

H, ArH); 7. 19-7.43 (m, 46 H, PhH , ArH); 7.8 1-7.84 (m, 2 H, H-

C(5), H-C(5 ' )); 8. 16 (s , 2 H, H-C(4), H- C(4 ' )). 13C-NMR (75 MH z, CD3CN): 13.88;
20.40; 24.38; 59.44; 59.39; 70.78 ; 70.94; 88.25; 9 1.59; 102.86; 104.84; 107.78; 111.8 1;
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11 8.60; 126.38; 127.66; 128. 15; 129.04; 129. 18; 129.57; 129.78; 13 1. 30; 133 .7 1; 134.55 ;
138.58; 141.03; 161.01; 16 1.43. 31 P-NMR ( 12 1 MHz, CDCl3): 4.82. MALD l-TO F-M S
(HABA): 182 1 (M+, C 120 H92 0 16 P requires 182 1.0). Anal. calc. fo r C 136 H 128 0 16 NP·2
H20 (2099.5): C 77.80, H 6.34, N 0.67; found: C 77.74, H 6.60, N 0.92.

(+)-(S)-3,3 '-Bis [ (3, 5-bis {3 ,5-bisf3, 5-(dibenzyloxy) benzyloxy] benzy loxy/phenyOethy nyl]2, 2 '-bis(methoxy methoxy)-1,1 '-binaphthalene (( +)-(S)-3-G- 148)

A soln . of (S)-97 (67 mg, 0.1 6 mm ol) in abs. TH F ( 1 ml) and dry DIPA (2 ml) was slow ly
added (30 min ) to a degassed so ln. of 3-G-131 (560 mg, 0.33 mm ol), [Pd(dppf)Cl2] (4.9
mg, 4 mol%), and Cul ( 1.2 mg, 4 mol %) in dry THF (2.5 ml) and dry DIPA (4 ml ) at 40°.
The mixture was stirred at 40° for 2 h. The reaction was the n quenched wi th sat. aq. NaC I
so ln. (20 ml) a nd C H2Cl2 (40 ml) added. T he ph ases were separated, and the aq. ph ase
was extracted with C H2Cl2 (2 x 40 ml). The co mbined org. phases were dri ed (Na2S04),
tiltered thro ugh Si0 2 and Celite, and concentrated. The sepa ration of 3-G-(S)-148 (320
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mg, 57%) from some homo-coupl ed binaphthalene oli gomers was ac hi eved by GPC
(Biobeads SX-1 ). Hi ghl y viscous oil.
[ a]',;

=

+25.8 (c

=

0.5, C HCl3). IR (KBr): 3060 w, 3024w, 2933 m, 2869111, 1596s, 1492w,

1446m, 1369m, 1346w, 13 19w, 1292w, 1269w, 1246w, 12 14w, l 156s, 1050s, 978m. 'HNMR (300 MH z, CDCl3): 2.55 (s , 6 H, OCH3); 4.95-4.99 (m, 26 H, OCH 2A r, OCH 20);
5.03 (s , 32 H, OCH 2Ph); 5.2 1 (d, AB, J

=

6.3, 2 H, OCH 20); 6.55-6.62 (m, 20 H, ArH );

6.67 (/, J = 2. 1, 2 H, ArH ); 6.7 1 (d, J = 2.4, 16 H, ArH ); 6.86 (d, J = 2. 1, 4 H, ArH); 7.277.47 (m, 86 H, PhH , ArH) ; 7.64 (d, J

= 8.4, 2

H, H-C(5), H-C(5')); 8.25 (s, 2 H, H-C(4),

H-C(4' )). 13C-NMR (75 MH z, CDCl3): 56.24; 70.18; 70.26; 86.57; 93.90; 99. 14; 101.89;
103.74; 106.65; 11 0.87; 11 7.37; 124.9 1; 125.85; 126. 14; 126.86; 127.58; 127.84; 128.07;
128.26; 128.44 ; 128.59; 128.65; 128.86; 130.59; 134.1 2; 134 .69; 137. 10; 139.3 1; 139.52;
153.40; 160.07; 160.46; 160.52 . MALDl-TOF-MS (HA BA): 3569 ([M + Na] +), 3586 ([M
+ K] +). Anal. ca lc. for C236 H 1980 32 ·2 H20 (3582.2 1): C 79. 13, H 5.68 ; fo und: C 79 .07, H
6. 12.

185

(+)-(S)-3.3 '-Bis[(3.5-bis {3.5-bis[3.5-(dibenzy loxy)be11zyloxy)benzyloxy]phenyl}ethynyljl. l '-binaphthalene-2. 2 '-diol ((+)-(S)-3-G-149)

To a so ln. of 3-G-(S)- 148 (300 mg, 0.09 mmo l) in T HF (40 ml ) was added conc. HC I
(37%, 75 µI ) in MeO H (30 ml ). T he so ln . was st irred un der N2 at r.t. for 24 h, and the n
que nched with H 20 (80 ml). The aq. phase was ex tracted with CH2Cl2 (2 x 80 ml), the
combined org. phases dried (Na 2S04 ) and conce ntrated. T he em de product was puri fied
by CC (C H2C l2/Et3N 98:2) to afford 3-G-(S)-149 (264 mg, 85%).

[ a] ~

= +20. 1 (c = 0.5 ,

C HCl3).

IR (neat): 3500br.m, 3062w, 3034w, 2922w, 2866w,

1596s, 1497111, 145 1s, 1374111, 1343w, 1325w, 1292111, 1264m, l 157s, 1054s. l H-NM R (300
MHz, CDC13): 4 .96 (s, 24 H, OC H 2Ar); 5.0 1 (s, 32 H, OC H2 Ph); 5.84 (s , 2 H, O H); 6.546.58 (m , 14 H, ArH); 6.66 (d, J

= 2. 1, 8 H, ArH );

6.68 (d, J

= 2.4,

16 H, ArH ); 6.83 (d, J

=

2.1 , 4 H, ArH ); 7. 19 (d,J = 8.4, 2 H, H-C(8), H-C(8')); 7.27-7.45 (m , 84 H, PhH , ArH);
7.83 (d, J = 7.5, 2 H, H-C(S), H-C(S')); 8. 18 (s , 2 H, H-C(4), H-C(4')). 13C-N MR (75
MHz, CDCl3): 70. 17; 70.25 (2 x ); 84.05; 96.23; 10 1. 89; 10 1.93; 104. 14; 106.62 ; 11 0.95 ;

186
11 2.36; 11 3.67; 124. 12; 124.65; 124.95; 127.83; 128.25; 128.42; 128.52; 128.57; 128 .85;
129.06; 133.83; 134.05; 137.03; 139.23; 139.49; 15 1.22; 160.05; 160.42; 160.49. MALDlTOF-MS ( HABA): 3482 ([M + Na] +).

Tetrabwy /ammonium (+)-(S)-3.3 '-Bis [(3,5-bis {3,5-bis[3.5-(dibenzyloxy)benzyloxy]benzy /oxy}-phenyl)ethy11yl}- I , / '-binaphthalene-2,2 '-diy/ph osphate ((+)-(S)-3-G- 119)
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To a so ln. of 3-G-(S)- 149 (250 mg, 0.07 mmol ) in dry C H 2Cl 2 ( 15 ml) was added at r.t.
unde r N2 POCl3 (0.2 M so ln . in CH2Cl2, 0.8 ml , 0. 16 mmol) and Et3N (203 mg, 280 µI ,

2.02 mmol), and the so ln. was stirred for 3 h at r.t. T he so lve nt was evaporated in vacuo
and THF/H 20 1: 1 (16 ml) added.

Afte r stirring the reaction mixture fo r 12 hat 30°,

C H2C l2 (20 ml) and H20 (20 ml ) were added , the separated o rg. phase was washed with
H20 (2 x 30 ml), dried (Na2S04), and co nce ntrated. CC (C H2C l2/ Et 3N 98:2) fo ll owed by
ion-exc hange-c hrom atography (Dowex 50WX8, Bu 4 N+, C H 2C l2/MeCN 1: 1) afforded the
desired product 3-G-(S)-119 ( 145 mg, 52%). Hi ghl y viscous oil.

187

[ a]';;

= +63. 7 (c = 0.5, C HCI3).

IR (neat): 3059111, 3033w, l 595s, 1493111, 1450m, l 373m,

1343w, l 32 l w, 129 1111, 1205w, l 156s, 1098w, 1050111, 972111.

IH-NMR (300 MH z,

CDCl3): 0. 77 (t, J = 6.9, 12 H, C H3); 1.1 O- l.2 1 (m, 8 H, CH2C H3); l.23- l.38 (m, 8 H,
CH2C H2); 2.88-2.98 (m, 8 H, C H2N); 4.96 (s, 16 H, OCH2Ar); 4.97 (s, 8 H, OCH 2A r);

= 2. 1, 2 H, ArH ); 6.69 (d, J =
7. 18-7.40 (111 , 2 H, 86 H); 7 .8 1 (d, J = 8.1 , 2

5.00 (s, 32 H, OCH2Ph); 6.53-6.57 (m , 14 H, ArH); 6.60 (t, J
1.8, 16 H, ArH ); 6.83 (d, J

= 2.1 , 4

H, ArH);

H, H-C(5), H-C(5')); 8. 15 (s, 2 H, H-C(4), H- C(4')).

IJC- NMR ( 125 MH z, C DCl3):

13.64; 19 .57; 23.76; 58 .39;. 70.01 ; 70. 10; 87.26; 92.90; 103.05; 106.42; 110.99; 117.62;
122.78 ; 124 .69; 125.3 1; 125.72; 126.33; 126.9 1; 127.55; 127:7 1; 127.98 ; 128.24; 128.40;
128.57 ; 129.05; 130.14; 132.68; 133.76; 136.79; 139.24; 159.5 1; 160.06; 160. 16. J lp _
NMR (202 MH z, C DCl3): 4.85.

MAL Dl-TOF-MS (HABA): 3540 (MW); 3562 ([M +

Na] +). Ana l. calc. for C 248 H224ü 3r2 H20 (3797.54) : C 78.44, H 6.05; N 0.37 found.: C
78. 13, H 6. 16, N 0.52.

6.5.8 Dendriti c 1-G Receptor witho.ut Acety lene Spacer
(+)-(S)-3,3 '- Bis[3, 5-(dibenzy/oxy)phenyl]-2.2 '-bis(methoxymethoxy)- 1, l '-binaphthalene
((+)-(S)-l-G-153)

To a degassed so ln. of (S)-95 (290 mg, 0.46 mmol), t-G-152 (400 mg, 0.96 mmol), and
Na2C0 3 (195 mg, 1.84 mmol) in H20 (6.5 ml ) and DME ( 14 ml), [Pd( PPh 3)2Cl2] (45 mg,
8 mol%) was added, and the mi xture was warmed to 85° for 3 h. The reaction was th en
quenched with sat. aq. NaC I so ln. (20 ml) and C H2Cl2 (30 ml) added. The ph ases we re
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separated, and the aq. phase was extracted with CH 2 Cl2 (30 ml).

The combined org.

phases were dried (Na 2S04) a nd concentrated. T he separatio n of l-G -(S)- 153 (350 mg,
80%) was ach ieved by CC (hexane/AcOEt 5: 1, conta ining 0.5% Et3N). White foam.
M.p. 7 1°. [ a]',;

=

+24.5 (c

=

0.5, C HCl3).

IR (neat): 3059m, 3023m, 2924m, 2825w,

1593s, 1493m, 1452111, 141 6m, 137 1m, 1344m, 1267111, 123 1w, l 120w, l 155s, 1082m,
1057m, 1028m, 970m, 9 16m. 1 H-NMR (500 MH z, C DC l3): 2.33 (s, 6 H, OCH3); 4.37 (d,
AB, J

= 5.9, 2 H, OCH 20); 4.39 (d, AB, J = 5.9, 2 H, OC H20); 5. 11 (s, 8 H, OCH 2 Ph);
= 2.3, 2 H, ArH ); 7.02 (d, J = 2.3, 4 H, ArH); 7.28-7.47 (m, 26 H, ArH); 7.87 (d,

6.67 (1, J

J = 8. 1, 2 H, H-C(5), H-C(5')); 7.93 (s , 2 H, H-C(4), H-C(4')).

IJC-NMR (75 MHz,

CDC l3): 55.77; 70.22; 98.4 1; 10 1.28; 109.07; 125. 12; 126.30; 126.47; 126.54 ; 127.62;
127.83; 127.96; 128.57; 130.4 1; 130.69; 133.64; 135.03 ; 136.94; 14 1.09; 151.29; 159.78.
FAB-MS: 95 1 (4, M +); 887 ( IOO). Ana l. ca lc. for C 64 H54 0 8 · l. 5 H2 0 (978. 16) : C 78 .59,
H 5.87; fo und: C 78.88, H 6.03 .

(+)-(S)-3,3 '-Bis[3,5-(dibenzyloxy)phenylj- I, I '-binaphtha/ene-2,2 '-dio/ ((+)-(S)-1-G-I 54)

To a so ln. of 1-G-(S)- 153 (350 mg, 0.37 mmol) in THF ( 100 ml) was added a soln. of
conc. HCI (37%, 350 µI) in MeOH ( 100 ml ). The soln. was stirred for 20 h under N 2 at r.t.,
a nd the reaction was then quenched with H20 ( 100 ml), aller which C H2C l2 ( 150 ml) was
added. The aq. ph ase was extracted with C H2Cl2 ( 100 ml ), the co mbined org. phases dried
(Na 2 S04 ) and co ncentrated. The emde prod uct was purified from some mono-deprotected
material by CC (hexane/ AcOEt 5: 1, contai ning 0.5% Et3N) to afford l-G-(S)- 154 ( 180 mg,
57%).
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1H-NMR (200 MHz, CDC l ): 5.11 (s , 8 H, OCH Ph); 5.44 (s , 2 H, OH); 6.70 (t , J
2
3
H, ArH); 7.00 (d, J

=

2.4, 4 H, ArH); 7.25-7.49 (m, 26 H, ArH); 7.92 (d, J

=

=

2.4, 2

8.0, 2 H, H-

C(5), H-C(5')); 8.02 (s , 2 H, H-C(4), H-C(4')).

Tetrabutylammonium (+)-(S)-3,3 '-Bis[3.5-(dibenzyloxy)benzy loxy]phe11y l}-l . l 'binaphthalene-2,2 '-diylphosphate (( +)-(S)- l-G-120)

To a so ln . of l-G-(S)- 154 (85 mg, 0.10 mmol) in dry C H2C l2 (20 ml ) was added at r.t.
under N2 POCl3 (0.2

M

soln. in C H2C l2, 2.2 ml , 0.22 mmol) and Et3N (0.28 g, 0.39 ml , 2.8

mmol), and the so ln . was stirred for 4 h at r.t. The so lve nt was evaporated in vacuo and
THF/ H20 1: 1 (20 ml) added. After stirrin g th e reaction mi xture for 12 h at 30°, C H2Cl 2
(30 ml) and H20 (20 ml ) were added, the separated org. phase was washed with H20 (30
ml), dried (Na 2S0 4), and concentratcd. Pure product was obtained by CC (CH 2Cl 2/ Et3N
98/3). After ion-exc hange-chromatography (Dowex 50WX8, Bu4N+, C H 2Cl 2/MeCN 1: 1),
(S)-1-G-120 (110 mg, 93%) was obtained analyt ica lly pure.
M.p. 112°. [ a]',;

= + 80.7 (c = 0.5, C HC l3).

1H-NMR (500 MH z, CDC l ): 0.71 (t , J
3

= 7.3,

12 H, C H3); 1.03-1 .05 (m , 8 H, C H2C H3); 1.11- 1.1 8 (m , 8 H, C HzC H2); 2.69-2 .73 (m , 8
H, NCH2); 5.13 (d, AB, J
6.64 (t, J

=

= 11.7,

2 H, OCH2Ph); 5.18 (d, AB, J

=

11.7 , 2 H, OCH 2Ph);

2.2, 2 H, ArH); 7.15-7. 18 (111, 4 H, ArH); 7.34-7.37 (m , 14 H, ArH, PhH); 7.46-

7.48 (m , 12 H, ArH, PhH); 7.86 (d, J= 8.2, 2 H, H-C(5), H-C(S')) ; 7.93 (s, 2 H, H-C(4), HC(4 ' )). 13C-NMR (125 MHz, C DCl3): 13.53; 19.40; 23.61; 58.08; 70.18; 101.48; 109.78;
123.48; 124.37; 125.45; 126 .97; 127.67; 127.73; 128.06; 128.37; 130.22; 130.5 1; 132.64;
135.07 ; 137.43 ; 141.00; 147.98 (d, J(31p,13q = 9.4); 159.3 1.
CDC l3): 4.86.

31P-NM R ( 12 1 MHz,

FAB-MS: 1408 ( 10, [MH +2 Nßu 4]'' ) 1166 (11 , [MH +Nßu 4]+); 925
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(23, MW); 242 (100, [NBu 4 ]+). Anal. calc. for C 76 H80 0 8N P·2 H20 ( 1202.49): C 75.91,
H 7.04, N 1.16; found: C 75.98, H 7.22, N 1. 23.

6.5.9 Dendritic 1-G Receptor with Pol yether Capping Groups
(+) -(S)-3, 3 '-bis[J, 5-bis(J, 5-bis {2 -[2-(2-meihoxyethoxy)elhoxyj ethoxy} benzyloxy)phe11ylj e1hy ny l-2, 2 ·-bis(m ethoxy m ethoxy)- 1, l '-binaphthalene ((+)-(S)-l-G-155)
0-
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A degassed soln. of (S)-97 (50 mg, 0.12 mmol) in abs. THF (2 ml ) was added to a degassed
soln . of [Pd(dpp t)C l2] (8. 5 mg, 5 11101% ), Cul ( 1.1 mg, 5 mol%), and l-G-140 (0.30 g, 0.37
mmol) in dry DIPA (2.5 ml) and THF (3 .5 ml ), and the mi xture was wanned to 40° for 12
h. The reaction was then quenched with sat. aq. NaCI soln . (20 ml) and CH 2Cl2 (30 ml)
added. The phases were separated, a nd the aq. phase was extracted with C H2Cl2 (2 x 30
ml). The combined org. phases were dried (Na 2S0 4) , filtered through Si0 2 and Celile, and
concentrated.

The separation of 1-G-(S)- 155 (0. 18 g, 65%) from some homo-coupled

binaphthale ne oligomers was achieved by GPC (Biobeads SX-1 ). Hi ghl y viscous o il.
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[ a) ~; = +64.4 (c = 1.0, CHCl3). IR (KBr): 2920m, 2869s, 28 l 7w, l 596s, 1449m, l 350m,

1321w, 1296w, 1240m, l 171s, l 147s, l 107s, 1068111, 978111, 844111. 'H-NMR (500 MHz,
CDCl3): 3.36 (s, 24 H); 3.52-3.54 (111, 16 H); 3.63-3.68 (m , 32 H); 3.7 1-3.73 (m, 16 H);
3.83 (t , J

= 4.8,

16 H); 4.11 (t, J

OCHzPh); 5.17 (d. AB, J
ArH); 6.59 (t, J

= 6.2,

= 2.3, 2 H, ArH);

= 4.8,

16 H); 4.94 (d, AB, J

2 H); 6.45 (t, J

= 2.2,

= 2.3, 4

6.72 (d, J

= 6.2,

H, ArH); 7.22 (1, J

H-C(8 ')); 7.28-7.32 (m, 2 H ArH); 7.4 1-7.44 (m, 2 H, ArH); (d, J
13C-NMR

C(5')); 8.23 (s, 2 H, H-C(4); H-C(4')).

2 H); 4.95 (s, 8 H,

4 H, ArH); 6.58 (d, J

=

= 2.2, 8

= 7.9, 2 H,

H,

H-C(8),

8.2, 2 H, H-C(5), H-

( 125 MHz, CDCl3): 56.05; 58.98; 67.47;

69 .62; 70.03; 70.52; 70.6 1; 70.77; 71.89; 86.21; 93.59; 98.85; 101.1 7; 103.41 ; 106.03;
110.48; 11 7.08; 124.52; 125 .5 1; 125.80; 126.5 1; 127.23; 127 .54; 130.27; 133.77; 134.33;
138 .79; 152 .98; 159.65; 160.09.
CH 20Me] +).

MALDl-TOF-MS (2,5-DHB): 2321 (M+), 2277 ([M -

Anal. calc. for C 124 H 166 0 40 ·H20 (23 14.64): C 64.2 1, H 7.32; found: C

64.2 1, H 7.45.

(+)-(S)-3. 3 '-bis[3. 5-bis (3. 5-bis {2-[2-(2-methoxyethox;~ethoxyj ethoxy} benzyloxy)phenyl} ethynyl-2 ,2'-dihydroxy-1, 1 '-binaphthalene ((+)-(S)- 1-G-156)
0-
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To a soln. of t-G-(S)-155 (150 mg, 0.065 mmol) in THF/ MeO H 1: 1 (40 ml) was added
conc. HCI (37%, 60 µI). The so ln . was stirred under N2 at r.t. for 12 h and then quenched
with H20 (60 ml). The aq. phase was extracted with CH 2Cl 2 (2 x 80 ml), the combined
org. phases dried (Na 2S0 4) and concentrated. The crude product 1-G-(S)-156 (145 mg,
100%) was used in the next reacti on step without further purification.
1H-NMR (300 MHz, CDCl 3): 3.35 (s, 24 H, OCH 3); 3.52-3.56 (m, 16 H, OCH2); 3.62-

3.69 (m, 32 H, OCH2); 3.71-3 .73 (m, 16 H, OCH2); 3.81 (1, J

J

= 4.8,

= 4.8,

16 H, OCH2); 4.10 (t,

16 H, OCH 2); 4.96 (s, 8 H, OCH 2Ph); 6.01 (s, 2 H, OH); 6.44 (t, J

=

1.8, 4 H,

ArH); 6.58 (d, J = 1.8, 8 H, ArH); 6.61 (1, J = 2. 1, 2 H, ArH); 6.80 (d, J = 2.1 , 4 H, ArH);
7.17 (d, J

=

8 .1 , 2 H, H-C(8), H-C(8')); 7.26-7.39 (m, 4 H, ArH); 7.86 (d, J

=

8. 1, 2 H, H-

C(5), H-C(5')); 8.20 (s, 2 H, H-C(4), H-C(4')).

Tetrabwylammonium (+) -(S)-3,3 '-bis{3 '-[3,5-bis(3.5-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy)benzyloxy)pheny/}ethynyl-l. I '-binaphthalene-2.2 '-diy lphosphate} ((+)-(S)-l-G-121)
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To a soln. of l-G-(S)-156 (145 mg, 0.065 mmol) in dry CH2Cl2 (12 ml) was added at r.t .
under N2 POCl3 (0.2 M so ln. in CH2Cl2, 0.7 ml, 0. 14 mmol) and Et 3 N (0.18 g, 0.26 ml ,
1.85 mmol), and the so ln. was stirred for 3 h at r.t. The solvent was evaporated in vacuo,
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and THF/H20 1: 1 (20 ml) was added. After sti rrin g the reaction mixture for 12 h at 40°,
CH2Cl2 (50 ml) and H 20 (50 ml) were added, the separated org. phase was washed wit h
Hp (2 x 50 ml), dried (Na2S04), and conce ntrated. CC (C H2C l2/AcOEt/Et3N 50/47/3)
fo ll owed by ion-exchange-chromatography (Dowex 50WX8, Bu4N+, CH2Cl/ MeCN 1: 1)
afforded the desired product 1-G-(S)-74 (IOO mg, 6 1%). Yellow foam.

[a]'j;

=

+ 169.2 (c

=

1.0, CDC I3). IR (KBr): 3070w, 2932s, 2874s, 2220w, 1597s, 1448s,

135 lm, 1324w, 1297m, 125 1111, l 168s, l 139s, l 109s, 1060m, 953w, 847m. 'H-NMR (500
MHz, CDC I3): 1.1 7- 1.25 (m, 12 H, CH2C H3); 1.34- 1.39 (111, 8 H, C H2C H2); 1.92-2.16 (m,
8 H, CH 2CH2); 3.00-3.34 (m , 8 H, NCH2); 3.36 (s, 24 H, OCH3); 3.52-3.54 (m, 16 H,
OCH 2); 3.62-3.67 (m, 32 H, OC H2); 3.70-3.72 (m, 16 H, OC H2); 3.82 (1, J = 4 .8, 16 H,
OCH 2); 4. 10 (1, J = 4.8, 16 H, OCH 2); 4.95 (s , 8 H, OCH 2Ph); 6.44 (1, J = 2.2, 4 H, ArH);
6.56 (t, J

= 2.3,

2 H, ArH); 6.58 (d, J

= 2.2,

8 H, Ar H); 6.89 (d, J

= 2.3, 4

H, ArH); 7. 17-

7.24 (m, 4 H, ArH); 7.35 (m , 2 H, ArH ); 7.82 (c/, J = 8.4, 2 H, H-C(5), H-C(S')); 8. 16 (s, 2
H, H-C(4), H-C(4')).

IJC-NM R ( 125 MHz, C DCl3): 13.60; 19.56; 23 .78; 58.47; 58.97;

67.49; 69.62; 70.02; 70.5 1; 70.60; 70.74; 7 1. 89; 87.13; 92 .73; 101.20; 102.99; 106.06;
11 0.9 1; 117.61; 122.74; 124.65; 125.64; 126.28; 126.86; 127.86; 130.09; 132.64; 133.78;
138.96; 149.82 (c/,J(3 1p,13C)

=

9.4); 159.47; 160.05. J IP-NMR (121 MHz, C DC l3): 4.79.

MALDI-TOF-MS (HABA): 2294 ([MH 2 + Na]+), 23 16 ([MH + 2 Na]+).

6.5. IO Synthesis ofNon-Dendritic, Dimeric Reference Receptors
(+)-(S.S)-3,3 '- (Bula- 1,3-diynediyl)bis(3 '-ethynyl-2.2 '-dihydroxy- 1. / '-binaphlhalene) ((+ )(S,S)- 161 )

H

H
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To a so ln. of (S.S)-103 (80 mg, 0.11 mmol) in THF (100 ml) was added a soln. of conc.
HCI (37%, 300µ1) in MeOH (100 ml). The soln. was stirred for 10 h under N2 at r.t. After
hydrolysis with H20 (200 ml), CH 2CI2 ( 160 ml) was added, the aq. phase extracted with
CH 2CI2 (2 x 120 ml), th e combined org. phases dried over Na2S04 and evaporated in
vacuo. The product (S,S)- 161 (74 mg, 98%) was obtained and used in the next reaction
step without further purification. Highly viscous oil.
1H-NMR (300 MHz, CDCI3): 5.63 (s, 2 H, OH); 5.79 (s, 2 H, OH); 7.08-7. 14 (m, 4 H);;

7.26-7.40 (m , 8 H); 7.83-7.86 (m, 4 H, H-C( 5), H-C(5')); 8. 19 (s, 2 H, H-C(4)); 8.23 (s, 2

H, H-C(4')).
Bis(te1rab111ylammo11i11m) (+)-(S,S)-3,3 '-(Buta-l,3-diy nediyl)bis(3 '-e1hy ny l-/ , / 'binaph1halene-2,2 '-diylphosphate) ((+)-(S,S)-159)

H

H

To a so ln . of (S,S)-161 (70 mg, 0. 10 mmol) in dry CH 2Cl2 (30 ml) were added at r.t. under
N2 POCI3 (0.2 M soln. in CH 2Cli. 2.2 ml, 0.44 mmol) and Et3N (0.60 g, 0.82 ml, 6.0
mmol), and the so ln. was sti rred for 3 h at r.t. The so lvent was removed under reduced
pressure, THF (10 ml) and H2 0 (10 ml) were added, and the mixture stirred for 12 hat
30°. THF was removed in vacuo, C H2Cl2 (25 ml) and H20 (20 ml) were added, and the
phases separated. The org. phase was washed with H20 (3 x 20 ml), dried over Na 2S04,
and evaporated in vacuo . The purification of the crude product was ach ieved by CC
(CH 2C I2/ Et 3N 97:3 ~ 95:5) followed by dissolving the product in CH 2CI 2 ( 15 ml) and
washing with H20 (10 ml). After ion-exchange-c hromatography (Dowex 50WX8, Bu 4 N+,
C H2Cl2/ MeCN 1: 1), the product (S,S)-159 (68 mg, 53%) was obtained as ye llow foam.
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M.p. > 400°.

[aJ'i; = +247 .3

(c

= 0.5.

C HC J3). IR (Kßr): 3422s, 296 1m, 2922w, 2867w,

1617w, 1483w, 1451w, 1417rn, 1306rn, 1283rn, 1250w, 1200w, l 150w, 111 ls, 1097s,
1017 w, 961w, 906w, 8 1 l w.

IH-NMR (500 MHz, C DC l3) : 0.78 (t, J

=

7.3, 24 H,

CH2C H3); 1.1 6-1.25 (rn, 16 H, CH2CH2); 1.41-1.47 (rn, 16 H, NCH2); 2.99-3. 12 (m, 16 H,
NCH2); 3.28 (s, 2 H, O:CH); 7 .1 9-7.22 (m , 4 H, ArH); 7.30-7.38 (m, 2 H, ArH); 7.80 (d, J
=

8.2, 2 H, H-C(5)); 7.8 1 (d, J = 8.2, 2 H, H-C(5')); 8. 12 (s, 2 H, H-C(4)); 8. 16 (s , 2 H, H-

C(4 ')). 13C-NMR ( 125 MH z, CDCl3): 150.33; 150.26; 135.36; 134.53; 132.96; 132.51 ;
129.97 (2 x); 128.04; 127.92; 127.02; 126.96; 126.59; 126.53; 125.09; 124.83; 123.07;
122.26; 117.06; 11 6.58; 8 1.51; 80.21; 79.95; 78 .29; 58 .48; 23.82; 19.56; 13 .65. 31P-NMR
(121 MH z, C DCl 3 ): 4 .76. FAB-MS: 1516 ( 10, [M + Bu4N]+, 0J6H1300gN3P2 requires
151 6.1); 1275 ( 12, MW, C 80 H95 0gN 2P2 requires 1274.6); 242 (100, [Bu 4N] +).

Anal.

calc. for C80 H94 0 8N 2P2·H 20 ( 129 1.6 1): C 74.39, H 7.49, N 2. 17; found: C 74. 10, H 7.58,
N 2.26.

(+)-(S) -3-lodo-2.2 '-bis(methoxymethoxy)-3 '-(trimethylsilyl)ethyny/-1 , I '-binaphtha/ene
((+)-(S)-162)

~

TMS

To a degassed so ln. of(S)-95 (2.50 g, 3.99 mmol) in Et3N (40 ml) and abs. toluene (40 ml)
was

added

[Pd(PPh 3)iCl2]

(79

mg,

5

mol o/o),

Cul

(38

mg,

5

mol o/o)

and

(trimethyl sily l)acetylen e (0. 79 g, 1. 13 ml , 7 .98 mmol), and the mixture was heated to 40°.
The reaction mi xture became dark brown, and the reaction was fo llowed by TLC
(hexane/AcOEt 5:1). After 4 h, the reaction was quenched by the addition sa t. aq. NaCI
soln. (300 ml) , CH 2Cl2 (250 ml) was added, the phases separated, and the aq. ph ase
extracted with CH2Cl2 (2 x 250 ml) . The combined org. phases were washed with sat. aq.
NaHC03 soln., dried over Na 2S04 , and evaporated in vacuo. The crude product mixture
was separated by CC (hexane/CH 2Cl2 1: 1, containing 0.5% Et 3 N) and yie lded as second
fraction the desired product (S)- 162 (0.70 g, 30%) bes ides disubstituted product (S)-96
(0.43 g, 19%) and remaining start ing material (S)-95 (0.59 g, 24%).
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M.p. 65°. [a]'~= + 13.3 (c = 1.0, CHCI 3).

IR ( Kßr): 305 1w, 2997w, 2954m, 2900w,

2825w, 2 145w, 1490w, 1447w, 1426w, 1383m, 1350m, 1245m, l 194w, l 159s, l 102w,
1081 w, 1054111, 1026w, 979s, 930s, 908111, 876m, 844s, 779w, 75 Im, 7 14w. 1H-NMR (200
MHz, CDCl3): 0.27 (s , 9 H, SiMe3); 2.44 (s , 3 H, OCH3); 2.63 (s, 3 H, OCH3); 4.75 (d,
AB, J = 5.6, 1 H, OCH 20); 4.78 (d, AB, J = 5.6, 1 H, OCH20); 4.93 (d, AB, J = 6.2, 1 H,

OCH20); 5.14 (d, AB, J = 6.2, 1 H, OCH20); 7. 18 (d, J

= 8.4, 2 H, H-C(8), H-C(8'}); 7.26-

7.32 (m , 4 H, ArH); 7.39-7.442 (m , 2 H, H-C(5), H-C(5 ')); 8.1 8 (s, 1 H, H-C(4)), 8.53 (s, 1
H, H-C(4 ' )).

13C-NMR (75 MHz, C DCI 3): - 0. 13; 55.98; 56.76; 92.59; 98.85; 99.55;

99.63; 101.9 1; 117.28; 125 .82; 126.00 (2 x); 126.43 ; 126.63 ; 126.86; 126.94; 127. 11;
127.76; 127.89; 130.33; 132.53 ; 134.02; 134.18; 135.4 1; 140.04; 152.40; 153.69. FABMS: 596 ( 13, !vf+, C29 H2904Sil requires 596.1 ); 565 (30, [M - OCH3]+, C2s H260 3Sil
requires 565 . 1); 52 1 ( 100, [M - C 4 H 11 0] +, C 25 H 180 3Si l requires 521.0): Anal. calc. for
C29 H2904 S il (596.54): C 58.39, H 4.90; found: C 58.02, H 4 .96.

(+) -(S) -3-lodo-2.2 '-bis(methoxymethoxy) - 3 '-[(triisopropy/)si/y/jethynyl- 1.1 '-

binaphtha/ene ((+)-(S)-163)

~

TIPS

To a degassed so ln. of (S)-95 ( 1.50 g, 2.40 mmol) in Et3N (24 ml) and abs. toluen e (24 ml)
was added [Pd(PP h3)2C l2] (47 mg, 5 11101%), Cul (23 mg, 0. 12 mmol, 5 mol% ), and
[(triisopropyl)silyl]acetylene (0.87 g, 1.06 ml, 4 .79 1 mmol), and the mi xture was heated to
40°. The orange mixture became dark brown, a nd the reaction was fo ll owed by TLC
(hexane/ AcOEt 5: 1). After 3 h, the reacti on was quenched by the addition of sat. aq . Na C l
soln . (50 ml), CH 2C l2 ( 100 ml) was added, the phases separated and the aq. phase
extracted wit h CH2C l2 (2 x 100 ml). The con bined org. phases were washed with sat. aq.
Na HC03 so ln ., dried ove r NazS04, a nd evaporated in vacuo . The crude product mi xture
was separated by CC (hexane/CH2Cl2 5: 1, conta ining 0.5% Et 3N) and yielded as second
fraction the desired product (S)- 163 (0.49 g, 30%), in add ition to di substituted product (S)-

164 (0.65 g, 37%).
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M.p. 53°.

[a]';

= +1.0 (c = 1.0, CHC I3).

IR (KBr): 3048w, 294 1m, 2850m, 2 146m,

1616w, 1589w, 1561w, 1490w, 1462111, 1446111, 1424m, 1385m, 1347111, 1242m, 1204111,
l 160s, 1099w, 1077111 , 1055s, 979s, 929s, 885s, 808w, 780w, 749s. 'H -NMR (500 MHz,
CDCl3): 1.20 (ms, 21 H, Si(CHMe2)3); 2.33 (s , 3 H, OCH 3); 2.72 (s, 3 H, OCH 3); 4.78 (d,

AB, J

= 5.5,

1 H, OCH 20); 4.83 (d, AB, J

= 5.5 ,

1 H, OCH 20); 5.03 (d, AB, J

= 6.3,

1 H,

OCH20); 5.32 (d, AB, J = 6.3, 1 H, OC H20); 7 . 18-7 .23 (m , 2 H, ArH); 7 .28- 7.31 (111, 2 H,
ArH ); 7.41-7.44 (111, 2 H, ArH); 7.78 (d, J

= 8.2,

1 H, H-C(5)); 7.85 (d, J

= 8.2,

1 H, H-

C(5')); 8.22 (s, 1 H, H-C(4)); 8.55 (s, 1 H, H-C(4')). 13C-NMR ( 125 MHz, CDCI 3): 11.32;
18.66; 55.53; 56.58 ; 92.39; 95.89; 98 .58 ; 99.1 8; 103.49; 11 7. 18; 12 5.44; 125 .64; 125.69;
126.20; 126.28; 126.45; 126.66; 126.73; 127.36; 127.43 ; 129.98 ; 132. 17; 133.6 1; 133.95;
13 5.6 1; 139.57; 151.88; 153. 16. FAB-MS: 68 1 (7,
( 100, [M - TIPS - 2 OCH 3]+,

C:1 4 H 14 0 21 requires

M+, C3 5H4104S il

req uires 680.2); 46 1

46 1.0). Ana l. ca lc. for C 35 H41 0 4 Sil

(680.70): C 61.76, H 6.07; fou nd: C 6 1.6 1, H 5.88.

(- )-(S) -2,2 '-Bis(methoxymethoxy)- 3,3 '-b is{[(triisopropyl)silyl]ethy11y l}- I, I '-binaphthalene
((- )-(S)-164)

~

M.p. 133°. [ aJ~;

= -0.4 (c = 1.0, CHC I3).

TIPS

IR (KBr): 3051 w, 2942s, 2864s, 2 15 1111, 1622w,

15 83w, 149 l w, 1463111, 1426m, 139 1m, 13 52w, 1322w, 1287w, 1243111, 1202w, l 159s,

1099w, 107 1111, 101 7w, 977s , 9 15111, 883111, 786w, 750111. 1H-NMR (500 MHz, C DCl3):
1.16 (ms , 42 H, Si(C HM e2)3); 2.34 (s, 6 H, OCH3); 4.95 (d, AB, J
5.34 (d, AB, J

=

6.2, 2 H, OC!-120);

= 6.2, 2 H, OC!-1 20); 7. 15 (d, J = 8.33 , 2 H, l-l-C(8), H-C(8')); 7.24-7 .27 (111,

2 H, H-C(7), H-C(7')); 7.38-7.41 (m , 2 H, H-C(6), H-C(6')); 7.8 1 (d, J = 8.2, 2 H, H-C(5),
H-C(5')); 8. 16 (s , 2 H, H-C(4), H- C(4')).

13C-NMR ( 125 MHz, C DCI 3): 11.41 ; 18.72;

55.76; 95 .69; 98.60; 103.77; 117.19; 125.38; 125 .97 ; 126.70; 127.0 1; 127 .27 ; 130. 12;
133.94; 135.40; 15 3.0 1. FAB-MS: 735 ( 17, M +, C46 H6204Si2 requires 734.4); 5 15 (100,

[M - TIPS - 2 OCH 3] +,

c 35 1-1 350 2Si

requires 5 15 .2).

(735 .2): C 75 .1 5, 1-1 8.50; fou nd: C 75.2 1, H 8.44.

Ana l. ca lc. for C 46 H6204S i2
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2,2 '-(1,4-Phenylene)bis(4, 4,5,5-tetramethyl- l,3,2-dioxoborolane) ( 165)

To a so ln. of 1,4-diiodobenzene ( 1.00 g, 3.0 mmol) in dioxane (24 ml) and Et 3N (0.92 g,
1.3 ml, 9.1 111mol) were added [Pd(dppf)C I2] (74 111g, 3 mol%) and 4,4,5,5-tetra111ethy lI ,3, 2-dioxaborolane ( 1.1 6 g, 1. 3 1111, 9.1 mmo l), and th e mixture was heated to 80° for 12
h. After coolin g to r.t., the react ion was hydro lyzed with H 20 (20 ml) and extracted with
C H2C l2 (3 x 30 ml). The comb in ed org. phases were washed with sat. aq. NaHC03 so ln.,
dried over NazS04 , a nd evaporated in vacuo.

Recrysta lli zation (hexane) yielded the

desired product 165 (443 mg, 44%). Brown needles.
M.p. 240° (Lit. [214]: 243-245°). IR (K.Br): 2978m, 2942w, l 522m, 1463w, l 393m, l 352s,
1322m, 1273w, 1256w, 12 13w, l 169w, l 142s , l 102s, l 120m, 962w, 857m, 826w, 799w,

669m.
1H-NMR (300 MHz, CDC I3): 1.35 (s, 24 H, C(C H3)2); 7. 80 (s, 4 H, PhH). 13C-N MR (75
MH z, CDC I3): 24.92; 84.02; 134. 15 66 (s igna l for carbo n nex t to boron-atom not visible).
FAB-MS: 330 (28, M+, C 18 H28 0 4 B2 requires 330.2), 23 1 ( 100, [M - C 6 H 11 0]+,
C 12H 170 3B2 requires 23 1.1 ).

Anal. calc. for C 1gHzg0 4 B2 (330.04): C 65.5 1, H 8.55 ;

found: C 65.39, H 8.62.

(+) -(S,S)-3.3 '- (l .4-Phe11y le11e)b is[2,2 '-bis(methoxymethoxy)-3 '-(trimethy lsilyl)ethynyl-1 , / 'binaphtha/ene] ((+)-(S,S)- 166)

To a soln . of(S)- 163 (200 mg, 0.30 11111101) and 165 (48 mg, 0.15 11111101) in benzene (6.5
ml ) a nd EtO H ( 1.8 ml) was added a soln. of Na 2C0 3 (62 mg, 0 .59 11111101) in H20 (5 ml)
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and [Pd(dppf)Cl2] (4.8 mg, 4 mo l% ), and the mi xture was heated to 80° under vigorou s
stirring under Argon. The reaction was followed by TLC (he xane/ AcOEt 6: 1). A seco nd
portion of (Pd(dppf)C l2) (4.8 mg, 4 11101%) was added after 4 h and the reacti o n continued
for another 4 h at 80°. Afte r a third add ition of [Pd(dppf)C l2) (2.4 mg, 2 mol%) and
heati ng for 4 h, the mixture was coo led to r.t. and the org. so lvent evaporated in vacuo.
The aq. re sidue was ex tracted with C H2C l 2 (3 x 20 ml ), the combin ed org. phases were
was hed with sat. aq. NaHC03 and Na C I soln. , dried over Na 2S0 4 , a nd conce ntrated. The
crude product was purified by G PC (B iobeads SX-3) to ac hi eve th e des ired product (S.S)166 ( 130 mg, 74%) analyti ca lly pure .
M.p. 11 2°. [a]';; = + 124.8 (c = 1.0, C HC l3).

IR (Kßr): 3056 w, 294 1s, 2853s, 2360m,

2 137w, 1615w, 1588w, 1562w, 1540w, 1492w, 1460111, 1444m, 1423111, 1389111, 1353m,
1327w, 124 1m, l 199m, l 159s, 1097111, 1078111, 1054111, 1022w, 988s, 965s, 942111, 916111,
884111, 841 w, 8 14w, 782w, 749111.

IH -NM R (200 MH z, C DCl3): 1.1 9 (ms , 42 H,

Si(C HMe 2)J); 2.30 (s, 6 H, OCH 3); 2.44 (s, 6 H, OCH 3); 4.40 (d, AB, J

= 6.2,

2 H,

OCH20); 4.45 (d, AB, J = 6.2, 2 H, OC H20); 5.06 (d, AB, J = 6 .2, 2 H, OC H20); 5.33 (d,
A B, J = 6.2, 2 H, OCH 20); 7.20-7.3 1 (m, 8 H, H-C(7), H-C(T), H-C(8), H-C(8')); 7.38-

7.49 (m, 4 H, H-C(6), H-C(6 ')); 7.84 (d, J = 8.2 , 2 H, H-C(5)); 7.89 (s, 4 H, ArH ); 7.92 (d,
J = 8.2, 2 H, H-C(5')); 8.03 (s, 2 H, H-C(4)); 8. 19 (s, 2 H, H-C(4')). IJC-NM R (125 MH z,

C DC l3): 11.47; 18.80; 55.79; 56.04; 95.9 1; 98.75; 98.92; 104.09; 11 7.67; 125.53; 125.66;
126.42; 126.53; 126.8 1 (2 x); 127.00; 127.37; 127.68; 128.00; 129.85; 130.46; 130.96;
13 1.11 ; 133.92; 134.25; 13 5.09; 135.69; 13 8.36; 15 1.6 1; 153.42.

MALDl-TOF-MS

(HABA): 1206 ([M + Na] +, C 76 H86 0 gS i 2Na requires 1205.6), 1207 ([MH + Na]+,
C76Hs 70 8Si2Na requires 1206.6), 1208 ([MHz + Na]+, C76 HggOgSi2Na requires 1207 .6),
1223 ([MH + K]+, c 76 H87 0 gS i2K requires 1222.6).

200

(+)-(S,S)-3,3 '-(l ,4-Phenylene)bis[2,2 '-bis(methoxymethoxy)-3 '-ethynyl-1 , / 'binaphthalene] ((+)-(S,S)- 167)

A soln. of (S,S)- 166 ( 130 mg, 0.13 mmol) and l-Bu 4 NF (519 µI, 1.0 M so ln . in THF, 0.512
mmol) in THF ( 13 ml) was stirred for 1 h at r.t. under N2. Afteraddition of H20 (30 ml ),
the mixture was extracted wi th C H2Cl 2 (3 x 30 ml) and the combined org. phases dried
over Na 2S04 . The solvent was evaporated in vacuo, and the crude product was purified by
CC (hexa ne/AcOEt 3:1 , containing 0.5% Et 3N) to yield (S.S)-167 ( 11 5 mg, 97%). White
powder.
M.p. 68°. [ a]';

= + 123 .2

(c

=

1.0, CHCl3). IR (Kßr): 3059w, 2945111, 2856111, 2 106w,

2071w, 16 17 w, 1591111, 1490111, 1464s, 1424s, 1389s, 1354s, 1241s, 1201m, l 159s, 1096m,
1075m, 1044m, 986s, 974s, 934111, 9 12m, 88 1w, 838w. IH-NMR (300 MHz, C DCl3): 2.23
(s, 6 H, OCH 3); 2.66 (s, 6 H, OCH 3); 3.35 (s, 2 H, C==CH); 4.35 (d, AB, J

OCH20); 4.40 (d, AB, J

= 6.3 , 2

H, OCH20); 4.98 (d, AB, J

= 6.0, 2

=

6.3, 2 H,

H, OCH20); 5.07 (d,

AB, J = 6.0, 2 H, OCH20); 7.21 (d, J = 8.1, 4 H, H-C(8), H-C(8 ')); 7.26-7.32 (m, 4 H,

ArH); 7.40-7.46 (m, 4 H, ArH); 7.83-7.93 (m, 8 H, ArH, H-C(5), H-C(5 ' )); 8.02 (s, 2 H,
H-C(4)); 8.2 1 (s, 2 H, H-C(4 ' )). 13C-NMR (75 MHz, CDC13): 55.80; 56.16; 80.72; 8 1.53;
98.57; 98.97; 11 6.37; 125 .32; 125.56; 125.79; 126.30; 126.50; 126.68 ; 126.72 ; 127 .38;
127.58; 127.89; 129.58; 130.19; 130.86; 130.87; 133.46; 134.20; 134.80; 135.06; 138.02;
15 1.45; 153.27.
894.0).

MALDl-TOF-MS (2,5-DHB): 893 ([M + Na]+, C 5gH4 60 gNa requires

20 1
(+)-(S,S)-3.3 '-(l.4-Phenylene)bis[2,2-dihydroxy-3 ·-ethy ny l- 1, I '-binaphthalene] ((+)-(S,S)-

168)

H

H

To a so ln . of (S,S)-167 (35 mg, 0.046 mmol) in THF (50 ml) was added a so ln. of conc .
HC I (37%, 150µ1) in MeO H (50 ml). The so ln. was stirred for 10 h under N 2 at r.t. After
hydrolys is with H20 (100 m l), C H2C l 2 (80 ml ) was added, the aq. phase extracted with
CH2 Cl2 (2 x 60 ml), the combined org. phases dried over Na 2S0 4 and evaporated in
vacuo. The product (S.S)-168 (31 mg, 100%) was obtained and used in the nex t reaction
step without further purificati o n. Highl y vi scous oil.
IH-NMR (300 MH z, CDC13 ): 5.28 (s , 2 H, OH); 5.8 1 (s, 2 H, OH); 3.26 (s, 2 H, ü=C H);
7.13 (d, J = 7.8, 4 H, H-C(8), H-C(8')); 7.26-7.42 (m, 8 H, ArH); 7.83-7.93 (m , 8 H, HC(5), H-C(5'), ArH); 8.02 (s, 2 H, H-C(4)); 8.21(s,2 H, H-C(4')).
Bis(tetrabuty la111111oni11111) (+)-(S,S)-3,3 '-(Buta-l .3-diyndiyl)bis(3 '-ethyny l- 1. I ·binaphthalene-2,2 '-diy lphosphate) ((+)-(S,S)-160)

To a soln. of (S,S)-168 (32 111g, 0 .046 11111101) in dry C H2 C i2 (30 ml) were added at r.t.
under N 2 POCl3 (0.2 M so ln. in C H2C l 2, 1.0 1111, 0.20 0111101) and Et3N (0.29 g, 0.40 1111, 2.8
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mmo l), and the soln. was stirred for 3 h at r.t. The solvent was re moved under reduced
pressure, T HF ( 10 ml ) and H 20 ( 10 ml) we re added, and the mi xture sti rred for 12 h at
30°. T HF was re moved in vacuo , CH 2CI2 (25 ml) and H20 (20 ml) were added and the
phases separated. The org. phase was washed with H 20 (3 x 20 ml), d ried over Na 2S04,
and evapo rated in vacuo. The purificatio n o f the e mde p roduct was ac hi eved by CC
(C H2C I2/Et3N 97 :3).

After ion-ex change-c hromatograp hy (Dowex 50WX8, Bu 4N+,

CH2Cl2/MeCN 1: 1), the product (S,S)- 160 (34 mg, 55%) was obta ined as ye llow foam.
M.p. > 400°. [ a]',~

= +1 64.7 (c = 0.5, C HCI 3).

IR (KBr): 296 lm, 2922w, 2874w, 2 IOOw,

16 17w, 1482w, 146 l w, 141 6m, 1386w, 138 l w, 135 l w, 1297s, 1245111, 11 95w, 11 50w,
l 104s, 1054w, 1024 w, 979w, 952w, 893w. 'H-N MR (500 MH z, CDCI 3): 0.6 1 (1, J = 7.3,
24 H, C H3); 0.89-1.04 (111, 16 H, CH2); 1.07-1.25 (111, 16 H, C H2); 2.61-2.81 (m, 16 H,
NC H2); 3.28 (s, 2 H); 7. 11-7.2 1 (m, 8 H, ArH) ; 7.3 1-7.41 (m , 4 H, ArH); 7.78 (d, J = 8.2, 2
H, H-C(5)); 7.94 (d, J = 8.2, 2 H, H-C(5')); 8.03 (s, 2 H, H-C(4)); 8.08 (s, 2 H, H-C(4 '));
8.27 (s, 4 H, ArH ).

13C-NMR ( 125 M Hz, C DCI 3): 13.5 1; 19. 37; 23.52; 58.34; 80.28;

8 1.39; 11 6.9 1; 122.36; 123.09; 124.65 (); 125.62; 126.49; 126.66; 127.54; 127.9 1; 128 .00;
128 .2 1; 128.58; 129.89 (); 130.46; 130.76; 132.26; 132.67; 134. 11 ; 135.85 ; 136.87; 148.49
(); 149.96. 31P-NMR ( 12 1 MHz, C DCl3): 4 .6 1. FA B-M S: 1303 (8, MW, Cg2 H990gP2N2
requires 1302.7); 1543 ( 13, [M + Bu 4N] +, C9g H 13 40g P2N3 requires 1543. 1); 242
([Bu4N]+). HR-FAB- MS : 1300.6804 (M +, Cg2 H930g N2P2, calc. 1300.6798).

6. 5. 11 Buta-1 ,3-diynedi yl-linked 2-C Dendritic Receptor
( +) -(S) -3 '-(3, 5-8is f3, 5-(dibenzyloxy)benzyloxy]phenyl}ethy ny l-2,2 '-bis(methoxymethoxy) 3-(trimethy lsily l)ethy ny l- J, / '-binaphthalene (( +)-(S)-2-G- 170)
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To a degassed so ln . of2-G-130 (338 mg, 0.40 mmo l) in dest. THF (6 ml) and dry DIPA (5
ml) was added [Pd(PPh 3)2C l 2] ( 13. 1 mg, 5 mo1%) and Cul (3 .5 mg, 5 mol% ). A degassed
so ln. of (S)- 101 ( 184 mg, 0 .37 mmol) in dest. THF (4 ml ) was slowly added to thi s
mixture, and the resulting mi xture heated to 45° for 5 h until TLC co ntrol (hexa ne/AcOEt
5: 1) indicated com plet io n. After hydrolys is with sat. aq. NaCI so ln. (20 ml), th e aq. phase
was extracted with C H2Cl 2 (2 x 100 ml ), th e combined org. phases dried over Na 2S0 4 a nd
evaporated in vacuo The purifi ca ti o n by CC (hexane/AcOEt 7: 1, conta inin g 0.5% Et3N)
y ielded the desired product 2-G-(S)-170 (308 mg, 69% ).
M.p. 73°. [a] ~ = + 50.7 (c = 1.0, C HCl3).

IR(KBr): 3058w, 3024w, 2955w, 2922w,

2880 w, 2820w, 2 149w, 1596s, 1493w, 1450m, 1429m, 1373111, 1344111, 1323w, 1293111,
1245111, l 208w, 1l 58s, 105 3111, 978111, 844m, 75 1m. 1H-NMR (300 MHz, CDC l3): 0.31 (s ,
9 H, S i(CH 3)]); 2.50 (s, 3 H, OC H3); 2.52 (s, 3 H, OC H3); 4.94 (d, AB, J = 6.3 , 1 H,
OCH 20); 4.95 (d, AB, J = 6.3 , 1 H, OCH 20); 5.02 (s, 4 H, OCH 2Ar); 5.07 (s, 8 H,
OCH 2Ph); 5.2 1 (d, AB, J

=

6.3, 1 H, OC H20); 5.23 (d, AB, J

J = 2. 1, 2 H, ArH ); 6.65 (! , J

= 2.4,

=

6.3, 1 H, OCH20); 6.62 (t,

1 H, ArH ); 6.73 (d, J = 2. 1, 4 H, ArH); 6 .85 (d, J = 2. 1,

2 H, Ar H); 7.22-7.47 (111 , 26 H, PhH , Ar H); 7.87 (t, J

=

6.9, 2 H, Arl-I); 8.22 (s , 1 1-1 , l-l-

C(4')); 8.26 (s, 1 1-1 , 1-1-C(4)). l 3C-NM R (75 Ml-lz, C DC l3 ): -0.06; 56. 11 ; 56 .22 ; 60.52 ;
70.23 ; 70.30; 86.5 1; 93 .88; 98.96; 99. 14; 99.39; 101.9 1; 102. 14; 103.80; 106.55; 11 0.87;
11 7.33 ; 11 7.37. 124.90; 125.80 ; 125.84; 126.06; 126. 18; 126.84 (2 x ); 127.53; 127.62 (2
x ); 127.86; 128 . 10; 128 .30; 128 .88 ; 130.45 ; 130.6 1; 134. 15 (2 x ); 134.57; 135 .24; 137.08 ;
139.36; 153.44; 153.73 ; 160.02; 160.57.

MALDl-TOF-MS (CCA): 1247 ([MH + K]+,

C79H71010S iK requires 1246.4); 123 1 ([Ml-l z +Na]+, C79 H72 010SiNa requires 1230.5);
1230 ([MH + Na] +, C79 H710 1oS iN a requires 1230.5). Ana l. ca lc. for C 79 H70 o 10Si·0.4
AcOEt ( 1242.76): C 77.90, 1-1 5.94; fo und: C 77.8 1, H 5.95.
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( +) -(S)-3 '-{3 ,5-Bis [3, 5-(di benzy loxy) benzy/oxyJpheny l) eihynyl- 3-ethy ny l-2, 2 'bis(methoxy methoxy) -1 , J '-b inupl11ha/ene ((+)-(S)-2-G-171 )
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A so ln . of 2-G-(S)- 170 (200 mg, 0. 17 mmol) and K2C0 3 (8 1 mg, 0.59 mmo l) in
THF/ MeOH 1: 1 ( 18 ml) was stirred for 2 h at r.t. under N2 until TLC control
(hexa ne/AcOEt 3: 1) indicated completion . Afteraddition of H20 ( 10 ml) a nd extraction
with C H2CI2 (3 x 70 ml), the combined org. phases were dried over Na 2S04 and
evaporated in vacuo. The obtai ned product 2-G-(.S)- 171 ( 179 mg, 94%) was used in the
nex t reaction step witho ut furth er puri fication .
M.p. 65°. [ a]',J = + 14.2 (c = 1.0, C HCl3).

IR ( neat): 3282m, 3066m, 3030m, 293 1m,

2867m, 2822w, 2250w, 1595s, 1496m, 1450s, 1429m, 1373s, 1348m, 132 1m, 1294m,
1242m, 1204m, l 157s, 1053s, 976s, 909111, 834m, 735m . 'H -NM R (200 MH z, C DCl 3):
2.53 (s, 3 H, OC H3); 2.56 (s, 3 H, OCH 3); 3.36 (s , 1 H, C=C H); 4.92 (d, AB, J = 6.5 , 1 H,
OCH 20); 4.96 (d, AB, J = 6.5, 1 H, OCH 20); 5.02 (s , 4 H, OCH 2A r); 5.07 (s, 8 H,
OCH2P h); 5. 14 (d, AB, J

=

6.5, 1 H, OC H20); 5. 19 (d, AB, J

=

6.5, 1 H, OC H20); 6.60 (t,

J = 2.4, 2 H, ArH); 6.62 (t, J = 2.7, 1 H, ArH ); 6.70 (d, J = 2. 1, 4 H, ArH); 6.82 (d, J

2 H, C-H(8), C- H(8 ')); 7.2 1-7 .50 (m , 26 H, PhH , ArH); 7 .85 (d, J

= 7 .2,

= 2.4,

2 H, C- H(5), C-

H(5 ' )); 8.23 (s, 1 H, H-C(4)); 8.26 (s, 1 H, H-C(4 ' )). 13C-N MR (75 MHz, C DC l3): 53 .36;
55 .97 ; 56.03; 70.03; 70.09; 80,58 ; 8 1.56; 86 .22; 93 .68; 98.89; 98.97; 101.69; 103.58;
106.35; 110.65; 11 6.28; 11 7. 17; 124.628 ; 125.65 ; 125.68; 125.78; 126.02 ; 126.57 ; 126.62;
127.38; 127.57 (2 x ); 127.65; 128.09; 128.67; 130.2 1; 130.37; 133.85; 134.09; 134.43;
135 .290; 136.84; 139. 11 ; 153.23 ; 153.49; 159.80 ; 160.33.

FAB-MS: 1135 (34, M+,

C76 H620 1o requires 11 34.4); 11 04 ( 100, [M - OC !-1 3]+, C 75H5909 requ ires 1103.4). Ana l.
calc. fo r C76H62010·H20 ( 11 53.35): C 79. 15, H 5.59; found: C 79.38, H 5.84.
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(+) -(S,S) -3,3 '-(Buta- l ,3-diynediyl)bis(3 '-(3, 5-bis[3,5-(dibenzyloxy)benzyloxyjpheny l}ethynyl-2,2 '-bis(methoxy111ethoxy) -I, I '-binaphthalene) (2-G-(+)-(S,S)-172)
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A so ln . of 2-G-(S)- 171 ( 180 mg, 0. 16 mmol) and CuC I ( 190 mg, 1.9 mmo l) in dest.
C H2C l2 ( 11 0 ml ) was stirred under dry air for 15min, and TM EDA (0.28 ml, 0. 22 g, 1.9
mmol ) was th en added .

After 1.5 h, TLC contro l (hexa ne/AcOEt 3: 1) indi cated

co mpletion ofthe reacti on, and the mixture was hydrolyzed by addition of H20 ( 150 ml ).
After the separat ion ofthe phases, th e org. phase was was hed with H20 (4 x 150 ml ), dried
over Na 2so 4 , and evaporated in vacuo.

The purification with G PC (Biobeads SX- 1)

yielded 2-G-(S.S)- 172 ( 145 mg, 8 1%) anal yticall y pure.
M.p. 59°. [ a] ~;

= +280.8

(c

=

1.0, C HCl 3).

IR (nea t): 3057m, 3029111, 2984111, 2930m,

2875m, 2824111, 22 15w, 1955w, 1708111, 1596s, 1497111, 145 1s, 1429s, 1373s, 1347s, 1323m,
1294m, 1266111, 1240111, 12 16111, 1202111, l 160s, l IOOm, 1057s, 1027m, 978m, 925m, 908111,
834m. 1H-NMR (300 MHz, C DC 13): 2.52 (s, 6 H, OC H3); 2.63 (s , 6 H, OC!-1 3); 4.89 (d,
AB, J

= 6.3,

= 6.3, 2 H, OCH 20); 4.99 (s, 8 1-1 , OC H2Ar);
= 5.9, 2 1-1, OC H20 ); 5.1 9 (d, AB, .J = 5.9, 2 1-1 ,

2 1-1 , OC H20); 4 .96 (d, AB, J

5.04 (s, 16 1-1 , OCH2P h); 5. 10 (d, AB, J

OCH20); 6.58 (l, J = 2. 1, 4 1-1, ArH); 6.6 1 (t, J = 2. 1, 2 H, ArH); 6.69 (d, J = 2. 1, 8 1-1 ,
ArH ); 6.8 1 (d, J

= 2.1, 4

1-1 , ArH); 7.2 1-7.44 (m, 52 1-1 , Phi-!, ArH); 7.86 (d, .J = 8.1 , 4 H, H-

C(5), H-C(5')); 8.24 (s, 2 1-1 , H-C(4)); 8.26 (s, 2 H, H-C(4')).

13C-NMR (75 MH z,

C DC l3): 56.2 1; 56.42; 70.22; 70.28; 78.3 1; 79.73 ; 86.35; 93.93; 99.1 3; 99.35; 101.88;
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103.79; 106.54; 11 0.84; 11 6.3 1; 11 7.36; 124.80; 125.77; 125.87; 126.03; 126.35; 126.69;
126.87; 127.63; 127.83 (3 x ); 128 .1 O; 128.28; 128.85; 130.45; 130.58; 133.97; 134.51;
134.72; 136. 16; 137.03; 139.30; 153.42; 153.94; 159.99; 160.52.

MALDl-TOF-MS

(CCA): 2292 ([MH + Naj+, C 152 H 123 0 20 Na requires 229 1.8); 2248 ([MH + Na CH20CH3]+, C 150H 119019Na requires 2247.8); 2203 ([MH + Na - 2 CH20CH3]+,
C 14 gH 11 40 1gNa requires 2202.8). Anal. calc. for C152H 122020·2 H20 (2304.69) : C 79.22,
H 5.5 1; found: C 79.23, H 5.67.
(+)-(S,S)-3,3 '-(Buta- l ,3-diy nediyl)bis(3 '-{3,5-bis [3, 5-(dibenzyloxy)benzy/oxyjpheny/}-

ethy ny /-2,2 '-dihydroxy-1, / '-binaphtha/ene) ((+)-(S,S)-2-G-173)
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To a soln. of 2-G-(S,S)- 172 ( 180 mg, 0.08 mmo l) in T HF (35 ml) was added a soln. of
conc. HC I (37%, 32 µI ) in MeOH (35 ml). The soln. was stirred for 10 h under N 2 at r.t.
After hydrol ysis with H20 (20 ml), C H2C l2 (30 ml) was added, the aq. phase extracted
with C H2Cl2 (2 x 50 ml ), the combined org. phases dried ove r Na 2S0 4 and evaporated in

vacuo. The product 2-G-(S,S)- 173 ( 170 mg, 98%) was obta ined and used in the next
reactio n step wi thout further purification. Highly viscous oi l.

[ a]'1;= + 3 12.0 (c = 1.0, C HC l3). 1H-NMR (300 MHz, CDCl3): 4.98 (s, 8 H, OCH 2Ar);
5.03 (s, 16 H, OC H2Ph); 5.55 (s, 2 H, O H); 5.84 (s, 2 H, OH); 6.57 (t, J = 2.4, 4 H, ArH);
6.62 (1, J

= 2.4,

2 H, ArH); 6.66 (d, J

= 2.1 , 8

H, ArH); 6.80 (d, J

= 2.4, 4

H, ArH); 7. 17-
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7.42 (m, 52 H, PhH , ArH); 7.86 (m, 4 H, H-C(5), H-C(5 ' )); 8.22 (s, 2 H, H-C(4)); 8.24 (s , 2
H, H-C(4 ')).

Bis(tetrabutylammonium) (+)-(S,S)-3.3 '-(Buta - l ,3-diy nediy l)bis (3 '-(3 ,5-bis [3 ,5-(dibenzyloxy)benzyloxy) phenyl} ethy ny l- I, l '-binaphthalene-2,2 '-diy lphosphate) ((+)-(S,S)- 157)
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To a so ln . of 2-G-(S.S)- 173 ( 170 mg, 78 µmol) in dry C H2Cl2 (30 ml) was added at r.t.
under N 2 POCl 3 (0. 16 M so ln. in CH 2C lz, 2. 14 1111 , 0 .34 11111101) a nd Et3N (0.47 g, 0.33 g,
4.68 111mol), and the soln. was stirred fo r 3 h at r.t . The so lve nt was removed under
reduced pressure, THF ( 15 ml) and H20 ( 15 ml) we re added, and the mi xture was st irred
for 12 h at 30°. THF was re111oved in vacuo, CH 2C l2 (30 1111) a nd HzO ( 15 1111) were added,
and the phases separated. The org. phase was wash ed with H20 (3 X 20 ml), dried over
NazS04 , and evaporated in vacuo. The purification of the crude product was ach ieved by
CC (CH 2Cl2/Et3N 97:3). After ion-exchange-c hromatography (Dowex 50WX8, Bu 4 N+,
C H2C l2/MeCN 1: 1), the product 2-G-(S,S)-157 ( 173 mg, 82%) was obtained.

Yellow

foam.
M .p. 92° . [a]',; = +389.5 (c = 1.0. C HCl3). IR (KBr): 3068w, 3036w, 296 1111, 2929111,
2865111, 1596s, 1498w, 1450111, 1429w, 1375111, 1343w, 1295111, 125 3w, 1205w, l 155s ,
1098s, 1050111, 1028111, 895w, 83 1w, 804w. 1H-NMR (300 MH z, C DC l3): 0. 73 (t, J

= 7.3 ,

24 H, CH2C H3); 1.06-1.32 (m, 32 H, C H2C H2); 2.8 1-2.9 1 (m , 16 H, NC H2); 4. 98 (s , 8 H,
OCH 2Ar); 5.03 (s , 16 H, OC H2 Ph ); 6.55-6.57 (m , 6 H, ArH ); 6.70 (d, J = 2.2, 8 H, ArH );
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6.91 (d, J

= 2.3, 4 H,

ArH); 7.17-7.42 (m, 52 H, PhH , ArH); 7.79 (d, J

= 8.2, 2 H, H-C(5));

7.80 (d, J = 8.2, 2 H, H-C(5' )); 8.09 (s, 2 H, H-C(4)); 8. 13 (s, 2 H, H-C(4')). 13C-NMR
( 125 MH z, C DCl3): 13.67; 19.5 1; 23.68; 58. 19; 69.99; 70. 11 ; 78.35; 79.72; 86.38; 93.42;
101.6 1; 103.07 ; 106.39; 111.04; 11 6.59; 118.27; 122.27; 123.08; 124.88; 125.05; 125.44;
126.40; 126.51 ; 126.97; 127.02; 127.54; 127.95; 128. 53; 129.15; 129.20; 129.92; 130.0 1;
132.17; 132.97; 133.71; 135.09; 136.77; 139.26; 150.07; 150.1 5 (d, J (3 1p, 13C) = 9.1);
159.38 ; 160.l I.

31P-NMR ( 12 1 MHz, CDCl 3): 4.47 .

ESl-MS: 2457 ([M - Bu4 N]- ,

C 160H 138020P2N reqL1ires 2456.8); 2237 ([M - 2 Bu4N + Na]- , C144 H 102020P2Na
requires 2237.3); 1107 ([M- 2 Bu4N]2- , C 144H 102020 P2 requires 1107.2). Anal. calc. for
Cl76 H 174 020N2P 2-4 H20 (2771.36): C 76.28, H 6.62 , N 1.01 ; found: C 76.29, H 6.70, N
1. 10.

6.5.12 Buta-1 ,3-diynediyl-Linked

1-G

Receptor

with

Polyether-

Capping Groups
(+)-(S,S)-3,3 '-(Buta-1 ,3-diynediyl)bis {3 '-[3,5-bis(3 ,5-bis{2-[2-(2-methoxyethoxy)ethoxy]ethoxy)benzyloxy)pheny l]ethynyl-2,2 '-bis(methoxymethoxy)-1, I '-binaphthalene} ((+ )-(S,S)174)

To a degassed mixture of 1-G-140 (234 mg, 0.22 11111101), [Pd(PPh 3)iCl2] (6.4 mg, 10%
mol), and Cul ( 1.7 mg, 10% mol) in DIPA (2 .3 ml ) a nd dest. TH F (3 ml) at 40° was slowly

209
(30 min) added a so ln . of (S,S)-103 (84 mg, 0. 1 mmol) in <lest T H F (2. 1 ml ). The mixture
was stirred for 4 h at 40° a nd then quenched with sat. aq. Na Cl so ln . ( 10 ml) and extracted
with CH2Cl2 (3 x 50 ml). The combin ed org. phases were dri ed (Na 2S04) and the so lvent
evaporated in vacuo.

T he purificatio n by GPC (B iobeads SX-1) yielded the des ired

product 1-G-(S,S)-1 74 (83 mg, 34%). Hi ghly viscous, yellow oi l.

[ a]';;

= +200.2

(c

= 1.0, C HCl3) .

IR (neat): 3055w, 2928s, 2876s, l 596s, 1449111, 135 Im,

1322m, 1297m, 1244m, l 157s, l 105s, 1073m, 977m, 929w, 843w. 1H-NMR (300 MHz,
C DCl3): 2.54 (s, 6 H, OCH 3); 2.65 (s, 6 H, OCH3); 3.37 (s , 24 H, OCH3); 3.52-3.57 (m, 16
H, OCH 2); 3.63-3.76 (m , 48 H, OCH 2); 3.82-3 .87 (m, 16 H, OCH2); 4. 10-4 .1 5 (m , 16 H,
OCH 2Ar); 4.89 (d, AB, J

= 6.2,

2 H, OCH 20); 4.94-4.97 (m, 10 H, OCH 2 Ar, OCH 20);

5.09 (d, AB, J = 6.2 , 2 H, OCH20); 5. 18 (d, AB, J = 5.8, 2 H, OCH20); 6.46 (1 , J = 2.2, 4
H, ArH ); 6.59-6.62 (m, 10 H, ArH); 6.79 (d, J = 2.0, 4 H, ArH) ; 7. 19-7.37 (m, 8 H, ArH );
7.41-7.48 (m , 4 H, ArH); 7.87 (d, J

= 7.8,

4 H, H-C(5), H-C(5 ' )); 8.24 (s , 2 H, H-C(4));

8.26 (s , 2 H, H-C(4')). 13C-NM R (75 MH z, C DCJ3): 72.08; 70.96; 70.80; 70.70; 70.22;
69.81 ; 67.66; 59.1 5; 56.42; 56. 19; 78 .26; 79.73; 86.3 1; 93.90; 99.09; 99 .32; 101 .4 1;
103.70; 106.28; 11 0.74; 11 6.3 1; 11 7.36; 124.77; 125.7 1; 125.85 ; 126.0 1; 126.3 4; 126.66;
126.86; 127.62; 127.89 (2 x ); 128.08; 130.43; 130.56; 133.94; 134.49; 134.77; 136. 16;
139. 10; 153 .35; 153.87 ; 160.00; 160.44. MALD l-TOF-MS (CCA) : 27 41 ([MH2 + Na]+,
C15 2H t ggÜ44 Na requires 274 1.2).
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(+) -(S,S)-3,3 '-(Buta- 1, 3-diynediyl)bis {3 '-[3,5-bis(3,5-bis{2-(2-(2-methoxyethoxy)ethoxy]ethoxy}be11zyloxy)pheny l}ethyny /-2,2 '-dihydroxy- 1, / '-bi11aph1ha/e11e) ((+)-(S,S)- 1-G- 175)

To a soln . of 1-G-(S,S)- 174 (83 mg, 0.031 µm ol) in THF ( 14 ml) was added a soln. of
conc. HC I (37%, 50 µI ) in MeO H ( 14 ml). The reaction mixture was stirred for 12 h under
N2 and then hydrol yzed with H20 (30 ml). The aq. phase was extracted with CH 2Cl 2 (3 x
50 ml ), the comb in ed org. phases dried (MgS0 4) and evaporated in vacuo.

The crude

product l-G-(S,S)- 175 (77 mg, 98%) was obtained and used in the next reaction step
without further purification. Highl y viscous oil.
1H-NMR (300 MH z, CDCl ): 3.35 (s, 24 H, OCH3); 3.52-3.56 (m, 16 H, OCH2); 3.633

3.76 (m , 48 H, OCH2); 3.80-3.85 (m, 16 H, OCH 2); 4.09-4. 14 (m, 16 H, OC H2A r); 4.99 (s,
8 H, OCH2Ar); 6.0 1 (s, 2 H, OH); 6. 11 (s, 2 H, O H); 6.46 (t, J

= 2.4, 8 H, ArH); 6.64 (1, J = 2.6, 2

=

2.2, 4 H, ArH); 6.60 (d, J

H, ArH ); 6.8 1 (d, J = 2.6 , 4 H, ArH); 7.15 (d, J

= 8.0,

4 H, H-C(8), H-C(S')); 7.32-7.43 (111 , 12 H, ArH); 7.85-7.89 (m, 4 H, H-C(5), H-C(5' ));
8.23 (s, 2 H, H-C(4)); 8.25 (s, 2 H, H-C(4 ')).
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Bis(tetrabutylammonium) (+)-(S.S)-3.3 '-(Buta-1 .3-diy nediy l)bis{3 '-[3. 5-bis(3.5-bis{2-[2(2-methoxyethoxy)ethoxy]ethoxy} benzyloxy)phenyl]ethynyl-l, I '-binaphthalene-2.2 ·cliylphosphate} (( + )-(S,S)-1-G-158)

To a so ln . of 1-G-(S,S)-175 (80 mg, 3 1 µmo l) in dry CH 2C l2 (12 ml) was added at r.t.
under N 2 POCl 3 (0.16

M

so ln . in CH2C l2, 0.86 ml , 0. 136 mmol) and Et3N (0.26 ml, 0.19 g,

1.89 mmol), and the so ln . was stirred for 4.5 h at r.t. The so lvent was removed in vacuo,
and THF (6 ml) and HzO (6 ml) were added and the mixture stirred for 12 hat 40°. THF
was evaporated in vacuo and the aq. phase extracted with CHzClz (3 x 20 ml).

The

combined org. phases were was hed with H20 (40 ml), dried (MgS04),and evaporated in

vacuo. The pu rifi cation of the crude product was achieved by CC (CH2C l2/ Et3N 95 :5),
followed by dissolving the product in C H2Cl2 (15 ml) and washing wi th H20 ( 10 ml).
After Separation of the two phases, the org. phase was dried (MgS0 4) and the so lvent
evaporated

in

vacuo.

lon-exchange-chromatography

(Dowex

50WX8,

CH 2Cl 2/ MeCN 1:1) afforded the desired product l-G-(S,S)- 158 (34 mg, 35%).

Bu4N+,
Hi ghly

viscous, ye ll ow o il.

[a]'; = +339.4 (c

=

1.0, CHCI 3). IR (neat): 3056w, 2922s, 2864s, 2214w, 2 147w, 1596s,

1448s, 1351m, 1298s, 1250m, l 169s, l 140s, 1099s, 1064s, 896111, 858111, 805111. IH- NMR
(300 MHz, C DCl3): 0.76 (t, J = 7.2, 24 H, CH 2CH 3); 1. 13- 1.27 (m, 16 H, C H2C Hz); 1.301.40 (m, 16 H, C H2C H2); 2.96-2.99 (m, 16 H, NCH 2); 3.35 (s, 24 H, OCH 3); 3.5 1-3.54 (m,
16 H, OCH 2); 3.58-3.72 (m, 48 H, OCH 2); 4. 10 (1, J = 4.8, 16 H, OCH 2); 4. 10 (t, J = 4.8 ,
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16 H, OCH2); 4.94 (s , 8 H, OC H2Ar); 6.43 (m, 4 H, ArH ); 6.55 (t, J = 2.3, 2 H, ArH); 6.58
(d, J

= 1.8, 8 H, ArH ); 6.88 (c/, J = 1. 8 , 4

H, ArH ); 7. 18-7.24 (m, 8 H, ArH); 7.35-7.4 1 (m,

4 H, ArH ); 7.8 1-7.85 (m, 4 H, H-C(5), H-C(5 ' )); 8. 14 (s , 2 H, H-C(4)); 8. 15 (s , 2 H, HC(4 ' )). 13C-NM R ( 125 MHz, C DCl3): 13.64; 19.54; 23.77 ; 58.4 1; 58.97; 67.49; 69.63;
70.02; 70.5 1; 70 .59; 70.75; 7 1. 88; 78.30; 79.88; 86.40; 93 .34; 10 1.22; 103.09; 106. 12;
110.9 1; 11 6.48; 11 8.05; 122.23; 123. 10; 124.83; 125.06; 125.40; 126.38 ; 126.50; 126.95 ;
127.02; 127.9 1; 128.03; 129.95; 130.08; 132.25 ; 132.97; 133 .83; 135 .24; 139.02; 149.90;
150. 10 (c/, J (31p, 13C)
CDCl 3): 4.47 .

=

9.4); 149.93 (c/, J(31p, 13C)

=

8.7); 160.03. 3 IP-NMR ( 12 1 MHz,

MALDl-TOF-M S (HABA): 339 1 ( [M + Bu4N]+, C192 H274Ü44N3P2

requires 3389.9); 3 149 (MW, C 176H2390 44 N2 P2 req ui res 3 148.8); 2727 ([MH + Na+ K 2 Bu4N]+, C 144 H1 61044 P2Na K requires 2726.0); 2709 ([MH + 2 Na - 2 Bu4N]+,
C 144 H 167 0 44 P2Na2 requires 2709.0); 2687.9([MH2 + Na - 2 Bu 4Nj+, C 144 H 16g0 44 P2Na
requires 2687.0).

MALD l-TOF- MS (HABA) (negative): 3 146 (tvl, CJ76 H23gÜ44N 2P2

requires 3 147.6); 2906 ([MH - Bu4N]- , C 16oH 203044 P2 N requ ires 2905.3); 2687 ([MH +
Na -

2 Bu 4N]- , C 144 H 167 0 44 P2Na requires 2686.0); 2664 ([MH2 -

2 Bu 4 N]- ,

C 144 H 16g044 P2 requires 2664.0). Ana l. ca lc. for C 176 H 1740 20 N2P2·5 H20 (2789.37): C
75.79, H 6.65, N 1.1 O; fo und: C 75.8 1, H 6.82, N 1.1 2.
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6.5.13 Phenylene-Linked, Dendritic 2-G Receptor
(+)-(S,S)-3.3 '-(1,4-Pheny lene)bis[3 '-{3, 5-bis [3.5-(dibenzyloxy)benzy/oxy}pheny/}ethynyl2,2 "-bis(methoxymethoxy)-1, / '-binaphthalene} (2-G-(+)-(S,S)-176)
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To a degassed 111ixture of2-G- 130 (330 111g, 0 .3911111101), [Pd(dppf)Cl2] ( 11 111g, 10% rnol)
and Cu l (2 rng, 10% rnol) in DIPA (2 ml) and dest. THF (3 1111) at 40° was slow ly (30 min)
added a soln. of (S.S)- 167 ( 100 rng, 0. 13 11111101) in dest TH F (2 rnl). The 111ixture was
stirred for 4 hat 40° and then quenched with sat. aq. NaC I so ln. ( 10 1111), and extracted w ith
CH 2C J2 (3 x 50 1111).

The co111bined org. phases were dried (NazS04) and the so lvent

evaporated in vacuo.

The purification by GPC (B iobeads SX- 1) yie lded the desired

product 2-G-(S,S)- 176 ( 140 rng, 48% ). Hi ghly viscous, yellow oil.
M.p. 100°. [a] ~;

=

+ 146.3 (c

=

1.0, CHC l3). IR (neat): 3057m, 3033111, 2924111, 2875111,

2826m, 22 15w, 1596s, 1494w, 1449s, 1428111, 1374m, 1345m, 132lw, 1296m, 1263w,
1242m, l 157s, l IOlw, 1076111, 1056s, 1027m, 985111, 964111, 923w, 907w, 836111. 'H-NMR
(500 MHz, CDCl 3): 2.26 (s, 6 H, OCH 3); 2.65 (s, 6 H, OCH3); 4.39 (d, AB, J = 6.2, 2 H,
OCH 20); 4.43 (d, AB, J = 6.3 , 2 H, OCH 20); 5.00 (s, 8 H, OCH 2Ar); 5.05 (s, 16 H,
OCH2Ph); 5.05 (d, AB, J

= 6.0,

J = 2.3 , 4 H, ArH); 6.62 (t, J

2 H, OC H20); 5.18 (d, AB, J

= 2.3 , 2 H, ArH); 6.69 (d, J =

= 6.0, 2 H, OCHzO); 6.59 (t,

2. 1, 8 H, ArH); 6.84 (d, J

= 2.1,

4 H, ArH); 7.26-7.46 (111 , 52 H, PhH, ArH); 7.87 (d, J = 8. 1, 2 H, H-C(5)); 7.89 (s , 4 H,
ArH); 7.94 (d, J

= 8. 1, 2

H, H-C(5 ')); 8.05 (s , 2 H, H-C(4)); 8.25 (s , 2 H, H-C(4')). 13C-
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NMR ( 125 MHz, CDCl3): 55.84; 56. 12; 70.06; 70. 12; 86.44; 93.59; 98.6 1; 98.92; 101.67;
103 .52; 106.33; 110.65; 11 7.26; 124.64; 125.3 1; 125.50; 125.97; 126.37; 126.47; 126.59;
126 .73; 127. 16; 127.54 (2 x); 127.86; 127.98; 128.56; 129.6 1; 130.36; 130.84; 130.87;
133.52; 134.02; 134.25; 134.8 1; 136.75; 138.04; 139.03; 151.40; 152.97; 159.66; 160.20.
MALDl-TOF-MS (CCA): 232 1 ([MH + Na] +, C154H127020Na requires 2320.7); 2337
([MH + K] +, C 154H127020K requires 2336.8).

Ana l. calc. for C154l-l126020·3 H20

(2350.76): C 78.69, H 5.66; found: C 78.47, H 5.74.

(+) -(S,S) -3,3 '-( l ,4-Pheny lene)bis[3 '-{3,5-bis [3,5-(dibenzyloxy)benzyloxy}phenyl} ethy11y/-

2,2 '-dihy droxy- 1, I '-binaphthalene} (2-G-(+)-(S,S)- 177)
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To a so ln. of 2-G-(S,S)-176 ( 180 mg, 0.078 mmol ) in TH.F (30 ml) was added a so ln. of
conc. HCI (37%, 100 µI ) in MeOH (30 ml). The soln. was stirred fo r 10 h under N2 at r.t.
After hydro lys is with 1-120 (20 ml), CH2Cl2 (30 ml) was added, the aq. phase extracted
with C H2C l2 (2 x 50 ml), the comb ined org. phases dri ed (Na 2S0 4), and evaporated in
vacuo. The product 2-C-(S,S)- 177 ( 170 mg, 100% ) was obtained as hi gh viscous o il and

used in the nex t reaction step without further puri fi cation.
1H-N MR (300 MHz, CDCl3): 4.98 (s, 8 H, OCH 2Ar); 6.58 (1, J

= 2. 1, 2

H, ArH ); 6.68 (c/, J

= 2. 1, 8

H, ArH); 6.83 (c/, J

= 2. 1, 4

= 2. 1, 4

H, ArH); 6.63 (t, J

H, ArH); 7. 18 (c/, J

2 H, H-C(8)); 7.26-7.43 (m , 50 H, PhH, ArH , H-C(8 ')); 7.87 (s, 4 1-1 , Ar l-I ); 7 .89 (c/, J
2 1-1 , H-C(5 ' )); 7.94 (d, J

= 8.0, 2 H, H-C(5')); 8.07 (s, 2 1-1 , H-C(4)); 8.24 (s,

= 8.0,
=

8.0,

2 H, H-C(4 ')).
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Bis(tetrabutylammonium) (+)-(S.S) -3,3 '-(l ,4-Phenylene)bis[3 '-(3,5-bis[3,5-(dibenzy/oxy)benzyloxy}phe11y l}ethy nyl- I, I '-binaphthalene-2,2 '-diy lphosphate} (2-G-(+)-(S,S)- 169)
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To a soln . of 2-G-(S,S)- 177 ( 170 mg, 0.078 mmol ) in dry C H2C l2 (30 ml ) was added at r.t.
under N 2 POCl 3 (0.2 M soln. in C H2C l2, 1.66 ml , 0.33 mmol) and Et 3N (0.46 g, 0 .66 ml ,
0.45 mmol) , and the so ln . was stirred for 3 h at r.t The so lvent was then removed under
reduced pressure, TH F ( 15 ml ) and H20 ( 15 ml) were added, an d the mi xtu re stirred for 12
h at 30°. THF was re moved in vacuo, C H2C l2 (30 ml ) and H10 (15 ml) were added, and
the phases separated. The org. phase was washed w ith H10 (3 x 20 ml ), dried (Na 2S04),
and evaporated in vacuo.
(C H 2C l2/ Et 3 N 98:2).

Th e purifi cation of the crude product was achi eved by CC

After ion-exchange-chromatograph y ( Dowex 50WX8, Bu 4 N+,

CH 2 Cl/ MeCN 1: 1), the product 2-G-(S.S)-169 ( 168 mg, 79%) was obtained as ye llow
foa m.
M.p. 120°. [ aJ ~;

=

+ 172.8 (c

=

0.5, C HC l3). IR (KBr): 3059w, 3030w, 2960m , 2929m,

287 1m, 1596s, 1493w, 1450m, 1426w, 1373m, 1344w, 1294111, 1252w, 1204w, l 155s,
1098s, 1050m, 988w, 964w, 887w, 834111, 8 IO w. 1 H-NMR (300 MHz, C DCl 3): 0.57 (t , J

=

7.3 , 24 H, C H2C H3); 0.90-0.99 (m, 16 H, C H2C H2); 1.03-1.14 (m , 16 H, C H2C H2); 2.592.72 (m, 16 H, N C H2); 4.98 (s, 8 H, OCH 2Ar); 5.03 (s, 16 H, OC H2Ph); 6.55-6.57 (m, 6 H,
ArH ); 6.69 (d, J

= 2.2,

= 2.3 , 4 H, ArH); 7.14-7.42 (m , 52 H, PhH ,
(d, J = 8.4, 2 H, H-C(S')); 8.03 (s, 2 H, H-C(4));

8 H, ArH); 6 .92 (d, J

ArH); 7.80 (d, J = 8.4, 2 H, H-C(S)); 7 .92

8. 13 (s, 2 H, H-C(4')), 8.3 1 (s, 4 H, ArH , C6 H4 ). 13C-NMR ( 125 MH z, C DCI 3): 13.67;

216
19.5 1; 23.68; 58. 19; 69.99; 70. 11 ; 78 .35; 79.72; 86.38; 93.42; 101.61 ; 103.07; 106.39;
111.04; 11 6.59; 11 8.27; 122.27; 123.08; 124.88; 125.05; 125.44; 126.40; 126.51; 126.97;
127.02; 127.54; 127.95; 128.53; 129. 15; 129.20; 129.92; 130.01 ; 132.17; 132.97; 133.71;
135.09; 136.77; 139.26; 150.07; 150.1 5 (d, J(31p, 13C) = 9. 1); 159.38; 160.11. 31P-NMR
( 121 MHz, CDCl3): 4.68. MALDl-TOF-MS: 2730 ([MH2] +, C178H 1800 20 P2N2 requires
2729.4); 2972 ([MH2 + Bu4N]+, C 194H216020P2N3 requires 2971.8).

Anal. calc. for

C 17g H 178020N2P2 (2727 .3 1): C 78.39, H 6.58, N 1.03; found: C 78.2 1, H 6.75, N 1.07.
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8. Appendix
8.1 X-Ray Crystal Struch1re Data of Binaphthalene Moiety (S)-87
Table /. Crystal data and structure refinem e nt for 2(C38 H3 2 0 6 Br2)
Identification code

bal

Empirical f ormula

2(C38 H32 06 Br2)

Fo rmula weight

1488.91

Temperature

95 (l) K

Wavelength

0 .71070 A

Crystal system

monoclini c

Space group

P21 (No. 4)

Unit cell dimensions

a

15.175 (5) A

alpha = 90.00

beta= 99.41(2) deg.

c - 21.456(5) A

gamma= 90.00

Volume

3324(2) A'3

z

2

Density (calculated)

l. 488 Mg/m'3

Absorption coef f icient

2.485 mm'-1

F(OOO)

1512

Crystal size

ca.

Theta range for data collection

0.96 to 23 .97 d eg.

. 3 x O. 25 x O. 25 mm

Index ranges

O<= h <=l 7,

Reflections collected

6756

Ü<=k<=ll,

Independent reflections

5541 [R(int)

Reflections with [ I >2s igma(I) ]

3703

-24<=1<=23

0. 03]

Refinement metho d

Full-matrix least - s quares on FA2

Data / restraints / parameters

3703 / 37 / 798

w = l/ Ca 2 1F 0 2 ) + (O.lllP) 2 + 15.51PJ, where P = (F0 2 + 2Fc 2 l/3.
Goodness-of-fit on F'2
Absolute structure parameter
Final R i ndices [ I >2 sigma(I)]

deg.

b - 10.348(5) A

0.999
0. 01 ( 2)
Rl

=

0.0575, wR2

0 . 1503

Extinction coeffcient

.0019(6)

Largest diff. peak and hole

.680 and -0.670 e.A'-3

deg.
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Tab/e 2. Atomic Coord inates ( x 1Q4 ) and egui va lent isotrogic
disglace ment gara meters (A2 x 103) fo r 2(C38 H32 06 Br2) U(eg) is
de fined as one third o fth e trace of the orthogonalized Uij tensor.
y

U(eq)

Br(l)
Br (2)
C( l)
C(2)
C(3)
C(4)
C(S)
C(6)
C(7)
C(8)
C(9)
C(lO)
0(11)
C( l2 )
C(13)
C( l4 )
C( lS )
C(l6)
C(l7)
C( 18 )
0(19)
C(20 )
0(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
0(33)
C(3 4)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
0( 41 )
C( 42)
0( 43 )
C(44)
0 ( 41 * )
C(42 * )
0( 43 *)
C(4 4 • )

8069(1)
5718(1)
7016 (9)
7566(9)
8305( 1 0)
8479(10)
7899 (9)
7188(10)
7396(10)
7938(11)
8683(10)
8861(9)
7850(7)
7076(12)
7142(10)
7261 (11)
7320 (11)
7324(17)
7243(19)
7126 (20)
6615 (6)
6906 (10)
6249(8)
6206 (13)
6241(9)
6340(9)
5598(10)
4787(10)
4653(8)
5372 (8)
5220(9)
4391(9)
3666(9)
380 1 (10)
4138 (7)
4788(11)
4343 (10)
4902(16)
4524(21)
3668(20)
3110(15)
3463(14)
72 14 (13)
7531(18)
8081( 12)
8919(19)
7099 ( 11)
762 4 (20)
8136(15)
892 1 (20 )

7722(2)
14452(2)
11394(20)
11901 (22)
11174( 21)
9944 (20)
9454(21)
10197(23)
13169(22)
13607 (21)
12850(26)
11717(28)
14 790 ( 14 )
15539 (21)
1 6 712(17)
17945(19)
1 9008(17)
18842(20)
17609(19)
16546(20)
9660(1 3 )
9808(22)
9227(14)
77 87(20)
1 2 15 3 (21)
12888(24)
13557(17)
13476 (14)
1 2715 ( 1 5)
1 2004(13)
11159 ( 1 5)
11047 (17)
11776(16)
12588(16)
10268( 1 2)
9333(20)
8577(22)
8130(38)
7496(58)
7243(27)
7640(21)
8322(19)
13317 (22)
14633 (32)
14 9 11 (20)
14274 (31)
12650(2 1 )
13779 (34)
13932 ( 24)
13051 (32)

8241(1)
9505(1)
7865(7)
7437(7)
7299(8)
7570(8)
7951 (7)
8101 (8)
7154 ( 7)
6749 (8)
66 1 5(8)
6890(7)
6429(6)
6491(8)
6092(6)
6348(8)
5978(8)
5340(10)
5083(8)
5444(8)
8478 (5)
9151 (7)
9434 (6)
9407(9)
8019(8)
8549 (7)
8707 (7)
8355 (7)
7811 (6)
7636(6)
7104 (6)
6769(7)
6916(8)
7442(8)
62 49 (5)
61 14 (7)
5537(8)
5153 ( 1 2)
4558 (14)
4443 ( 11 )
4858(10)
5402(10)
8847 (9)
8903( 1 3)
8 4 07(9)
8518 (13)
9011(9)
9043 (14)
8580 (11)
8659(1 4 )

59 ( 1)
43 ( 1)
41 ( 5)
45 ( 5)
49 ( 5)
49 ( 5)
48 ( 5)
55 (6)
51 (6)
52 (6)
56 (5)
59 (6)
51 (3)
52 (5)
50(5)
6 1 (6)
60 (6)
81 (7)
103 ( 9)
85 (8)
4 6 (3)
54 (6)
57 (4)
57 (5)
4 9 (5)
51 ( 5 )
37 ( 4 )
30(3)
26(3)
19(3)
26(3)
35 (4)
39 (4)
36 (4)
42 (3)
45 (4)
49 (5)
106(11 )
197( 28)
89(8)
66(6)
59(5)
22(4)
28(6)
31 ( 5)
32 (7)
25(4)
30 (7)
45(6)
37(7)

Br( l ')
Br(2')
Br(2 • )
C(l')
C(2')
C(3')
C( 4' )
CIS ' )
Cl6 ')
C(7')
C(8 ' )
C(9 ' )
(10 '
0(11 '
C(12 '
C( l3 '
C (l4,
C(15 '
C(l6'
C(l 7'
C(l8'
C( 14*
C(lS *
C(l6 •
c (17*

5497 ( 1 )
1233 (2)
1 35 4 (3)
2928 (9)
3005(8)
3822( 1 0)
4564(9)
447 3(8)
3666(9)
2277(10)
2401( 1 0)
32 14 ( 1 0)
3900(11)
1744 (9)
977 ( 1 9)
431 ( 13)
769(29)
188(23)
-685(2 1 )
-936 (2 1 )
-378(20)
-250(30)
-999(21)
-993 (17)
-2 14 ( 1 6)

6762(2)
2760(3)
2905(5)
7235(13)
8397(14)
9085 (14)
8593 (14)
7486(15)
6783 (15)
8857(14)
9977(15)
10 693 (15)
1 0239 (13)
1 0466 ( 13)
9833 (30)
1 0577(24)
11 60 1 (56)
1 209 1 (38)
1160 1 (32)
10517(42)
9993 (35)
11 277 (70 )
11 614 ( 52)
11 399(34)
111 05(3 1 )

7490(1)
8081( 1 )
8470(4)
7886(7)
8253(6)
8343 (8)
8113 (7)
7776(6)
7650 (7)
8532(8)
8909(8)
8988 (7)
8725(7)
9201(6)
9179(13)
9613(9)
1 0020(30)
1 0 4 10(20)
1 0419(17)
10046 (22)
9661( 18 )
9251(21)
9501(13)
10130 ( 13 )
1 0543(9)

36 ( 1)
31 (1)
42 ( 1)
29(3)
21 (3)
35(4)
27(3)
27(4)
29(3)
32 (4)
3 7 (4)
34 ( 4 )
33 ( 4)
64(4)
103 (10)
78 (7)
130 (30)
91 ( 15)
4 7(9)
94 (16)
66 (11)
145 (27)
88(14)
36(8)
33 ( 7)

c
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CllB *
0119 '
C(20 '
0(21 '
C(22'
C(23'
Cl24'
C(25'
C(26'
C(27 '
C(28 '
Cl29'
Cl30'
Cl3 1'
C(32'
0(33 '
C(34'
Cl35 '
C(36'
C(37'
C(38'
C(39'
C(40 '
0(41'
Cl42'
0(43 '
C(4 4'

513122)
359916)
3258(19)
3351116)
4279(16)
2060 (9)
2046110 )
1240(11)
496(10)
489( 1 0)
1293( 1 0)
1310110)
56119)
-250110)
-26719)
493(6)
1291( 1 0)
1028( 11 )
130 1 (18)
1071125)
578(25)
324(18)
4341 1 5)
277116)
2732111)
279418)
3695(13)

10688(49)
5665110)
5917(30)
5016(27)
4808(25)
6483 (16)
5277114)
4553(1 6)
49791 1 5)
6234(16)
6985(14)
8211114)
8615( 1 7)
7902(20)
6727117)
9782(11)
10589(16)
1186 8 116)
13060(21)
14194120)
14194129)
12988(25)
11876124)
479 4 (9)
4786117)
6027(13)
6 4 85(19)

10275(13)
729 4 16)
6685(14)
6260111)
6169111)
776 1 18)
8017110)
7877111)
7 4 97112)
7220(11)
733 4 18)
705818)
668918)
660819)
6880110)
637415)
646118)
606 1 17)
6348111)
5980113)
5367(15)
5111(10)
5 4 8119)
8399 (6)
9052110)
9325(6)
9 4 47(10)

77(13)
37(3)
91(8)
13718)
7617)
40 (4)
4615)
6016)
6317)
5115)
3914)
3414)
37(4)
5015)
5415)
3513)
371 4 )
5014)
9 4 (8)
147114)
152(15)
114(10)
8417)
4213)
5115)
5313)
58 ( 5)

primed (') atoms refe r to the second (independent) molec ule, starred atoms (*) to the
di sorde r described in the paper

Tab le 3. Bond len gth s [Al a nd angles [degl for 2(C38 H32 06 Br2)
Br(l)-C(5)
Br(2)-C(25)
C(l) -Cl6 )
Cl l )-Cl2)
C( l )-C(23)
C(2)-C(3)
C(2)-Cl7 )
Cl3)-C(4)
Cl3)-C( l 0)
Cl 4 ) - C(5)
CIS) -C(6)
C(6)-0ll9)
C(7) -C(8)
C(8)-0(11)
CIS) -Cl9)
C(9)-C(l0)
Ol l l )-Cl12)
C(l2)-C( l 3)
C(l3)-C(l4 )

C(l3)-C( l 8)
C(l4)-C( l 5)
C(l5)-Cl l 6)
C(16)-C( 1 7)
C(l7)-C( 1 8)
0(19) -Cl20)
C(20) -0(2 1 )
Ol2 1 )-Cl22)
C(23)-Cl24)
C(23)-Cl28)
C(24)-C(25)
C(24) - 0(4 1* )
C(24) -0141)
Cl25) -C(26)
c (26) -c (27)
C(27) -C(32)
Cl27) -C(28)
Cl28)-C (2 9)
Cl29) -C(30)
C(30)-0(33)
C(30)-C(3 1 )
Cl31) -Cl3 2)
0(33) -C (3 4)
Cl34) -C (35)
C(35)-C( 4 0)
C(3 5 )-C(36)
Cl36) - Cl37)
Cl37) -Cl38)

1. 90 (2)
1 . 93 12)
1.35(3)
l.44 (2)
1.49 (2)
1. 42 ( 2)
1.45 (3 )
1 . 41 (3)
1. 43 ( 3)
1. 39 (3)
1. 40 (2)
1 . 40 ( 2)

1. 3 7 ( 3)
1 . 40 ( 3)
1 . 44 ( 2)
1.32(3)
1. 43 (2)
1. 50 ( 3)
1.39(2)
1.40(2)
1. 3 7 12)
1. 38 (2)
1 . 39 12)
1.37(2)
1.45(2)
1 . 39 (2)
1 . 4 9 ( 2)
1. 36 (2)
1. 44 ( 2)
1. 4 1 (2)
1. 4 1 12)
1. 45(3)
1. 34 (2)
1. 39 (2)
1. 41 (2)
1 . 4 2 (2)
1. 43 (2)
1. 35 (2)
1. 38 (2)
1 . 4 1 (2)
1. 39 (2)
1. 44 (2)
1.52(2)
1. 3 5 (3)
1. 36 (3)
1. 4 7( 4 )
1. 31 (4)
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C(381-C(39)
C(391-C(40)
0(41) -0(41*)
0(4ll -C(42•)
0(4ll - C(42)
0(41)-0(43 * )
C(42)-C(42*)
C(42) -0(43 * )
C(42) -0(43)
0(43)-0(43 •1
0(43) -C(44I
c (441 -0(43• I
C(44l-C(44 *1
0(4l * l-C(42 • 1
C(42*l -0(43*1
0(43 * 1-C(44 * 1
Br(l' l-C(5 ' 1
Br ( 2' 1 -Br ( 2 • 1
Br(2' l -C(25')
Br(2•) -C(25')
C(l ' ) -C(6')
C(l') -C(2' 1
C(l ' )-C(23')
C(2')-C(3'1
C(2')-C(7'1
C(3 ') -C(4 ' )
C(3 ')- C( lO' I
C( 4')-C(5')
C(5' l -C(6' I
C(6'l-0( 1 9 ' 1
C(7 ' l -C(8' I
C(8 ' 1-0(ll ' I
C(8')-C(9')
C(9')-C(l0')
0(11' ) -C(l2')
C(l2') -C ( l3 ' )
C(l3' )-C(l4*)
C(l3')-C(l8')
C(l3')-C( l8*)
C(l3') -C(l4 ')
C( l4' )-C(l8•)
C(l4')-C(l5 ' )
C(l4' l-C(l4•)
C(l5' l-C(l7*)
C(l5' l-C(l6' 1
C(l5' l-C(l8*)
C(l5' l -C(l6*1
C(l6' )-C(l6•1
C(l6 ' l-C(l7*1
C( l 6' l-C(l7 ' 1
C(l6' l-C(l5•1
C(l7' l-C(l6•)
C(l7')-C(l8'1
C(l7' )-C(l7•1
C(l7' )-C(l5 * 1
C(l8 ' )-C(l4*1
C(l8' )-C(l8•1
C( l8' )-C( l 5 * )
C(l4>) -C ( l 5 * )
C(l5 • ) -C(l6*)
C(l6 • )-C(l7 • )
C(l7 • )-C(l8 * )
0(19 ' )-C(20')
C(20 ' )-0(21 ' )
0(21')-C(22')
C(23') -C(24')
C(23')-C(28')
C(24')-0(4 1' )
C(24')-C(25')
C(25 ' ) -C(26' I
C(26' )-C(27 ' I
C(27 ' )-C(32')
C(27 ' l -C(28 ' I
C(28 '1 -C(29')
C(29')-C(30 ' )
C(30') -0(33 ' )
C(30')-C(31 ' )
C(3 1 ')- C (32')
0(33') -C(34')
C(34')-C(35 ' )
C(35'1-C(40 ' 1
C(35') -C(36')
C(36')-C(37')
C(37') -C(38')
C(38')-C(39')

1.39(3 )
1. 39 ( 3)
0.81(2)
0 . 84(3)
1.44 ( 4)
1.72 (3)
0.94(41
1.44(41
1. 48 ( 3)
1. 08 ( 31
1.42(4)
1.27(4)
1. 30 (5)
1.41(4)
1. 37 (4)
1. 49 (4)
1.914(13)
0.840(71
1.91(2 )
2.12(2)
1. 38 (2)
1. 43 (2)
1.52 (2)
1.42(2 1
1. 42 (2)
1.40(2)
1.44(2 )
1. 35 (2)
1.41(21
1.38(2)
1.41(21
1.36(2)
1. 4 3 (2)
1. 35 (21
1.33(3)
1.55 (3)
1.39(2)
1.39(2)
1. 41 (2)
1.41 (2)
1.19(71
1. 41 (2)
2.10(8)
1.25(5)
1 . 42 (2)
1. 58 (61
1.93 (4)
0. 74 (3)
0. 88 (3)

1. 3 9 (2)
1. 95 (4)
0. 94 (5)

1. 3 9 (2)
1.52(41
1. 62 (7)
1.62(7)
1.87(5)
1. 93 ( 5)
1.38(2)
1 . 37(2)
1. 39 (2)
1 . 3 9 (2)
1. 35 (3)
1. 33 (3)
1.47(31
1 .37(2)
1.45(2)
1. 3 5 (21
1. 4 2(2)
1 . 35 (3)
1. 43 (3)

1. 3 5 ( 2)
1. 4 3 ( 2)
1. 40 (2)
1. 34 (2)

1 .38(2)
1 . 42 (2)
1. 35 (3)
1 . 46(2 )
1.59(2)
1. 41 (2)
1 . 41 (2)
1. 43 (2)
1. 40 (2)
l. 39 (2)
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C(39' )-C(40 ' )
0(41' )-C(42')
C(42' )-0(43')
0(43')-C(44')
C(6) -C(l) -C(2)
C(6)-C(l)-C(23)
C(2) -C(l) -C (23)
C(3)-C(2) -C(l)
C(3)-C(2)-C(7)
C(l) -C(2) -C(7)
C(4)-C(3) -C(2)
C(4)-C(3) -C(lO)
C(2)-C(3)-C(10)
C(5)-C(4)-C(3)
C(4) -C(5) -C(6)
C( 4 )-C(5) -Br(l)
C(6) -C( 5) - Br(l)
C(l)-C(6) -0(19)
C(l)-C(6) -C(5)
0(19)-Cl6)-C(5)
C(8)-C(7) -Cl21
C(7) -C(8) -0(111
C(7)-C(8)-C(9)
0(11)-C(8) -C(9)
C(10) -C(9) -CIS)
C(9) -C(10)-C(3)
C(8) -O(ll)-C(l2)
0(11) -C(12) -C(13)
C(l4) -C(13) -C (l8)
C(l4)-C(13)-C( l 2)
C(18)-C(l3)-C(12)
C(15) -C(l4) -C(13)
C(l4) -C ( 15)-C(l6)
C(l5)-C(l6)-C(17)
C(18)-C(17)-C(16)
C(l7)-C( l 8) -C (13)
C(6) -0(19) -C(20)
0(21) -C(20) -0(19)
C(20) -0(21) -C (22)
C(24)-C(23)-C(28)
C(24)-C(23)-C(l)
C(28)-C(23)-C( l )
C(23) -C(24)-C(25)
C(23)-C(24)-0(41 * )
C(25) -C(24) -0( 41*)
C(23)-C(24) -0(41)
C(25) -C(24) -0(41)
0(41 * )-C(24)-0(41)
C(26)-C(25)-C(24)
C(26)-C(25)-Br(2)
C(2 4 )-C(25)-Br(2)
C(25) -C(26)-C(27)
C(26) -C(27) -C(32)
C(26) -C(27) -C(28)
C(32) -C(27) -C(28)
C(27) -C(28)-C(29)
C(27) -C(28) -C(23)
C(29)-C(28)-C(23)
C(30) -C(29)-C(28)
C(29) -C(30)-0(33)
C(29) -C(30)-C(31)
0(33) -C(30)-C(31)
C(32) -C(31)-C(30)
C(31) -C(32) -C(27)
C(30) -0(33)-C(34)
0(33) -C(34)-C(35)
C(40)-C(35)-C(36)
C(40) -C(35)-C(34)
C(36) -C(35)-C(34)
C(35) -C(36)-C(37)
C(38) -C(37)-C(36)
C(37) -C(38) -C( 39)
C(40) -C(39) -C(38)
C(35) -C(40) -C(39)
0(41*) -0(41)-C(42*)
0(41*) -0(41)-C(42)
c (42*) -0 (41) -c (42)
0(41*) -0(41) - C(24)
C(42*) -0(41) - C(24)
C( 4 2) -0(41) -C(24)
0(4 1 *)-0(41)-0(43 * )
c (42 * ) -0 (41) -0 (43 * )
C(42)-0(41)-0(43*)
C(24) -0(41) -0(43*)
C(42 * )-C(42) -0( 43*)

. 39 (2)
. 41 (2)
.41 (2)
1. 43 (2)
119(2)
121 (2)
121(2)
120(2)
119 (2)
121(2)
120(2)
121 (2)
119 (2)
118. 5 (14)
121 (2)
118.0(12)
121(2)
118.9(14)
122(2)
1 19(2)
119(2)
126 (2)
121(2)
1 13 (2)
120 (2)
1 22(2)
116. 2113)
104.6( 14 )
119.1(1 4 )
1 22 . 3(14)
119 (2)
121.7(14)
119 (2)
120(2)
1 22(2)
11 9 (2)
114. 7 ( 12)
1 05.5(12)
116.4(14)
120.1(13)
119.9(13)
119 . 7(14)
119.7(13)
117 (2)
120.5(14)
120.7(13)
117 (2)
32. 7 (9)
122.0(14)
118.4(11)
119.1(11)
120.1(13)
121.2(13)
120.2(12)
118.6(14)
120.0(12)
117.7(13)
122.3(12)
11 9 . 6(13)
126.4(14)
122(2)
111 . 7(12)
119.1(13)
120.7(13)
116.5(11)
106.3 (12)
120(2)
125(2)
116 (2)
119 (2)
119 (2)
121(2)
120(2)
12 1 (2)
11 8 (4)
150 (3)
38 (3)
72(2)
1 6 1 (3)
12 7 (2)
135 (3)
52(3)
53 (2)
135 (2)
67 (3)
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C(42•) -C(42)-0(41)
0(43•) -C(42)-0( 41)
C(42 * ) -C(42) -0(43)
0(43 * ) -C(42) -0(43)
0(41)-C(42)-0(43)
0(43 * ) -0(43) -C( 44 )
0(43*)-0(43)-C(42)
C(44) -0 (43) - C(42)
0( 4 3 *) -C( 44 )-C( 44* )
0(43 *) -C( 44) -0(43)
C(4 4* ) -C(44)-0(43)
0(41) -0(41 * )-C(24)
0(41) -0(4 1* )-C(42•)
C(24) -0(41')-C(42•)
0(41) -C(42*) -C(42)
0(41) -C( 42*)-0 ( 43• )
(42)
(42*) -0 ( 43* 1
0(41) -C( 4 2*) -0 ( 41*)
C(42) -C( 4 2*) -0 ( 41*)
0(43 * ) -C(42 • )-0(41')
0(43) -0(43 * )-C(44)
0(43) -0( 43*)-C (42 •)
c (441 -0(43*1 -c (42 * )
0(43) -0(43*)-C(42)
C(44) -0(43 * )-C(42)
C(42 * ) -0( 43 • )-C(42)
0(43) -0(43 * l-C(44*)
C(44) -0(43*) -C(44*)
C(42 * ) -0( 43•) -C(44*)
C(42) -0(43 • ) -C(44•)
0(43) -0( 4 3 *) -0(4 1 )
C( 4 4)-0( 4 3 * )-0( 41 )
C( 4 2 *) -0( 4 3 * )-0(41)
C(42) -0(43 * )-0(41)
C(44 * ) -0( 43 • )-0(41)
C(44)-C(4 4* )-0( 43•)
Br(2 * ) -B r(2' ) - C(25 ' )
Br(2' 1 - Br(2•) -C(25')
C(6 ' )-C(l ' )-C(2')
C(6 ' )-C(l ' )-C(23')
C (2 ' )-C(l ' )-C(23')
C(3')-C(2')-C(7')
C(3')-C(2')-C(l')
C(7')-C(2')-C(l')
C(4')-C(3')-C(2')
C(4')-C(3')-C(l0')
C(2 ' )-C(3')-C( l 0')
C(5')-C(4')-C(3 ' )
C(4')-C(5')-C(6')
C ( 4' ) - C ( 5' ) - Br ( 1 ' )
C ( 6' ) -C ( 5 ' ) -Br ( 1' )
0(19 ' )-C(6 ' ) -C(l')
0 (1 9')-C(6 ' )-C(5')
C( l') -C(6 ' )-C(5 ' )
C(8')-C(7')-C(2 ' )
O(ll ' )-C(8')-C(7')
0(11 ' )-C(8' l-C(9' 1
C(7')-C(8')-C(9')
C(lO' )-C(9' )-C(8 ' )
C(9') -C(lO' )-C(3')
C(l2')-0( l l ')-C(8 ')
0( 11') -C(l2') -C(l3')
c (14.) -c (1 3') -c ( 18')
C(l4 • ) -C(l3') -C(l8*)
C(l8 ' )-C(l3 ' )-C(l8 • )
C(l4 *) -C( l 3')-C(l4 ' )
C(l8 ' )-C( l 3')-C(l4')
C(l8 • )-C(l3')-C(l4')
C(l4 • )-C(l3')-C(l2')
C(l8 ' )-C(l3 ' )-C(l2')
C(l8 • )-C(l3' )-C(l2')
C(l4')-C( l 3')-C(l2 ' )
C( l8*)-C(l4')-C(l5'1
C(l8 * ) -C( l4' ) -C(l3')
C( l 5') -C( l4' 1 -C(l3 ' )
C(l8 * )-C( l4' )-C(l4*)
C(l5 ' ) -C( l4' ) -C (l 4*)
C(l3 ' ) -C( l4') -C (l4• )
C(l 7 *) -C( l5 ' 1 -C(l4')
C(17 * )-C( l 5') - C( l 6 ' )
C(l4') -C( l 5 ' l -C( l6')
C(l7*)-C(l5')-C(l8*)
C(l4') -C( l5') -C(l8•)
C(l6' )-C( l 5') -C(l8 • )
C(l7*)-C( l 5')-C(l6•)

c

-c

34 ( 21
73 (2)
110 (3)
43.3(13)
110 (2)
59(2)
66 (2)
113 (2)
71 (2)
4 7(2)
117 (3)
76(2)
32(2)
106(2)
108(4)
99(3)
74 (3)
31 (2)
135 ( 4 )
11 6 (3)
74 (2)
110(3)
140(3)
71 (2)
127(3)
39(2)
1 29(3)
56 (2)
113 (2)
145 (2)
116 (2)
165(2)
28.9(14)
54 (2)
115 (2)
54 (2)
92.6(9)
64. 0 (7)
119.1 (13)
119.6( 14)
121.3(12)
119.8(14)
119.3(1 3)
120.9(13)
1 20.4(14)
120.5( 1 4)
118.9(13 )
118 . 8(131
123.3(13)
119.1 (10)
117.5 ( 1 2)
11 9.7(13)
121.4(12)
11 9 (2)
118. 5(13)
1 22(2)
116(2)
121. 9 (13)
118 .8 (14)
122(2)
120( 2)
107(2)
72 (3)

117 (3)
84 (2)
97 (5)
1 2 1 (2)
50 (3)
110(3)
113 (2)
133 (2)
1 25 (2)
74 (4)
65 (2)
116 (2)
89(3)
94 (3)
41 (2)
103 ( 31
38 ( 21
124(2)
58(2)
47 (3)
90(2)
4 5.8(14)
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C(l4 ') -C(l5' )-C(l6*)
C(l6 ' )-C(l5')-C(l6 * )
C(l8 *) -C( l 5 ' )-C(l6*)
C(l6*)-C(l6 ' )-C(l7*)
C(l6*)-C(l6 ' )-C(l7')
C(l7 * )-C( l6 ' )-C(l7 ' )
C(l6 * )-C(l6 ' )-C(l5 ' )
C(l7*)-C(l6' ) - C(l5 ' )
C(l7')-C( l 6' )-C(l5 ' )
C(l6 * ) -C(l6' )-C(l5*)
C(l7 * )-C(l6 ' )-C(l5*)
C(l7')-C(l6 ' )-C(l 5*)
C(l5')-C( l 6')-C(l5*)
C(l6 * )-C( l7' )-C(l8 ' )
C(l6 * )-C( l7 ' )-C(16 ' )
C( 1 8')-C( 1 7')-C(16')
C( l 6 *)-C(l7') -C (l7*)
C( 18')-C ( l 7 ')-C(l7•)
C( 1 6 ') -C(l7 ' )-C(l7•)
C(16*) - Cll7')-C(l5*)
C( l 8')-C( l 7 ' )-C(l5 * )
16') -c (17 ' ) -c (15 * )
C(l7 * )-C(17' )-C(l5*)
C(l7')-C(18')-C(l3')
C( l 7 ' )-C( 1 8 ') -C(l4*)
C(13 ' ) -C(l 8')-C(l4 *)
C(l7')-C( 1 8 ' )-C(l8*)
C(l3 ' )-C( l8 ' )-C(l8 * )
C(l4 *)-C (l8')-C(l8 * )
C(17 ' )-C(18 ' )-C(l5*)
C(l3')-C(l8 ' )-C(l5*)
C(l4*)-C(l8 ' )-C(l5*)
C(l8 *) -C(18 ' )-C(l5*)
C(l5 * ) -C( l4* ) - C(l3')
C(l5*)-C(l4 * )-C(l8')
C(l3') -C(l4 * ) -C(l8')
C(l5*) -C(l4*)-C(l4')
C(l3')-C( 14* )-C(14')
C(l8') -C(l4*)-C(l4')
C(l6 * ) -C(l5 * )-C(l4*)
C(l6 *) -C(l5*)-C(l7 ' )
C(l4*)-C(l5*)-C(l7')
C(l6*) -C(l5*)-C(l8')
C( l4*) -C(l5 * )-C(l8 ')
C(l7')-C(l5*)-C(l8')
C(l6 *) -C(l5 *) -C(l6 ' )
C(l4 * )-C(l5 * )-C(l6')
C(l7')-C(l5 *) -C(l6')
C(l8')-C(l5 * )-C(l6')
C(l6') -C ( l6* )-C(l7 ' )
C(l6')-C(l6 * )-C(l5*)
C(l7')-C(l6*)-C(l5 * )
C( l 6') -C(l6 * )-C(l 7*)
C( l 7')-C(l6*)-C(17*)
C(l5 * ) -C ( l6* )-C(l7 *)
C( l 6 ') -C( l6* ) - C( l 5 ' )
C(1 7 ' )-C(l6*)-C(15')
C(l5 *)-C(l 6 *) -C(l5 ' )
C(l7*)-C(l6 * )-C(l5 ' )
C(l6 ' ) -C( l7* )-C( l 5 ')
C(l6 ' )-C( l7* )-C( l 6*)
C(l5 ' )-C(l7 • )-C(l6 * )
C( l6' )-C(l7 * )-C(l8*)
C(l5') - Cll7*)-C(l8*)
C(l6*)-C(l7*)-C(l8*)
C( l 6')-C( l7* )-C(l7 ' )
C( l 5')-C(l7 • )-C(l7 ' )
C(l6 * )-C(l7 *)- C( l7' )
C(l8 *) -C( l 7*)-C(l7')
C(l4 ' )-C(l8*)-C(l7*)
C(l4 ' ) -C(l8 * )-C(l3 ' )
C( l7*) -C( l8*) -C(l3 ' )
C(l4' )-C(l8*)-C(l5')
C(l7 *) -C( l8* )-C(l5')
C(l3 ' )-C( l8* )-C(l5 ' )
c (14' ) -c (18* ) -c (18' )
C(l7*)-C(l8*)-C(l8')
C(l3 ' ) -C( l8* ) - C(l8 ' )
C( l5' ) -C(l8* )-C(l8 ' )
C(20')-0(19')-C(6')
0(21 ' )-C(20')-0(19')
C(20 ' )-0(2 1 ')-C(22')
c (2 4 ' ) -c (23' ) - c 128' )
C(24 ' )-C(23 ' )-C(l')
C(28')-C(23')-Cll')

c(

10 9(2)
1 9(2)
85(2)
117 (4)
39 (4)
81(3)
12 3(4)
60(3)
117 (2)
3 1 (3)
111 ( 3)
55 ( 3)
93(3)
126(4)
30(2)
1 2 1 (2)
64 (2)
98(2)
35(2)
57(4)
79(3)
80(3)
1 00 ( 3)
121(2)
98 ( 3)
54 ( 2)
83 (2)
4 8.6(14)
86(3)
56(3)
9 1 (2)
4 5 (2)
94 (2)
12 0(3)
79(3)
54 (2)
102(4)
42 (3)
81(3)
11 8 (2)
35(2)
99(3)
76(2)
56(3)
45.0(14 )
16(2)
108(2)
44.8(11)
77 (2)
112(5)
133(5)
87 (5)
35(3)
79(3)
122(2)
38(3)
108(3)
96 (3)
4 0(2)
82( 3)
28(2)
94 (3)
13 5 (3)
73(3)
117 (2)
65(3)
119(3)
37(2)
97(2)
1 07(4)
65(2)
120 (2)
59(3)
4 9 (2)
106(3)
104 (3)
83(2)
47.5(14)
106(2)
111 (2)
118(3)
114 (2)
121(2)
1 17.8(1 3)
120.8(13)
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0(41')-C(24')-C(23')

121.1(13)

0(41')-C(24'
C(23')-C(24'
C(26 ' )-C(25'
C(26' )-C(25'
C(24' )-C(25'
C(26' )-C(25'
C(24' )-C(25'
Br(2' )-C(25'
C(25' )-C(26'
C(32' )-C(27'
C(32' ) - C(27 '
C(26' )-C(27'
C(29' )-C(28 '
C(29')-C(28 '
C(27' l-C(28 '
C(30')-C(29 '
C(29')-C(30 '
C(29' )-C(30 '
0(3 3 ')-C(30 '
C(32')-C(3 1 '
C(27' )-C(32 '
C(30')-0(33 '
0(33 ' ) - C(34 '
C(40 ' )-C(35 '
C(40 ' )-C(35 '
C(36' )-C(35 '
C(35 ' )-C(36 '
C(38' )-C(37 '
C(39 ' )-C(38 '
C(38 ' )-C(39 '
C(39' )-C(40 '
C(2 4' )-0( 41'
0( 4 3 ' )-C( 4 2 '
C(42 ' )-0(43 '

1 2 1. 2(14)
118 (2)
124 (2)
114. 8 ( 13)
120.0(13)
1 27.0(11)
108 . 3(14)
23. 3 ( 3)
1 20(2)
12 1 (2)
1 2 1 (2)
118 (2)
1 20(2)
1 2 1 .4(14)
119 (2)
117 . 4(14)
123.4(13)
123(2)
113.6(14)
119 (2)
120(2)
116 . 3(11)
10 6.0( 1 2)
1 19(2)
1 23 (2)
117.4(14)
117 (2)
1 2 4 (2)
1 16(2)
1 2 1 (2)
1 2 1 (2)
116.1( 1 2)
11 3.3(13)
11 2 .1 (13)

-C(25')
-C(25')
-C(24')
-Br(2')
-Br(2')
-Br(2 • )
-Br(2•)
-Br(2•)
-C(27')
-C(26')
-C(28')
-C(28')
-C(27')
- C(23')
-C(23')
-C(28')
-0(33')
-C(3 1 ')
-C(3 1 ')
-C(30')
-C(31')
-C(34')
-C(35')
-C(36')
-C(34 ' )
-C(34')
-C(37')
-C(36 ' )
-C(37')
-C(40')
-C(35')
-C(42')
-0(4 1 ')
-C( 4 4')

Symmetry transformations used to generate equi va lent atoms: # 1 x.,y-1,z

#2 x.,y+ l ,z

Tab/e 4. Anisotro12ic dis12lacement 12arameters (A2 x 103) for 2(C38 H32 06 Br2}
The anisotrogic dis12lacement factor ex 12onent takes the form:
-2 12i2 ( h2 a• 2 U 11 + „. + 2 h k a* b* U 12]

Br(l)
Br(2)
C( l )
C(2)
C(3)
C(4)
C(5)
C(6)
c (7)
C(8)
C(9)
c (10)
0(11)
c (12)
C(l3)
c (14)
c (15)
c (16)
C(l8)
0 (19)
C(20)
0(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27)
C(28)
c (29)
c (30)
c (31)
C(32)
0 (33)

Ul l

U22

U33

U23

U l3

Ul 2

36(1)
49(1)
1 7(7)
26 (8)
22(8)
25(8)
27(8)
19(8)
28(8)
43(9)
29(8)
1 7(7)
30(6)
47(10)
35(9)
36(9)
32(9)
87( 1 6)
157(24)
22 (5)
34 (9)
42(7)
77(13)
14 (7)
20(7)
43 (9)
38(8)
19(6)
29(7)
23 (7)
23(8)
26(7)
27(7)
30(5)

87(2)
52( 1 )
83 ( 1 5)
75(14)
8 4 (15)
7 7 (15)
73(13)
1 00( 1 7)
1 0 4 (18)
70( 1 5)
96(16)
12 4 (20)
65(9)
70(1 4 )
80( 14 )
91 (17)
81(17)
54 ( 14 )
55( 15 )
6 1 (8)
1 01(17)
81 (11)
33(9)
93( 1 6)
110(16)
45 ( 1 0)
22(8)
24 (7)
15(7)
42(9)
57 ( 11 )
18(7)
33(10)
56(8)

53 ( 1)
3 1 (1)
22(8)
30(8)
4 5 ( 10)
4 5 (9)
36(8)
4 7 (10)
22 (8 )
44 (11)
44 (10)
33 (9)
63 (8)
4 2(10)
38 (9)
5 1 ( 11 )
6 1 (13)
108(2 1 )
4 8( 1 2)
54 (7)
29(8)
51(7)
56 (11)
4 1 (9)
22 (8)
25 (8)
3 4 ( 8)
35 (8)
1 4 (7)
15(7)
21 (8)
70 ( 11 )
53 ( 1 0)
36 (6)

-19 (1)
-12 ( 1 )
-23 ( 9)
-17 ( 10)
-2 1 110)
-35110)
- 3 1 (10)
-50(12)
-3 5 ( 10)
-48 (11)
-33 ( 12)
- 1 6 ( 1 3)
-24 (7)
-6 ( 1 0)
-9 (11)
-43 (13)
-38 ( 1 2)
-22 (14)
- 1 8 ( 11 )
-24 (7)
- 39 ( 1 0)
-27(7)
-22(10)
-14( 1 0)
-30 (10)
-8 (8)
3 (7)
8 (8)
1 4 16)
3 (7)
13 (8)
9 (10)
1 (9)
-10 (6)

8 (1 )
12 ( 1 )
4 (6)
- 10 (7)
13 (7)
6 (7)
-16 (7)
6 (7)
7 (7)
7 (8)
5 (7)
- 3 (7)
21 (5)
18 (8)
14 (7)
-10 (8)
-16 (9)
34 (15)
32 ( 14 )
2 (5)
13 (7)
18(6)
-7(10)
5 (6)
1 (6)
14 (7)
20(7)
8 (6)
5 (5)
5 (6)
-6(6)
3(7)
16(7 )
- 4 (5)

21 (1)
1 9 (1)
20 (8)
8 ( 1 0)
17 (9)
13 (9)
27(9)
5 (10)
1 8 (9)
12 (10)
22 (11)
13 (11)
3 (6)
23 (10)
-5(10)
40 (11)
19(10)
- 4 ( 1 2)
-2 2(16)
11 (5)
-15 ( 1 0)
9(7)
- 3 ( 11 )
17 (8)
24 ( 1 0)
6 (8)
7 (7)
- 1 (6)
7(6)
6 (7)
1 (7)
-5 (7)
3 (7)
12 (5)
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c (34)
c (35)
c (36)
C(37)
c (38)
C(39)
c (40)
Br(l')
Br (2')
Br(2*)
C(l')
C(3')
C(4' I
C(5')
C(6')
C(7')
CIS')
C(9')
C(lO'
0(11'
(12 '
0(19 '
C(23 '
C(24'
C(25 '
C(26'
C(27'
C(28 '
C(29'
C(30'
C(31'
C(32 '
0(33'
C(34'
0(41 '
C(42 '
0(43 '
C(44 '

c

40(9)
29(9)
59(13)
100(22)
111(20)
86 (14)
76(14)
2011)
41 ( 1)
31(3)
27 (7)
36 (8)
28(8)
13(6)
29 (7)
35(8)
43(9)
44 (9)
54(9)
74 (8)
1 27(22)
26(5)
15 (7)
27(8)
36(9)
20(8)
23 (8)
31(8)
31(8)
21(8)
31(8)
19(8)
33 (5)
30(8)
25 (5)
47 ( 1 0)
61 (7)
57 (11)

59(12)
81(14)
185(35)
407(80)
91(20)
4 1 (12)
36(10)
40 1l)
16 ( 1)
13(3)
14 (7)
26(9)
21(8)
43 (10)
14 (7)
17(8)
28(9)
24(8)
4 (7)
53 (8)
95(21)
24(6)
38(10)
8 (8 )
11 (8)
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8.2 Selected 1H-NMR Binding Titration Curves
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Compound 2-G-(S)-74 with suga r guest 1 in CD 3CN (300 K):
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Compound 2-G-(S)-74 with sugar guest 3 in CD 3 CN (300 K):
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Compound 2-G-(S)-74 with sugar guest 3 in CDCJ3 (300 K):
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Compound 1-G-(.5)-121 with sugar guest 2 in C0 3CN (300 K):
0. 06

0.05

66 ( p p m )

0.0 3

0. 02

0.00
14 .06
9.38
4.69
Guest C o ncentratio n
[mi ll i Mo lar]

0.00

1: 1

Ka
6G

ll ost : Guest

=
=

Model

314.7 ±
-3.428

13. 8 Saturation =
Chi-Squared =

-

f'l:u:d

Host

Con cenlnltlon:

0.001

18. 75

[MJ

5. t L/Mol
Exact Sounds f' rom:
-3 .41 9
To:
0.000
0.054 ±
Q =
0.93018
5.706

·3.438 Kcal/Mol

Compound l-G-(S)-121 with sugar guest 3 in CD3CN (300 K):
0.07

0.05

M

( ppm )

0.03

0.02

0.00

0.00

4.69
9.38
14.06
G uc st Conccntra tion
[ milli M ol ar !

l:l H M t:Guest M odel - Fixed Hosl C o ncent r ation: 0 .001 [MJ
Ka =
573.1 ±
17.1 L/Mol
t.G =
-3.763
Exact Bounds From:
-3 .745 To:
-J.780 Kcal/Mol
0.000
ti. 6 Saturation =
0.050 "
Chi-Squnr~d =
Q =
0.89278
6 .432

18.75

246

Compound l-G-(S)- 121 with sugar guest 3 in CDCl3 (300 K):
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