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This article describes the complexation of phenol derivatives by hydrogen-bonded receptors. These phenol receptors
are formed by self-assembly of calix[4]arene dimelamine or tetramelamine derivatives with 5,5-diethylbarbiturate
(DEB) or cyanurate derivatives (CYA). The double rosette assemblies 3;(DEB)y/(CYA), have their phenol-binding
functionalities (ureido groups) at the top and at the bottom of the double rosette (exo-receptors). The tetrarosette
assemblies 4;-(DEB),,/(CYA),, form a cavity with binding sites between the two double rosettes for guest
encapsulation (endo-receptors). An intrinsic binding constant K, of 202 M ! and 286 M for the binding of
4-nitrophenol to the ureido functionalized exo- and endo-receptors, respectively, was observed. For the exo-receptor
a1 : 6 stoichiometry was observed while for the endo-receptor 1 : 4 binding stoichiometry was determined by Job
plot and MALDI-TOF MS. The important role that the hydroxy group’s acidity plays in the complexation

of 4-nitrophenol is clarified by binding studies with different phenol derivatives. The hydrogen-bonded receptors
showed a much smaller response towards less acidic phenol derivatives.

Introduction

Molecular recognition of substrates (guests) by receptors is
a topic studied intensively in (bio)chemistry.! Compared to
natural systems, most synthetic receptors® described in the
literature support only a limited number of weak interactions.
These synthetic receptors are usually only capable of binding
a single guest, be it a cation,® an anion,* or a small neutral
molecule.’ Furthermore, the labor-intensive synthesis of these
covalent receptors has been for decades based on rational
design, where the focus is on optimization of the electronic and
steric complementarity between the synthetic host and the
targeted guest molecule.! However, natural receptors can
selectively bind much larger and more structurally complex
substrates than smaller synthetic receptors. This is possible
because natural receptors use multiple interactions to enhance
the binding strength,® by simple combinations of the basic set
of natural “tools” such as amino acids and nucleotides.” In
proteins, the binding strength of a molecule to a target is
increased when the target displays multiple sites for binding and
the protein contains several discrete binding sites.®

In attempts to mimic nature, interest is now focused more on
the generation of diverse synthetic multivalent receptors (and
ligands) rather than on their rational design.® For example, Still
and co-workers'® have reported the synthesis of 10* receptors
for N-acylated®Leu enkephalin methyl ester from an A,B-cis
cholic core by variations in the tripeptidic arms. Also, recently
our group showed that the binding affinity for caffeine in water
varies significantly upon the random combination of the side
chains of a tetracationic porphyrin receptor.'! Hamilton et al.*?

T Electronic supplementary information (ESI) available: Experimental
procedures, distribution of different complexes 3b;(DEB)y(5a),,
MALDI-TOF data for 3by(DEB), + 5a, 1 : 6 binding model, Job plot,
titration plots. See http://www.rsc.org/suppdata/ob/b3/b302836d/
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showed a nice example of functional diversity in developing a
multivalent calix[4]arene based ligand bearing four peptidic
loops that is able to bind to the surface of cytochrome
c. Although the covalent approach has led to the synthesis
of many effective receptors, we'* and others'*'> have recently
focused effort on the creation of diversity in receptor molecules
by using noncovalent synthesis. Noncovalent synthesis allows
chemical diversity to be achieved much more readily by the
simple combination of molecular building blocks.

We have previously reported the noncovalent synthesis of a
great variety of hydrogen-bonded double'® and tetrarosettes,"’
consisting of 9 and 15 different substituted building blocks held
together by 36 and 72 cooperative hydrogen bonds, respectively
(Scheme 1). The assemblies are formed by mixing calix[4]arene
dimelamines with 2 or 4 equivalents of DEB (5,5-diethyl-
barbiturate) or CYA (cyanurates derivatives) in apolar solvents.
These rosette assemblies are used as a simple platform to bring
together multiple ligand binding sites, that are attached to
the melamine units. The approach can be used even with polar
hydrogen bond donor and acceptor groups, such as small
peptides.'® The main advantage of this noncovalent approach is
that a library of potential receptors can be easily generated in
solution by simply mixing different calix[4]arene dimelamines
with 2 or 4 equivalents of DEB or CYA under conditions that
allow for the reversible exchange of the melamine derivatives."

These noncovalent receptors are mainly designed for the
complexation of a single guest, here and in view of our object-
ive to extend the use of noncovalent synthesis for the generation
of multivalent receptors,'® we present our results on the com-
plexation ability of the functionalized double and tetrarosette
assemblies as exo- and endo-receptors for multiple phenolic
guests, respectively. Our interest in phenol moieties resides in
the fact that they are important parts of different biomolecules
such as adrenergic receptors®® and flavones.?! Furthermore,
phenols have been widely studied in physical-organic studies
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and for their binding to natural receptors,® and are therefore
excellent model compounds. Despite their importance for bio-
chemical purposes, there are not many examples of synthetic
receptors for phenolic guests and to the best of our knowledge,
there are not examples of noncovalent synthetic receptors for
this type of guest.?®

Results and discussion

Assemblies 3;-(DEB)¢/(CYA), are exo-receptors in which guest
recognition occurs at the bottom of the first floor and at the top
of the second floor. Assemblies 4;-(DEB),,/(CYA),, can be seen
as endo-receptors in which recognition occurs in the cavity
between the two double rosettes (between the second and third
floors) (Scheme 1)."

In the double- 3;(DEB)y/(CYA)s, and tetrarosettes 4,
(DEB);,/(CYA),,, the multiple phenol binding sites are brought
together by simply mixing the corresponding building blocks in
apolar solvent, such as chloroform or toluene.’ (Scheme 1).
Specifically, exo-receptors 3;-(DEB)¢/(CYA)s; are formed by
mixing the corresponding calix[4]arene dimelamine 3 bearing

the phenol recognition sites R, with 2 equivalents of DEB or
CYA. Similarly, endo-receptors 4;-(DEB),,/(CYA),, are formed
by mixing the corresponding tetramelamine 4 (containing
two calix[4]arene dimelamine units covalently connected by a
flexible linker bearing the phenol binding sites X) with 4 equiv-
alents of DEB or CYA. These assemblies have a high thermo-
dynamic stability due to the formation of 36 (double rosette)
and 72 (tetrarosette) cooperative hydrogen bonds, which
renders these assemblies stable in CDCl, even at concentrations
of 107 M.

1. Synthesis of double- and tetrarosette assemblies

Calix[4]arene dimelamines 2'® and 3a'® (Chart 1) were
synthesized by reaction of bis(chlorotriazine) 1a with an excess
of butylamine and 2,2-dimethyl-1,3-diaminopropane, respect-
ively. Compounds 3b—f® (for detailed synthesis of 3¢, see ESI 1)
were synthesized by reaction of 3a with the corresponding
isocyanate or acid chloride derivative. Calix[4]arene tetra-
melamine 4a'”” (Chart 1) was synthesized by reaction of 3g'"
with 0.5 equiv. of 1,4-diaminobutane bis(p-nitrophenyl dicarb-
amate). Compound 4b ' was synthesized by reaction of 1b first
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with an excess of 2,2-dimethyl-1,3-diaminopropane, followed
by reaction of the intermediate with 0.5 equiv. of 1,4-diamino-
butane bis(p-nitrophenyl dicarbamate). All compounds were
fully characterized by 'H NMR, FAB MS, and elemental
analysis or *C NMR.

2. Complexation studies with exo-receptors

The detailed structural analysis of the assembly 3b;-(DEB), by
'"H NMR spectroscopy showed that the 2,2-dimethylpropyl side
chain adopts a rigid conformation. In the assembly this ureido
side chain is folded back over the calix[4]arene aromatic rings
due to hydrogen bond formation between one of the urea NH
protons (H™) and one of the nitrogen atoms of the triazine ring
(Fig. 1)."® This folding back of the ureido side chains results in
the formation of potential binding pockets for the phenol
guests at the top and bottom of the double rosette.
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Fig. 1 Parts of the '"H NMR spectra of 3b,-(DEB); (1 mM) in CDCI,
at 293K: (a) 0, (b) 1, (¢) 10, and (d) 60 equivalents of 5a.

Complexation of 4-nitrophenol (5a) (Chart 2) by the double
rosette assembly 3b;+(DEB), (in CDCl, at 293 K) was studied
by '"H NMR spectroscopy. Upon addition of 5a, (ca. 60 equiv.)
to 3b; (DEB)s (1 mM), a downfield shift of ~0.45 ppm of one
of the two ureido protons (H™) was observed (Fig. 1), while the
downfield shift of the other ureido proton (H") was smaller but
still significant (~0.2 ppm). The shifts of the other rosette
signals were much smaller (<0.08 ppm). Furthermore, upon
addition of 1 equiv. of 5a to 3b;-(DEB),, the ArH signal (ArH
next to Ar-NO,) of this guest showed an upfield shift of 0.085
ppm. This upfield shift is probably due to the expected form-
ation of the hydrogen bond between the hydroxy group of 5a
and the urea carbonyls of 3b,-(DEB)q.

As a control experiment, 7 equiv. of 4-nitroanisole (6) were
added to assembly 3b;-(DEB)s (1 mM). No significant changes
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in the '"H NMR spectrum of assembly 3b,-(DEB), were
observed. This experiment indicates that the hydroxy group of
5a is important for the binding of 5a to 3b;-(DEB);, supporting
the hypothesis that the complexation occurs via the hydrogen
bond formation between the carbonyl of the ureido functional-
ity of 3b and the hydroxy of the phenol 5a.

The binding affinity of 5a to the assembly 3b,-(DEB), was
determined by a 'H NMR titration experiment in CDCI,
(1 mM, 293 K). The chemical shift of the urea NH proton H™
was monitored during the titration (Fig. 2). Several binding
models for the binding of 5a to 3b,-(DEB), can be envisioned.
Two binding models will be discussed in detail: (i) a 1 : 2 (3b;*
(DEB), : 5a) binding model, where phenol complexation occurs
in the binding pockets above and beneath the double rosette,
and (ii) a multivalent 1 : 6 binding model due to the presence of
the 6 ureido groups in the assembly (3 at the top and 3 at the
bottom of the double rosette). An intrinsic K, of 134 M™! was
estimated by using a non-cooperative 1 : 2 binding model, and
an intrinsic K, of 202 M™! was estimated by using a non-
cooperative 1 : 6 binding model (Table 1).** The calculated K,
are on the same order as reported K, values for the complex-
ation of phenol derivarives to urea carbonyl groups.® Thus, no
significant cooperativity is observed for the complexation of 5a
to 3b;(DEB)s. Nevertheless, assembly 3b;+(DEB)y has an
advantage when compared with the phenol complexation to a
single urea molecule. Assembly 3b,-(DEB), has six independent
binding sites that are well oriented and preorganized. They are
arranged in such a way that they might bind to adjacent sites of
larger guest molecules.?
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Fig. 2 Plot of the induced shifts (AJNH") of the '"H NMR signal NH"
versus [5a]/[3bs+(DEB)s;] (M) and versus [5a]/[3b;*(BuCYA)s] (®) in
CDCI; (1 mM for assembly).

Further conformation of the complex stoichiometry was
provided by Ag® labeling MALDI-TOF mass spectrometry.?
This is a relatively soft ionization method that provides a non-



Table 1 Intrinsic binding constants (K,)“ for the complexations of
double and tetrarosette assemblies (1 mM) with Sa in CDCI, at 293 K *

K/M™!
Assembly 1 : 4 Model 1:6 Model
3b,-(DEB), — 202 + 17 (195 * 15)°
3b;-(BuCYA), — 239+ 14
3d,-(DEB), — 155 + 23
4a,-(DEB),, 286 + 19 —
4a,-(BuCYA),, 116 £23 —
4b,-(DEB),, 2999+ 16 —
4b;-(BuCYA),, 145+ 20 —

“ Numbers of binding constants are not measured precisely. * K, values
were estimated by nonlinear least-squares methods using non-
cooperative 1 : 4 and 1 : 6 complex models.  Compound 5¢ was used as
a guest molecule. * Ref 36.

destructive way to generate charged species for the estimation
of the stoichiometry of the complex. In carrying out the
MALDI-TOF experiments, we used different concentrations of
rosette assembly, ranging from 10 mM to 0.1 mM of 3b;-
(DEB),, and different equivalents of phenol guest 5a (10, 30,
and 60 equiv.).”” As shown in Fig. 3a, the mass spectrum of the
sample containing 3b;-(DEB); (10 mM) and 5a (10 equiv.)
showed a relatively intense signal at m/z 5589.2 (calcd for 3b;-
(DEB)4+(5a)s*Ag* = 5587.8) and a smaller signal at m/z 5452
(caled for 3b;-(DEB)g(52)s:Ag™ = 5448.8). The mass spectrum
of the sample containing 1.0 mM of the complex and 10 equiv.
of 5a showed two signals of similar intensity at m/z 5310 (calcd
for 3b;+(DEB)4(52),-Ag" = 5309.7) and mi/z 5171 (calcd for 3b,-
(DEB)¢(52);Ag™ = 5170.7). Also, among other signals, three
smaller signals at m/z 5034, 5451, and 5588 corresponding to
the complexation of 2, 5, and 6 equiv. of Sa, respectively, were
present. The mass spectrum of the most dilute sample (0.1 mM,
10 equiv. 5a) showed a relatively intense signal at m/z 4894
(caled for 3b;(DEB)g-5a-Ag™ = 4892.6) and smaller signals at
miz 4753 and 5033, corresponding to the free host (3b;-(DEB),-
Ag") and the complexation of 2 molecules 5a (3b;-(DEB),:
(5a),-Ag™) respectively (Fig. 3b). In summary, these results
showed that at higher concentrations of double rosette more
guest molecules are complexed. The distribution of the differ-
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Fig. 3 MALDI-TOF mass spectra by using a Ag*-labelling technique
for the complexations of (a) 3b;-(DEB), with 5a (10 mM, 10 equiv. 5a),
and (b) 3b;-(DEB) with 5a (0.1 mM, 10 equiv. 5a), in CH,Cl,.

ent complexes found in the MALDI-TOF MS experiments is in
agreement with the expectations based on the non-cooperative
1 : 6 binding model using a K, of 202 M~! obtained experi-
mentally from the "H NMR titration (see ESI Fig 17). Further-
more, we have also performed MALDI-TOF MS experiments
where the concentration of 3b;(DEB), was kept constant and
the number of equivalents of phenol 5a (30 and 60 equiv.) was
increased. In these experiments, formation of the higher
molecular weight complexes were observed upon addition of
more equivalents of 5a (see ESI Fig 2 7).

To determine the effect of a possible change in the geometry
of the complex, due to the substitution of CYA for DEB, on the
complexation of phenol 5a, the complexation of 5a to assembly
3b,+(BuCYA), was also studied by '"H NMR. The geometry of
the double rosette plane is different when DEB or CYA are part
of the assembly due to the different electron distributions. We
also observed a downfield shift of H” after addition of 5a to
3b;-(BuCYA) (Ad 0.25 ppm, 10 equiv. 5a). The data obtained
from the titration (1 mM rosette in CDCl;, 293 K) were fitted
using the 1 : 6 binding model described above to give an intrin-
sic K, of 239 M. Thus, no significant difference between the
complexation of 5a to 3b;-(DEB)¢ or to 3b;+(BuCYA), was
observed. This result showed that the effect of the geometry of
the rosette plane on the complexation is minimal.

So far, we have presented data indicating that hydrogen bond
formation between the hydroxy group of the guest and the
ureido carbonyl groups of the receptor could be the driving
force for phenol complexation by 3b;-(DEB). To confirm the
importance of this ureido side chain in promoting phenol recog-
nition by the assembly, the interaction of 5a with 2;-(DEB);,
an assembly that lacks the ureido groups, was studied. A 'H
NMR titration of double rosette 2,*(DEB), (1 mM, 293 K) with
5a showed no significant changes in the chemical shifts for the
'"H NMR signals of either 5a or 2;(DEB),. Because assembly
2,-(DEB)¢ lacks the ureido protons H"”, one of the aromatic
signals of 5a (ArH next to Ar—-NO,) and proton H? (one of the
NH protons of the melamine unit, see Fig. 1 for similar descrip-
tion) were monitored to compare 3b;-(DEB), and 2;-(DEB);.
No significant change in the chemical shift of the aromatic
protons of 5a is observed upon addition to 2;-(DEB),, while in
the case of the assembly of 3b;(DEB)s a Ad value of —0.085
ppm was observed. Also when proton H?is followed, only small
shifts (<0.025 ppm upfield) are visible during the titration with
2,-(DEB);, while larger shifts (Ad 0.05 ppm, 10 equiv. 5a) were
observed in the case of 3b;-(DEB);.

Furthermore, the intensities of the diagnostic NHpgg-
protons, H* and H? (see Fig. 1 for similar H description), for the
assembly of 2;-(DEB)4 decrease after addition of 10 equiv. of
phenol 5a, suggesting that assembly dissociation occurs upon
phenol addition.”® The dissociation as revealed by 'H NMR
spectroscopy is accompanied by a color change of the solution
from colorless to yellow, consistent with deprotonation of
phenol 5a.% In sharp contrast, when up to 60 equiv. of 5a are
added to 3b;(DEB),, no color change or change in the 'H
NMR of the H* or H” signals is observed, indicating that
dissociation of the assembly does not occur. Therefore, it seems
likely that assembly 2;-(DEB)y is less stable and dissociates
more readily than 3b;<(DEB),, thereby liberating the free
calix[4]arene dimelamine in solution, which can then depro-
tonate 5a.

We have also studied the complexation of 5a with different
functionalized double rosettes. Addition of 5a to the thio
ureido assembly (3¢;*(DEB)g) showed only a small shift of H”
(A0 0.06 ppm, 10 equiv.) This observed shift is much smaller
than the shift of H” for the assembly of 3b;-(DEB)s (Ad 0.26
ppm) upon addition of 10 equiv. of Sa. Addition of ~10 equiv.
of 5a to 3e;(DEB)s (sulfonamide) and 3f;-(DEB)s (phos-
phoramide) did not shift any signals in the '"H NMR spectrum.
The NMR data suggest that there is no complexation of 5a by
3e;-(DEB), or 3f;-(DEB),. This could be because the hydrogen
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bond acceptor ability (or electron density) of the phos-
phoramide and sulfonamide oxygens and the sulfur of the
thiourea® is too low to enable detectable complexation by
phenol 5a. Addition of 5a to assembly 3d;-(DEB),, containing
an amide in the side chain, showed a similar shift (A 0.25 ppm,
10 equiv.) as was seen for ureido-containing assembly 3bs-
(DEB)s. The 'H NMR titration of the addition of 5a to
assembly 3d;-(DEB), yielded an intrinsic K, of 155 M ™', a value
that is on the same order of magnitude as the K, for binding of
5a by 3b;-(DEB);.

3. Complexation studies with endo-receptors

To assess the difference between exo- and endo-receptors,
recognition studies of 5a by tetrarosette assemblies 4a,;-(DEB),,
were performed under the same experimental conditions as for
3b;-(DEB),. For 4a;-(DEB),,, the urea NH* proton signal at
5.20 ppm (Fig. 4) also showed a significant downfield shift upon
addition of 5a (A 0.375 ppm, 10 equiv. 5a). On the other hand,
the induced shift of the NHP signal for the terminal carbamate
moiety is much smaller (Ad 0.02 ppm, 10 equiv. 5a). These
results indicate that the hydroxy group of 5a interacts pre-
dominantly with the internal ureido carbonyl groups that are
positioned within the cavity formed by 4a,:(DEB),,.*!

To demonstrate that the phenol guest complexation occurs in
the cavity between the two double rosettes, the signals of the H*
and H’ protons were monitored in a typical NMR titration
experiment (Fig. 4). Interestingly, upon addition of 10 equiv. of
5a the only significant shifts were for NH** (Ad —0.095 ppm)
and NH" signals (A5 —0.05 ppm) of the second and third
floors of the tetrarosette. In contrast, the corresponding guest-
induced shifts for the first and fourth rosette floors were much

1Sl and 4m floor 2mj and 3"j floor
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J U
I
q ﬂﬂﬁ.:fjﬁ\

5.2 &(ppm)
Fig. 4 Parts of the '"H NMR spectra of 4a;(DEB),, (1 mM) in CDCl,
at 293 K: (a) 0, (b) 2, (c) 6, (d) 10, and (e) 20 equivalents of 5a.
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smaller (AJ +0.01 ppm for NH* and —0.02 ppm for NH"', 10
equiv. 5a). These data clearly indicate that phenol 5a is
complexed within the assembly’s cavity between the second
and the third floors of the tetrarosette. Similar results were
also found for 4a;+(BuCYA),,, 4b;-(DEB),,, and 4b;-(BuCYA),,
assemblies. This is to be expected since the ureido carbonyls in
the linker are positioned between the second and third floors.

Generally, for barbituric acid-based assemblies (4a;-(DEB),,
and 4b,-(DEB),,) the NH*' and NH"' peaks on the first and
fourth floors tended to broaden upon the addition of Sa
(Fig. 4). The peak broadening is ascribed to proton exchange
between the OH of 5a and the NH*//NH”' > The peak broaden-
ing, indicative of significant proton exchange in barbituric
acid-based chiral assembly 4b;-(DEB),,, is consistent with the
lower stability of this DEB-based assembly. Additional proof
of the lability of the tetrarosette assembly 4b;-(DEB),, was
gathered by the disassociation of the assembly upon the
addition of excess 5a.%* The more stable cyanuric acid-based *
assembly 4b; (BuCYA),, did not show broadening of the
NH' and NH”' signals, indicating inhibition of the amide
NH-phenol OH proton exchange due to the larger stability of
the rosette’s hydrogen bonding network.**

In contrast to the double rosette system, a 1 : 4 stoichiometry
of the tetrarosette 4a,-(DEB),, complexation with Sa was
estimated. A Job plot* indicates a maximum at a 1 : 4 molar
ratio of 4a;-(DEB),, and 5a (see ESI Fig 4 ). Only four 5a guest
molecules could be complexed within the cavity*' rather than
six, probably due to space limitations. The intrinsic K, was
estimated from '"H NMR titration data (see ESI Fig 51) by using
a non-cooperative 1 : 4 complex model. The estimated values
are summarized in Table 1.

Guest encapsulation in tetrarosette assemblies was also
supported by MALDI-TOF mass spectrometry using the Ag*-
labeling technique. For 4b;-(DEB),,, in the presence of 12 equiv.
of 5a, the ion peak for the parent assembly 4b,-(DEB),, (calcd.
for 4b,-(DEB),,-Ag* = 8913.7) was observed as the major
species. Under the same experimental conditions 4b,
(BuCYA),, afforded the ion peaks for the 1 : 2 and 1 : 3 com-
plexes with 5a (calcd. for 4b;(BuCYA),,*(5a),-Ag" = 9203.7
and 4b;-(BuCYA),,*(52);-Ag™ = 9342.8, respectively). No peak
of the parent assembly 4b,-(BuCYA),, was observed (calcd. for
4b;(BuCYA),,*Ag" = 8925.7). More interestingly, upon the
addition of a large excess of 5a (45 equiv.) the 1 : 4 complex
(cald. for 4b;(BuCYA),,*(52),-Ag™ = 9481.8) was detected as
the main species, a stoichiometry that coincides with the results
from the Job plot.

Generally, the K, values (286299 M™!) for the barbituric
acid-based assembly 4;-(DEB),, systems are larger compared to
those for the cyanuric acid-based tetrarosettes 4;-(BuCYA);,
(116-150 M™").3¢ This observed difference in phenol binding
strengths may be ascribed to structural differences between
barbituric- and cyanuric acid-based assemblies. Somehow,
the structure of DEB, with its tetrahedral sp’-carbon in the
6-membered ring in host 4;-(DEB),, shows better comple-
mentarity for guest 5a than host 4,-(BuCYA),,, carrying CYA
with its flatter sp*>-nitrogen. In contrast, the K, values obtained
for the complexation of S5a to exo-receptors 3b;-(DEB)g
and 3b;-(BuCYA), are similar (see above), providing another
indication that binding of 5a to assembly 4a;-(DEB),, does not
occur on the outer rosette platforms (1 and 4® floors).

VT 'H NMR spectroscopy. Strong evidence for the encapsul-
ation of guest 5a within floors 2 and 3 of tetrarosette 4a-
(DEB),, was gathered from variable temperature (VT) NMR
measurements. For tetrarosette assembly 4a;-(DEB),,, split-
tings of the 'H NMR signals H*!, H%, H*!, H*?, and NH* were
observed in the presence of 5a (3 and 10 equiv.) at low temper-
ature (<273 K, Fig. 5). This signal splitting is ascribed to the
presence of more than one species in solution on the NMR
time-scale, namely the different complexed 4a;-(DEB),,-5a,, (n =
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Fig. 5 Parts of the '"H NMR spectra of 4a;*(DEB),, (1 mM) in CDCl, in the presence of 5a (0, 3, and 10 equiv.): (a) 293, (b) 273, and (c) 233 K

(For assignment, see structure in Fig. 4).

Table 2 Changes of chemical shifts (Ad) for the complexation of guest
molecules to 3b;*(DEB) (1 mM, CDCl, at 293 K)

Guest pK,* alo,’ Ad (ppm) Equiv.
S5a 7.15 0.81 0.26 10
5b 8.28 0.71 0.24 10
Sc 7.97 0.70 0.22 10
5d 0.53 0.15 10
Se 10.17 —0.14 0.06 14
5f 0.44 0.15 10
S5¢ 0.26 0.11 10
5i 9.89 0 0.06 10
5j —0.28 0.05 10
5k —0.38 0.05 5
51 9.81 0.13 0.07 8
Sm 9.85 0.19 10
6 0.0 7
7 0.16 10

“ Values were obtained from D. R. Lide in Handbook of Chemistry and
Physics, 83" ed., CRC press LLC, 2002, p. 8-46-8-56. * Values were
obtained from ref 37.

1-4) and uncomplexed 4a,-(DEB),, assemblies in solution. In
the absence of phenol guest 5a no splitting of the NMR signals
is found (Fig. 5). Similar phenomena were also observed in 4a;-
(BuCYA),, and 4b,-(DEB),, systems. In contrast to these VT
results with the tetrarosette the VT 'H NMR spectra of 3b,:
(DEB), with either 3 or 10 equiv. of 5a (between 243 K and 333
K) did not show splitting of the H* and H’ signals. For the
double rosette fast exchange between the complexed guest and
the free guest occurs at an even lower temperature (243 K), and
only averaged NMR signals are observed.

4. Selectivity studies with exo- and endo-receptors

Various substituted-phenol derivatives 5 (Chart 2) were selected
as possible guest molecules and the induced shifts of the NH"*
signal (AONH"*) for 3b,<(DEB)s (Table 2) and 4a,(DEB),,
were carefully checked. The AONH"" values (in experiments
with 1.0 mM and 10 equiv. of 5) were plotted against Hammett
parameters o, or g, (Fig. 6).” The o, or g, parameters are
quantified descriptors of the ability of an organic functional
group to affect the electron density distribution of an aryl
group. While Hammett plots have been routinely used in
physical-organic chemistry, they have also found increasing use
in supramolecular systems.*®

For both assemblies, the Hammett plot showed larger 'H
NMR chemical shift changes upon addition of more acidic
phenols with stronger electron withdrawing groups, like NO,
(5a), CF; (5d) and COOMe (5f). These results indicate, once

again, the importance of the highly acidic OH group in inter-
acting with the urea carbonyl groups in 3b;*(DEB)¢ and 4a,-
(DEB),,. Furthermore, for assembly 3b;-(DEB), a good linear
correlation between AONH" and ¢,/a,, was observed for Sa, 5b,
5g, 5h, and Si (bearing p-NO,, m-NO,, p-Br, p-F, and H respect-
ively). For 5j (bearing an electron donor group p-OMe) the
observed shift is larger than expected based on the Hammett
parameter o,, suggesting that the OMe-group may interact
positively with 3b,-(DEB);.

For assembly 4a,-(DEB),,, a good linear correlation between
ASNH" and ¢,/5,, was also observed for phenols 5a, 5b, 5f, Sg,
5h and 5i (bearing p-NO,, m-NO,, p-COOMe, p-Br, p-F, and H
substituents, respectively). Again the observed shift was larger
when using 5j (bearing p-OMe) than expected based on the
Hammett parameter o,

The Hammett plots in Fig. 6 clearly show that the acidity
of the hydroxy group is of great importance for phenol com-
plexation by receptors 3b;+(DEB), and d4a,-(DEB),,. This
importance is further emphasized by the other phenol deriv-
atives. The addition of 10 equiv. of phenol (5i) (pK, = 9.89)
showed a shift of 0.06 ppm for H” in the '"H NMR spectrum.
The addition of other less acidic phenols with pK, values
around 10, such as p-cresol (5e) and 4-fluorophenol (5h),
showed much smaller shifts for H”. Addition of 4-cyanophenol
(5¢), with a pK, of 7.97, showed a large downfield shift for H”
(A0 0.22 ppm, 10 equiv. 5¢), comparable to the H” shift caused
by addition of p-nitrophenol 5a (10 equiv., pK, = 7.15).
Determination of the binding constant of 5c¢ to assembly 3b;-
(DEB)s by a 'H NMR titration (1 mM, CDCl,, 298 K) yielded
an intrinsic K, of 195 M™! for formation of the 1 : 6 complex, a
value that is on the same order as the intinsic K, obtained for 5a
(202 M.

We also studied the complexation of guest molecules con-
taining two hydroxy groups. The addition of catechol (5m, 9-10
equiv.), which has a pK, of 9.85, showed a downfield shift of the
urea NH signal H” of 0.19 ppm. The obtained shift of H"” is
larger than expected based on the pK, value of this phenol
guest. However, pK, values are generally measured in aqueous
solutions, where the intramolecular bond between the two
hydroxy groups does not occur. In apolar solutions, such as
chloroform, this intramolecular hydrogen bond occurs and
therefore the proton that is not involved in the hydrogen bond
becomes more acidic. Catechol (5m) is unique in that it has two
hydroxy groups ortho to each other. Therefore in principle two
hydrogen bonds to the carbonyl of the ureido functionality can
be formed by 5m. If two hydrogen bonds are formed one would
expect the complex to be stronger. Because of the low solubility
of 5m in CDCl,, the intrinsic K, could not be determined by 'H
NMR titration. If the two hydroxy functionalities are further
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Fig. 6 Hammett plots for the NMR signal of NH" in the assemblies
(a) 3b;*(DEB), and (b) 4a,-(DEB),, (1 mM) in the presence of 5a-b, 5d,
and 5f—j (10 equiv.) in CDCl; at 293 K.

apart, as in resorcinol (51, pK, = 9.81), the observed shift of H”
after the addition of 51 is much smaller (Ad 0.07 ppm, 8 equiv.).
The formation of the second hydrogen bond is probably not
possible because of the geometry of the complex. Also the
intramolecular hydrogen bond acidifying the other proton
cannot occur.

Upon addition of 7 (bearing 2 OH-groups, 10 equiv.) to
assembly 3b;(DEB)g, a 0.16 ppm downfield shift was observed
for NH". The observed shift is larger than expected based on
the acidity of 7 (pK, estimated around 10). The two hydroxy
functionalities are too far apart to form either an intra-
molecular hydrogen bond or two hydrogen bonds with the same
carbonyl functionality as for Sm, therefore we suggest a two-
point interaction (with two different carbonyl functionalities).
A similar result (0.16 ppm downfield shift of NH") was also
obtained upon addition of 10 equiv. of this guest to the
endo-receptor 4a;-(DEB),,.

Conclusions

Complexation of phenol derivatives 5 is achieved by using both
double- and tetrarosettes. For the exo-receptors 3b;-(DEB),/
(CYA)s and 3d;+(DEB); a 1 : 6 binding stoichiometry is
observed. The guest molecules are complexed on both the top
and bottom of the assembly. In contrast 4;-(DEB);,/(CYA);,
are endo-receptors that show a 1 : 4 binding stoichiometry
as determined by Job plot and MALDI-TOF MS. The com-
plexation of 5a inside the cavity between the second and third
floors of the tetrarosette is mainly supported by VI NMR
measurements. Splitting of the '"H NMR signals for the NHpgp-
protons was observed at low temperatures upon addition of 5a,
indicating slow exchange between the free host 4;-(DEB),, and
different complexed hosts 4;-(DEB),,-5a, (n = 1-4).

The pK, of the phenol derivatives is important for the
complexation with the ureido carbonyls in the double and
tetrarosettes. Acidic phenol derivatives with pK, values between
7.0-8.0 are the best binders. Phenol acidity, however, is not the
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only factor that influences binding to the rosette assemblies.
Structural constraints in the guest can also be important. Thus,
catechol a relatively poor acid with a pK, of 9.85 is a good
binder to 3b;+(DEB),, probably due to the formation of
two-point hydrogen bonds to the ureido group or to an intra-
molecular hydrogen bond. Addition of 7 clearly shows that
formation of two hydrogen bonds strengthen the binding. The
pK, of the hydrogen bond accepting atom is also important for
the binding. Accepting atoms with a low electron density are
not capable of a strong complexation of 5a. Furthermore, it has
been shown that the double rosette contains six independent
and well-organized binding sites and it has good potential as
a noncovalent assembly for multivalent molecular recognition.
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