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A Tricyclic Polyamide Receptor for
Carbohydrates in Organic Media**
Anthony P. Davis* and Richard S. Wareham

Carbohydrates are important[1] but especially challenging
substrates for supramolecular chemistry. Their structures are
complex, yet lack (in the general case) individual features,
such as ionic or strongly hydrophobic units, able to partake in
strong and specific noncovalent interactions.[2] The problem
intensifies in hydroxylic solvents, where a receptor must
distinguish its target from a large excess of similarly function-
alized competitors. With the exception of boron-based
systems which operate through covalent bond formation,[3]

there are still no effective synthetic receptors for carbohy-
drates in aqueous solution.[4] Of the many published systems
for operation in organic media,[5, 6] only a few can tolerate
significant quantities of hydroxylic cosolvents.[6]

We now report a new carbohydrate receptor 1, which shows
unusual levels of affinity and selectivity in chloroform, and
remains effective even in the presence of 8 % CD3OH. The
design of 1 was inspired by carbohydrate-binding proteins,

which commonly place aromatic surfaces against patches of
carbohydrate CH groups while accepting the hydroxyl groups
into networks of hydrogen bonds.[1d, 7] The intended target of
1, the b-d-glucopyranosyl unit 2, possesses axial CH groups
and equatorially directed hydroxyl groups (Figure 1). The

Figure 1. Target molecule of the receptor 1 with axial hydrophobic and
equatorial polar groups.

NMR (C6D6, 250 MHz, 25 8C, see ref. [9]): d� 6.72 (m, 2H), 5.67 (m, 4H),
1.39 (s, 18 H), 0.19 (s, 6H).
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complementary cavity should therefore have parallel arene
rings, appropriately spaced, linked by moieties capable of
hydrogen-bond donation and/or acceptance. Other perceived
design requirements were sufficient rigidity that self-com-
plemetary features in the receptor could not meet and satisfy
each others� demands, and externally directed functionality
which could be used to control solubility.

The tricyclic structure of 1 with two biphenyl and eight
amide groups appeared to fit these criteria quite well.
Molecular modeling[8] on the analogous tetramethyl ester
indicated that the cavity defined by the biphenyl and benzene-
1,3-dicarboxamide units was sufficiently large to accept a b-d-
glucose molecule (Figure 2), forming up to six intermolecular
hydrogen bonds and several CH-p interactions. Modeling in

Figure 2. Baseline conformation resulting from a 1000 step Monte Carlo
molecular mechanics study of 1, modeled as the analogous tetramethyl
ester, plus b-d-glucopyranose.[7] The six intermolecular hydrogen bonds are
shown as broken lines. Hydrogen atoms on C1, C2, and C3 of the
carbohydrate are positioned to form close CH-p interactions with the host.

the absence of substrate did reveal low-energy conformations
possessing up to three intramolecular hydrogen bonds and no
substantial cavities. However, these could only be accessed at
the cost of two or three syn-amide linkages, representing
strain energy available to open the cavity during the binding
process. The peripheral pentyl ester groups seemed likely to
confer solubility in organic solvents, and could in principle be
hydrolyzed to allow studies in water.

The synthesis of 1 proceeded via the asymmetrically
protected biphenyl intermediate 3 (Scheme 1).[9] Key steps
were the [2�2] macrocyclizations involving bispentafluoro-
phenyl ester 4. Competition from [1�1] cyclizations was not
observed, presumably due to steric/stereoelectronic effects.

Although quite soluble in CDCl3, 1 could not be studied by
NMR spectroscopy in this solvent because of strongly
broadened spectra. However, spectra acquired in CDCl3/
CD3OH (92:8) were well resolved and could be used for
binding studies. Addition of octyl pyranosides 5 ± 7 to 1 in this
solvent system caused various changes in the 1H NMR
spectrum of the host. Interestingly, the signal due to amide
NH moved upfield[10] by about 0.2 ppm and split into two
multiplets of equal size. The creation of two NH environments
is an expected consequence of the interaction of 1 (D2h

symmetry) with a chiral substrate.[11] The signals due to the
benzylic methylene groups were also split into two broad
multiplets, while that due to the inward-directed aromatic CH
(position a in formula of 1) moved downfield by about
0.3 ppm. The motions of the latter were consistent with 1:1

Scheme 1. Synthesis of 1: a) NBS, AIBN, HCOOMe, hnÄ ; b) potassium
phthalimide, DMF; c) NH2NH2 ´ H2O, CH3OH/CH2Cl2, then HCl aq.;
d) PhCH2O(CO)Cl, THF, iPr2NEt; e) (Boc)2O, THF, iPr2NEt; f) (SnBu3)2,
Pd(OAc)2, PPh3, toluene, reflux; g) [Pd2(dba)3], tri-(2-furyl)phosphane,
NMP, 50 8C; h) H2, 10% Pd/C, CH3OH/CH2Cl2; i) 4, iPr2NEt, THF-DMF,
high dilution; j) TFA, CH2Cl2. AIBN� 2,2'-azobis(2-methylpropionitrile),
Boc� tert-butoxycarbonyl, dba� dibenzylidenacetone, NBS�N-bromo-
succinimide, NMP�N-methyl-2-pyrrolidinone, TFA� trifluoroacetic acid,
Z�benzyloxycarbonyl.

binding, and could be analyzed to yield the data shown in
Table 1. We were pleased to record quite substantial binding

Table 1. Results from 1H NMR titrations of 1 with octyl pyranosides 5 ± 7.[a]

Pyranoside Ka [mÿ1] ÿDG8 [kJ molÿ1] Dd [ppm][b]

5 980 (� 2%) 17.4 0.32
6 20 (� 23%) 7.8 0.30
7 220 (� 5%) 13.6 0.27

[a] In CDCl3/CD3OH (92:8). [1]� in the range 0.66 to about 0.52 mm for
titrations with 5 and 7, and between 2.2 and 1.53mm for titrations with 6. 1H
NMR spectrum of 1 was independent of concentration within this range.
Guest concentrations 0.066 ± 2.75 mm (5), 0.86 ± 15.0 mm (6), 0.066 ±
3.61 mm (7). T� 303 K. Association constants Ka were calculated from
movements of the signal due to ArHa using HOSTEST version 5.0.[13a]

Uncertainties are standard deviations calculated by using the Monte Carlo
error analysis incorporated in the program. [b] Limiting change in chemical
shift of ArHa.
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constants (Ka) for 5 and 7, considering the presence of
competing methanol, and a remarkable selectivity of about 45
between anomers 5 and 6.

This success in a hydroxylic medium prompted a return to
chloroform, the solvent which would best allow comparison of
1 with other systems. With no recourse to NMR spectroscopy,
we investigated fluorescence spectroscopy as an indicator of
complexation. On excitation at 285 nm 1 emits fluorescence
between 350 and 450 nm (maximum at 387 nm). Addition of
5 ± 7 appears to reduce intensity by two mechanisms, one
which exhibits saturation and one which is linear with
concentration. As illustrated in Figure 3, titration data could

Figure 3. Experimental and calculated values for the fluorescence binding
study of 1�5.

be reproduced to good accuracy by assuming that the first of
these processes corresponded to 1:1 complex formation. The
binding constants implied by the analyses are listed in Table 2.
The selectivity between 5 and 6 is maintained, while the Ka for
5 is raised to 300 000mÿ1.

The geometries of the complexes between 1 and 5 ± 7
remain uncertain. Although the exceptional binding constants
and selectivities may imply that the strongly bound carbohy-
drates (5 and 7) enter the cavity of 1 as anticipated, we have as
yet no direct indication that this is the case.[12] However,
control experiments on macrocycle 8 suggest that the
complete structure of 1 is required for full effect. The
behavior of 8 with 5 in CDCl3 is complicated by dimerization

(Kdim� 600mÿ1) and multiple stoichiometries, but appears to
be compatible with Ka for 1:1 binding of just 850mÿ1.[13]

Finally, a useful and important test for the recognition of
carbohydrates is their extraction into nonpolar organic media.
This may be said to mimic transport across biological
membranes, and has practical implications for carbohydrate
separation[3c] and detection,[3a,b] and for the moderation of
carbohydrate reactivities.[14] Although boron-based recep-
tors[3] and certain ªunstructuredº organic systems[15] appear
to be broadly effective, preorganized organic receptors have
been restricted to less challenging substrates such as ribose,[5e,i]

fucose,[5e] or methyl glucoside.[5d,f] All reported attempts to
extract hexoses with such receptors have been unsuccess-
ful.[5e,i] When 1 was stirred with an excess of glucose in CDCl3,
significant quantities of the carbohydrate could be detected
by TLC after filtration of the solution (0.45 mm microfil). No
glucose was detected in a control run in the absence of 1.
Complex formation was confirmed by fluorescence spectro-
scopy (DI�ÿ25 %) and by 1H NMR spectroscopy after
evaporation and re-solution in (CD3)2SO. Integration of the
latter spectrum indicated that 0.8 ± 0.9 equivalents of glucose
had been solubilized in the CDCl3. The ratio of b- to a-
anomers was approximately 7:1, substantially different to the
equilibrium ratios in (CD3)2SO (55:45) and D2O (65:35),[16]

and presumably reflecting the preference of 1 for the b-
pyranosyl unit.

The success of 1 gives reason to hope that tricyclic
polyamide receptors with related structures may prove
effective even under aqueous conditions.
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Table 2. Results from fluorescence titrations of 1 with octyl pyranosides
5 ± 7.[a]

Pyranoside Ka [mÿ1][b] ÿDG8 [kJ molÿ1] ÿDI [%][c]

5 300 000 (� 6 %) 30.7 36.4
6 13000 (� 8 %) 23.1 18.8
7 110 000 (� 12 %) 28.3 22.8

[a] In CHCl3. [1]� 0.05 mm, guest concentrations 0.005 ± 0.48 mm (5 and 7),
0.005 ± 0.23 mm (6). [b] Calculated using specially written nonlinear least-
squares curve-fitting programs implemented within Excel version 5.0 and
Systat version 5.2. The programs made allowance for bimolecular (Stern ±
Vollmer) quenching of both 1 and complex by free pyranoside at a common
rate, and gave the same results to a high level of accuracy. Uncertainties are
asymptotic standard errors delivered by the Systat program. [c] Potential
limiting change in fluorescence on complex formation (excluding Stern ±
Vollmer effect).
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Oligomers with Intercalating Cytosine ±
Cytosine� Base Pairs and Peptide Backbone:
DNA i-Motif Analogues**
Ulf Diederichsen*

The ends of chromosomes are built up of telomeric DNA
with an up to 1000-fold repeating guanine-rich DNA and
complementary cytosine-rich sequence.[1] The organization of
guanine strands in tetrads based on a guanine donor/acceptor
pattern that allows for simultaneous pairing by the Watson ±
Crick and Hoogsteen sides is a familiar structural motif.[2]

Surprisingly, however, the cytosine-rich oligomers are also
able to form tetramers since pyrimidine molecules lack a
Hoogsteen side they contribute less to the complex stability
through stacking interactions. Nevertheless, at pH 4.5 ± 6.5 the
semiprotonated C ± C� base pairs are formed in the reverse
Watson ± Crick mode with three hydrogen bonds building up a
parallel double strand; two C ± C� pairing double strands
intercalate and stabilize the structure in a four-stranded
complex.[3±5] The interaction of consecutive base pairs is
provided only by the stacking of the exocyclic carbonyl and
amino groups that are oriented with opposed dipoles
(Scheme 1). This base-pair arrangement makes a considerable
contribution to the stabilization of the pairing complex as
indicated by a base-pair distance of only 3.1 �. DNA
tetramers containing C ± C� pairing were called i-motif in
reference to intercalating double strands, and were described
by Gehring et al. in an NMR structural analysis of the DNA
oligomer d(TCCCCC) that forms an i-motif[3] and by Chen
et al. with an X-ray structure of d(C4).[4] In the meantime, the
intercalating C ± C� double strands that form C tetrads were
established as a structural motif.[5] Unwinding of the double
helix is required to facilitate intercalation and leads to a
helical twist of only 12.4 ± 168 in the DNA i-motif. As part of
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