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Abstract: This article describes the synthesis and binding properties of highly selective noncovalent
molecular receptors 13+(DEB)s and 33+(DEB)g for different hydroxyl functionalized anthraquinones 2. These
receptors are formed by the self-assembly of three calix[4]arene dimelamine derivative molecules (1 or 3)
and six diethylbarbiturate (DEB) molecules to give 15-(DEB)s or 3;5-(DEB)s. Encapsulation of 2 occurs in a
highly organized manner; that is, a noncovalent hydrogen-bonded trimer of 2 is formed within the hydrogen-
bonded receptors 1;:(DEB)s and 33+(DEB)s. Both receptors 1;+(DEB)s and 33+(DEB)s change conformation
from staggered to eclipsed upon complexation to afford a better fit for the 25 trimer. The receptor selectivity
toward different anthraquinone derivatives 2 has been studied using H NMR spectroscopy, X-ray
crystallography, UV spectroscopy, and isothermal microcalorimetry (ITC). The #—x stacking between the
electron-deficient center ring of the anthraquinone derivatives 2a—c and 2e—g and the relatively electron-
poor melamine units of the receptor is the driving force for the encapsulation of the guest molecules. The
selectivity of the hydrogen-bonded host for the anthraquinone derivatives is the result of steric interactions
between the guest molecules and the calix[4]arene aromatic rings of the host.

Introduction of multiple hydrogen bonds for the formation of these containers
is widely studiecP~7 Alternatively, metal ion%° and multiple
ionic interaction¥’1! are used for the construction of self-
assembled capsules. Molecular capsules have many potential
applications, ranging from drug delivery and molecular recogni-
tion to molecular reaction chambers for catalysis and stabiliza-
tion of reactive intermediatéd:15

Encapsulation of guest molecules in this type of synthetic
self-assembled receptors is being studied intensifelf.Non-
covalent synthesis facilitates the encapsulation dramatically by
the ability of the capsule to (re)assemble around the guest
molecules, while covalent capsul&¥’should contain a “door”

One of the ambitious goals in supramolecular chemistry is
the self-assembly of synthetic building blocks into highly
organized structuré’sNature provides the perfect example for
this approach; that is, highly complex functional structures, such
as cells and viruses, are obtained by self-assembly, which allows
errors to be minimized and/or spontaneously corregfed.
However, the control and organizational complexity found in
these biological enclosures is still far beyond the synthetic
abilities of chemistg, although beautiful examples of self-
assembled molecular containers have been reportédhe use
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Chart 1.

Molecular Representation of Compounds 1a,b and 3a,b, The Corresponding Hydrogen-Bonded Assemblies 1,33-(DEB/CYA)s and

Their Top and Side View Schematic Representations: The Molecular Structures of Guests 2a—h and 4 Are Also Depicted

DEB X=C(CH,CH.),
BuCYA X=N(CH,),CH,

1a R = NH(CH,);CH,
1b R = NH(CH,),CH=CH,

3a R = NH-(R)-CH (C,H,)CH,
3b R = NH-(S)-CH (C,H.)CH,

OH

(top view)
(side view)
/\-‘
—\-'
1,4(DEB/CYA),
3.+(DEB/CYA),
H O o] OH ©
OH
OH OH OH OH OH
2b 2c 2d
o} o} OH o}
'*."OH .*ﬁ"OH .*.
¢] O oy ¢]
2f 29 2h

through which the guest molecules can enter the capsule.show that this receptor is very sensitive toward small structural
Entrapment of guest molecules in noncovalent molecular variations of the guest molecule. The encapsulatio2aby
containers is mostly achieved by the steric constraints exertedthe chiral receptor8a—bs-(DEB)s shows the same complexation

by rigid preorganized building blocKs.In literature, there are

only a few examples known wherein self-organization of guest
molecules in the molecular capsule occurs via noncovalent

interactions?~25 Our group has recently shown the first example

behavior as the racemic receptias:(DEB)s.
Results and Discussion

Assembliedl,3;-(DEB/CYA)g are formed upon mixing calix-

of such a system, wherein the self-organization of both guest[4]arene dimelamine$,3 and DEB or cyanurate derivatives in
and host is based on the same type of noncovalent interactionsa 1:2 ratio in apolar solvents, such as chloroform, toluene, or

(i.e., hydrogen bonding}f

benzené’28These assemblies are held together by the formation

Here, the highly organized encapsulation and selectivity of 36 hydrogen bonds, and therefore, they are thermodynami-

toward anthraquinone derivative8a—h (Chart 1) by the
noncovalent molecular baokag*(DEB)g is described. This host
assembly is formed by mixing calix[4]arene dimelamirzeand
diethyl barbituric acid (DEB) in a ratio of 3:6 in apolar solvents.
To determine the selectivity of this receptor, a range of very
similar anthraquinone derivativésa—h, differing only in the
number and position of OH groups in the anthraquinone
skeleton, have been choseld NMR spectroscopy, X-ray
crystallography, UV-vis spectroscopy, and isothermal micro-
calorimetry (ITC), used to study the affinity of this receptor,

cally stable. The top and bottom of these molecular boxes
comprise cyclic hydrogen-bonded rosette motifs, with the three
calix[4]arene units acting as side walls.

Previous studies in our group have shown that the addition
of 4 equiv of alizarin 2a) to the hydrogen-bonded recepfias:
(DEB)s (1.0 mM in CDCE) results in the encapsulation of a
hydrogen-bonded alizarine trime2gg) between the two rosette
layers of the receptdf. X-ray analysis and 2BH NMR (2D
DQF?2° TOCSY20 and NOESY) experiments were used to
show unequivocally the geometry of the comples-(DEB)s-
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Figure 1. Part of the'H NMR spectra (400 MHz, CDG) of (a) receptor
las-(DEB)s, (b) complexlas:(DEB)s-2as, and (c) guest molecul2a. The
signals corresponding to freza are marked withk.

2ag. Specifically, these studies revealed that the 3288 ppm
upfield shifts of the aromatic protons,HHs, and H of 2a(ring

(a) Drsymmetry (staggered) (b Csymmetry (staggered)

C;

no Cy-axls

1 Craxis
3 Cpaxis

f©) Cu-symmetry (eclipsed)

1 Cyaxis
1 &, -plane

Figure 2. Graphical representation of the symmetry groups for the (a)
assemblylag-(DEB)s (D3), (b) assemblylas-(DEB)s-2as (Cs), and (c)
assemblylag:(DEB)s+2a; (top and side view)Csn). (Rectangular figures
denote the alizarin guest molecules.)

O---0O distance (between the carbonyl of one guest molecule
and the hydroxyl of the adjacent guest molecule) in the hydro-
gen-bonded network forming tteg trimer is 2.7 A, which is
only found for O--O contact when there is a hydrogen bond.

On the other hand, the X-ray analysis showed that the two
melamines of one calix[4]arene are in a parallel orientation
(Figure 2) after encapsulation of tl&ag trimer, while before
the encapsulation, the two melamines of one calix[4]arene are
in an antiparallel (staggered) orientation, which has also been
confirmed by X-ray crystallograph?/.

In the work described in this paper, we have extended the
study of the symmetry of the compléxg:(DEB)s* 253 to prove
that the molecular twist experienced by this receptor occurs
undoubtedly also in solution.

X-ray analysis showed that the complexation2a§ in the
double rosettelag:(DEB)s breaks theD3; symmetry? (Figure
2) and gives the compledag(DEB)s-2a; with local Ca,
symmetry. TheDs symmetrical structure has on€z-axis
(perpendicular to the plane of the page) and th@eaxes
perpendicular to th&z-axis. For theD3; isomer, two signals
for the NHogg protons H and H, (see Figure 1 for the
assignment of the protons) between 15 and 12 ppm are expected
because the three substituents on the dimelamines render these
NHpeg protons nonequivalent in the assembly. The two rosette
layers are interconverted viaGy-axis, rendering the protons
in one rosette layer homotopic compared to the protons in the

C, see Figure 1) are due to the inclusion of the aromatic ring C other rosette layer and giving identical resonances in the

in the calix[4]arene con& Additionally, almost all of the signals
from the receptotas-(DEB)s are also shifted upon complexation
(—0.58 ppm (H); —0.30 ppm (H); —0.44 ppm (H); 0.13 ppm
(Ha); —0.71 ppm (H); —0.84 ppm (H), Figure 1). ThéH NMR
studies showed also the slow exchange betweenZeeand
the complexed guest ibag:(DEB)s-2a; on the NMR time scale.
The crystal structufé revealed that the intermolecular
separation between the rosette layers increases fron3%Y
to 6.4-6.9 A upon encapsulation of the alizarin trimer. The

spectrum. Encapsulation of the trim2gg in the staggered
conformation would result in a structure with Gs-axis but
lacking the threeC,-axes, leading to four signals for the N
protons, two for each rosette. However, because only two signals
for these protons were observed in #ifeNMR spectrum (see
Figure 1), a horizontal plane of symmetry should be present,
making the two rosette layers enantiotopic and giving the same
NHpes resonances in the NMR spectrum. Consequently, the
presence of the horizontal symmetry plang) petween the two

(32) Saito, S.; Nuckolls, C.; Rebek, J., JrAm. Chem. So200Q 122 9628~
9630.

(33) Prins, L. J.; Timmerman, P.; Reinhoudt, D. Rure Appl. Chem1998
70, 1459-1468.
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Figure 3. Ring closure metathesis reaction (RCM) of (a) assenbly(DEB)s in the staggered conformation yielding a cyclic trimer, and (b) complex
1bs-(DEB)s-25s in the symmetrical eclipsed conformation yielding a cyclic monomer.

rosette layers reasonably implies that upon encapsulatidesof
a conformational change of the calix[4]arene dimelamine from

spectrometry, showing the same complexation behavior as that
for 1a3*(DEB)s. Upon complexation o2a, the two initial signals

staggered to symmetrical eclipsed has occurred also in solutionfor the NHygg protons at 14.05 and 13.25 ppm in thé NMR

(Figure 2).

Additional proof for the conformational change of assembly
lag-(DEB)s from staggereds) to symmetrical eclipseddp)
after complexation in solution can be obtained from a ring

of 1bs-(DEB)s have disappeared, while two new upfield shifted
signals at 13.48 and 12.99 ppm have emerged (see Figure S-1).
The presence of only two signals for the pHd protons suggests
that the conformation of the calix[4]arene dimelamines changes

closure metathesis (RCM) reaction (Figure 3). As described from staggered to (symmetrical) eclipsed upon complexation

previously by our group#3> assemblylbz:(DEB)s, with oct-

7-enyl side chain substituents on the melamine ring (Chart 1),

forms a cyclic trimer (covalent linkage of the three calix[4]-
arene units) in the presence of the Grubbs cat#lirstCD,Cl..

of 2a. The'H NMR spectrum of the sample after the RCM
reaction withlbs:(DEB)e 2a3 shows that the signals for the two
terminal vinylic protons at 5.8 and 4.9 ppm have disappeared,
while a new signal for internal vinylic protons at 5.6 ppm is

IH NMR and molecular modeling studies showed that assembly present. MALDI-TOF mass spectrometry showed the mass

1bs*(DEB)s is exclusively present in staggered conformation
(D3 isomer). After the RCM reaction, the exclusive formation
of the cyclic trimer (Figure 3) was proven by MALDI-TOF MS
and!H NMR spectroscopy.

In the staggered; conformation, the two alkene chains

signal (Wz = 1034.3; calcd for GH20N1:0:14-HT = 1033.6)
corresponding to the cyclic monomer. Negligible signals for
the cyclic dimer {5%) and the cyclic trimer £1%) were
observed, derived probably from some traces of assefiiily
(DEB)s without 2a. Since the formation of the monomer is only

connected to the same calix[4]arene are too far apart for an intra-possible if the calix[4]arene dimelamines bz (DEB)e:223
calix[4]arene reaction. This results in a geometry of the complex have a (symmetrical) eclipsed conformation, the RCM reaction
where the alkene chains connected to the melamines at differenwith 1bs:(DEB)e:2as gives indirect proof of the conformational

calix[4]arenes are close enough for an inter-calix[4]arene re-

action, yielding the cyclic trimer instead of the cyclic monomer.
However, in the eclipsed conformation, the two melamines on

change in assembl{as-(DEB)s from staggeredls) to sym-
metrical eclipsed@z,) upon encapsulation dfag in solution.

Before encapsulation of th2as trimer, the two melamines

the same calix[4]arene would be close enough for an intra- of one calix[4]arene are in an antiparallel (staggered) orientation

calix[4]arene reaction, yielding the cyclic monomer (Figure 3).
The complexation otbs(DEB)g, containing oct-7-enyl side
chain substituents, witBa and the subsequent RCM reaction
was studied byH NMR spectroscopy and MALDI-TOF mass

(34) Cardullo, F.; Crego-Calama, M.; Snellink-Ru8. H. M.; Weidmann, J.-
L.; Bielejewska, A.; Fokkens, R. Nibbering, N. M. M.; Timmerman, P.;
Reinhoudt, D. NChem. Commur200Q 367—368.

(35) Prins, L. J.; Jollife, K. A.; Hulst, R.; Timmerman, P.; Reinhoudt, D.JN
Am. Chem. SoQ00Q 122, 3617-3627.

(36) Grubbs, R. H.; Chang, Setrahedron1998 54, 4413-4450.
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to allow interactions between thesurface of the melaminés,

but these interactions are lost after the encapsulati@a.cfhe
change from a staggered conformation to a symmetrical eclipsed
conformation of the rosette can then be explained by the
Hunter-Sanders model for—z stacking®® The o-framework

(37) Meyer, E. A.; Castellano, R. K.; Diederich,Angew. Chem., Int. E2003
42,1210-1250.

(38) Hunter, C. A,; Sanders, J. K. M. Am. Chem. Sod99Q 112 5525-
5534.
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Figure 4. Part of thelH NMR spectrum (400 MHz, CDG) of (a) receptorlas(DEB)s, (b) complexlas-(DEB)s-2bs, and (c) guest moleculgb. The
signals corresponding to frezb are marked withk.

and ther-electrons are considered separately. The model showsof these rings is more favorable. Furthermore, in an offset
that ther—o attractions overcome the—s repulsions, giving m-stacked geometry, as can be seen between the melamine units
the net favorabler—u interactions. This model reveals that for of the receptor and the B-ring &a, the 7—o attraction will

two electron-deficient rings, such as, for example, the melamine dominate and favor the stacking.

ring of the receptor and the center ring (ring B, see Figure 1)  Selectivity Studies with Receptor 1g(DEB)e. To study the

of 2a, thesr—a repulsion is minimized, and therefore, stacking encapsulation selectivity of the self-assembled heg{DEB)s,

J. AM. CHEM. SOC. = VOL. 127, NO. 36, 2005 12701
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a series of anthraquinone derivatives with oge gf) or more
(2a—d, 2g) hydroxyl groups at different positions {Yg; see
Chart 1) of the anthraquinone skeleton and anthrac8nedre
chosen as guest molecules.

Complexation of 1,5-dihydroxyanthraquinorib) by recep-
tor 1ag*(DEB)g is observed in solution bfH NMR spectroscopy.
TheH NMR spectrum showed that upon addition of 10 equiv
of 2bto a solution oflaz*(DEB)s (1.0 mM in CDC}) a different
set of signals for the hydrogen-bonded-Kof the receptor
emerged, confirming the formation of the complieg:(DEB)s*

2bs (Figure 4). (The assignment of the protons always refers to

a pattern in which the protons are positioned similarly as for
2a; see Figure 1.) Only chemical shifts for the complesg:
(DEB)s-2bs and free2b were observed? Large upfield shifts
for the guest moleculezb are observed, indicating their encap-
sulation. The aromatic protons,Hs, and H (Figure 4) of2b
have shifted~3 ppm upfield, demonstrating that ring C is par-
tially included in the calix[4]arene cone. The intramolecularly
hydrogen-bonded protonsytare shifted 0.26 ppm downfield

compared to the position of these protons in the free guest. The(b)

peaks of the hydrogen-bonded N protons H and H, in the
complexlas:(DEB)s2bs are shifted upfield 0.66 and 0.11 ppm,
respectively?! Protons H and H situated in the internal part
of the rosette cavity show a large upfield shift of 0.56 and 0.68
ppm, respectively, with respect to the free assertibiy(DEB)e.
Integrals of the corresponding signals in #hENMR spectrum
show that thre@b guest molecules are encapsulated bylise
(DEB)s (1:3 stoichiometry). In summary, tHel NMR studies
confirm the encapsulation @b; between the two rosette planes.
Complexation of2b was also observed in the solid state by
X-ray crystal structure analysis (Figure 5). Cubic red crystals
(0.3—1 mM) were obtained from diffusion of hexane into a
solution of 1,5-dihydroxyanthraquinonk) and 1as-(DEB)s
in CH,Cl,. The structure of complekag:(DEB)g-2bs is similar
to the structure of complekag (DEB)s-233.2% The two melamines
of each calix[4]aren&aare ineclipsedorientation with respect

to each other, and the electron-deficient aromatic B-ring of the

1,5-dihydroxyanthraquinon2b is complexed between the two

relatively electron-poor aromatic rings of these melamine units.

As for the encapsulation dfa, the hydroxyl functionalities of
2b at the Yi-position are pointing outward of the center of the
rosette floors, avoiding steric interactions with the calix[4]arene
cone. Becausgb lacks an OH group in the 3¢position,2b is

not able to form an intermolecular hydrogen bond between this
group and the carbonyl group of the adjacent guest molecule

different from what happens witka. The absence of intermo-

lecular hydrogen bonds has no significant effect on the position

of the guest with respect to the receptor.

The intermolecular separation between the two rosette layers
increases upon encapsulation from 3.5 A at the edges and 3.
A in the center forlas:(DEB)s 2to 6.7 A at the edges and 6.8
A in the center forlas(DEB)s 2bs. The crystal structures of
lag(DEB)s 233 26 and 1ag*(DEB)s-2bs are completely isomor-
phic. The only difference is the location of the OH groups on
the guest molecule.

After the encapsulation a2b by the receptorlag:(DEB)s,
the influence in the complexation of the OH substituents at

different positions of the anthraquinone skeleton was studied.

(39) All the signals in théH NMR spectrum of complegag:(DEB)s-2b; were
assigned using 2BH NMR experiments.

12702 J. AM. CHEM. SOC. = VOL. 127, NO. 36, 2005
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Figure 5. (a) Top and (b) side view of the crystal structure of the complex
lag-(DEB)s-2bs. A stick model is used for the molecular bags-(DEB)g,
while a space-filling representation is chosen for the guest mole2bles
Hydrogen atoms of the assembly are not shown for clarity.

Although the hydroxyl groups in2b did not hinder the
complexation, it was reasoned that a different substitution pattern
in the ring C of the anthraquinone skeleton might decrease the
complexation ability of the host due to steric interactions
between this ring and the calix[4]arene.

Addition of 1,8-dihydroxyanthraquinoned) (10 equiv) to
assemblylas'(DEB)s (1.0 mM in CDC}) led also to large shifts
of the 'TH NMR signals for the guest molecul, indicating
the encapsulation ofc; (spectrum not shown). The intra-
molecular hydrogen-bonded @QHY -position) and OH(Y8-

"position) of the gues2c shifted 0.40 ppm upfield and 0.25 ppm

downfield, respectively, upon complexation. Furthermore, the
hydrogen-bonded Nkig protons H and H, in the complexias:
(DEB)G 2¢3 are shifted 0.76 ppm upfield and 0.04 ppm down-

i ield, respectively.

The orientation of molecul2c in the complexlag:(DEB)s*
2c3 is extrapolated from the X-ray structures of complekasg
(DEB)s*2a3 andlag:(DEB)s-2bs. Figure 6 shows that both area
i andii in the receptor cavity of these two crystal structures are
inaccessible for guest molecules with functionalities at the Y
and Y8-positions in the anthraquinone skeleton (this refers to
the orientation of the guest molecules where ring C is included
in the calix[4]arene cone). On this basis, it is assumed2hat
is complexed with the 1-hydroxyl group t¥= OH; ring A)
pointing inward relative to the rosette plane (Figure 7a). In this
way, the 8-hydroxyl group o2c (Y& = OH; ring C) occupies
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(b) ©

Figure 6. Part of the X-ray crystal structures of the complex 1aj-(DEB)s-2a3, (b) 1ag:(DEB)s-2bs, and (c)las'(DEB)s-2f5 (for a direct comparison of
the complete X-ray crystal structures, see Supporting Informati@jlii (see arrows) denote the inaccessible areas, due to steric strain, for functionalities

present at the anthraquinone skeleto-(3 Y&-positions; see Chart 1 for assignment of the positions). A stick model is used to visualize a part of the
calix[4]arene units ofLa, while a space-filling representation is chosen for the guest mole2alezb, and 2f.

1,(DEB)2e, 1;-(DEB)s2e,

Figure 7. Gas-phase-minimized structures of {a&-(DEB)s-2c; and (b-d) the different possible isomers bé&s:(DEB)g-26;. In (b), the hydroxyl groups

1-OH (Y! = OH; ring A) are pointing inward of the rosette plane close to the center of the plane, while in (c), these hydroxyl groups are pointing inward
of the rosette plane close to the edge of the plane. In (d), the hydroxyl groups are pointing outward of the rosette plane. The experimentally observed
structure corresponds to the structure in Figure 7d. Stick models are used for the moleculbsd@xieB)s, while space-filling representations are chosen

for the guest molecules. Hydrogen atomsla$-(DEB)s are omitted for clarity.

the same space in the receptor cavity as the 5-hydroxyl group Subsequently, and to examine the importance of the number
(ring C) of guest2b in complex 1las(DEB)s-2bs. Thus, the and the position of hydroxyl functionalities at ring A, guest
C-ring suffers no steric hindrance with the calix[4]arene cone. molecules2e—g were added to assemblyas:(DEB)s. The
From the X-ray structures dfag:(DEB)s-2a;3 and 1ag:(DEB)s: addition of 1-hydroxyanthraquinon@¢ 10 equiv), containing
2D, it can also be extrapolated that recefdtas:(DEB)s should only one OH at the Y-position, to the assemblyas:(DEB)s
not complex2d because in all possible orientations of this guest (1.0 mM in CDC}) gave upfield shifts of 3.50 ppm for +bf
a hydroxyl group will occupy either araeor ii (Figure 6). As guest2eand upfield shifts of 0.22 and 0.14 ppm fog Bhd H,
predicted, after addition of 1,2,5,8-hydroxyanthraquind2d ( of the receptor in théH NMR studies, respectively, indicating
to 1as"(DEB)s, Nno changes in the chemical shifts of either guest that complexlas:(DEB)s:26;3 is formed (see Figures 1 and 5
or host were observed, indicating that no complexation has for similar assignments). Under these conditions, only a small
occurred. amount of the complex is present, indicating a lower binding
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constant for2e compared to that of guesia—c. The guest andlag:(DEB)s-2as, were observed byH NMR spectroscopy;
molecule2ecan be encapsulated with the hydroxyl functionality therefore, it was assumed that complég-(DEB)s-2as is
pointing either inward (Figure 7b,c) or outward (Figure 7d) formed in one step.

relative to the center of the complex plane. As observed for

guest2b, no shift of the Ok, (Y-position, ring A) signal § = la;(DEB)s + 3 2a= la;"(DEB), 22, 1)

12.55 ppm) was observed in tHéel NMR spectrum of the

complex formed with2e, indicating the same outward orienta- K = [185(DEB)s- 23] )
a

tion for this proton (Figure 7d). [23]3[1a3-(DEB)6]

Large shifts of the aromatic protons,HHs, and H (A6 =
3.12-3.83 ppm) were observed when 2-hydroxyanthraquinone [1a5*(DEB)gl,,; = [185'(DEB)4] + [1a;(DEB)s-23;]  (3)
(2f, 4 equiv), containing only one hydroxyl group3osition),

and purpurin 2g, 4 equiv), with three hydroxy! groups in ring [28], = [28] + 3[1ay"(DEB)s- 23] 4)
A (Y12Y4position; Chart 1), were added fag:(DEB)s (1.0 N _
mM in CDCly). Also, in theséH NMR spectra, a different set The amount of free gue&ta s difficult to measure precisely

of signals for the Hand H, protons ofLag:(DEB)s2f; andLag: because it is hardly present in the solution; therefore,Khe
(DEB)s+2gs were observed. Furthermore, the large downfield value cannot be calculated accurately. The concentration of free
shift of the 2-hydroxyl group (OR of 2f and2g indicates that guest is recalculated indirectly from the concentration of the
in both 1ag:(DEB)e-2f3 and 1ag*(DEB)s*2gs an intermolecular corr31p|ex that is formed {jas:(DEB)e-224], €q 4). AKa = 101,0 ,
hydrogen-bonded network is formed between the encapsulated¥ > Was estimated. For a more precise calculation of the binding
guest molecules, as it was observed for comllax(DEB)e: constantK,, a different experiment was carried out with lower
28, For Lag(DEB)g+2fs, this has also been verified by an X-ray  [18°(DEB)glior and Palcr The'H NMR spectrum of assembly
crystal structure (Figure 6¢). This structure is also completely 18 (DEB)s (0.1 mM in CDC}) with 2 equiv of 2a clearly

isomorphic with the other two hosguest crystal structures ~ Showed the presence of fréa*! With the calculated Ja
(Figure 6). Therefore, the mode of complexation of guests ~ (PEBslwt (0.043 mM) by integration of the Niis protons and

and 2g by lag(DEB)s is the same as that fda, indicating the ArCH,Ar bridge protons and a total guest concentration of

that the complexation is not substantially affected even when 0-20 MM, aKa of 101t M~3 was estimated. o
three hydroxyl groups are present at ring A. Isothermal Titration Calorimetry. Isothermal titration cal-

orimetry (ITC) was used to quantify the thermodynamic
parameterd\G°, AH°, TAS’, and also the association constant
(Ky) for the encapsulation of the guest moleculss-h by
receptorlas:(DEB)s. As an example, Figure 8 shows the results
of the ITC measurement for the formation bdg:(DEB)s*283
using 3.0 mM solutions c2ain 1,2-dichloroethane (1,2-DCE)
inside the ITC cell and 10 mM ofag-(DEB)s in 1,2-DCE as
titrant.

Cooperative binding of anthraquinone derivatiZasdy 1a;-
(DEB)s is observed since it was not possible to fit the ITC data
to an independent 1:3 binding model. Because only free
assembly, free guest, and complex are observed in solution with
) . . 1H NMR spectroscopy, complekas:(DEB)s-2a is considered
In summary, complexation of anthraquinone derivatResh to be directly formed from assemblyas-(DEB)s and three

or;ly occurs when there are no hydroxyl groups at tieafd molecules of2a. Therefore, the association constaldt)(can
Y®-positions in the anthraquinone skeleton (referring to the o \\ritten as described in eq 2 (see abdgis expressed in
orientation of the guest molecules in the complex where ring C M-3).

is included in the calix[4]arene cone); otherwise, the steric strain
between the substituents and the receptor prevents the com

The complexation of anthracend) @nd anthraquinone2fy)
was also examined. Addition of anthraceAgl0 equiv), lacking
both carbonyl and hydroxyl functionalities, 1@s-(DEB)s (1.0
mM in CDClg) causes no shift of théH NMR signals. The
central aromatic ring oft is more electron rich compared to
that of2a; therefore, ther—u repulsion possibly dominates over
thezr—o attraction and thus prevents-s stacking of the guest
between the two melamine units. Even anthraquin@te 10
equiv), lacking only the hydroxyl groups, did not show shifts
of the signals in thelH NMR spectrum, evidencing the
importance of at least one hydroxyl group for the complexa-
tion.

In the beginning of the titration, the concentration of assembly
) ; v " is low, and therefore, a part of the assembly is dissociated. To
plexation. When a hydroxyl group is at the-gosition (fing  ¢qrrect for this, a more precise estimation of the mass balance
A), a strong intermolecular hydrogen-bonded network is formed |, -« calculated based on the formation constartdp(DEB)s.#2
among the three encapsulated gué$turthermore, hydroxyl Equation 5 describes the formation of assenitzly (DEB)s (K
groups at ring A do not §ub§tantially affect the complexa- g e formation constant of the assembly expressed i) M
tion. The carbonyl groups in ring B and at least one hydroxyl £,y eqs 2 (see above) and 5, the association constant for the

g:_oup in the anthraquinone skeleton are required for complex- gncangylation a2ais calculated (eq 6). Heat effects caused by
ation.

Calculation of the Binding Constant of Guest Molecules (40) Other intermolecular hydrogen bonds are present in the X-ray crystal
structures of the guest molecules between the CH and the carbonyl groups

and 1a(DEB)s: *H NMR Titration. The binding constant for of adjacent guest molecules. However, it is unlikely that the strength of
i i . i the complexation of guest molecules is affected by the formation of these
ihe complexation oPa with 12 (D.EB.)6 was determined by hydrogen bonds because anthraquind@ig, (which could also form these
H NMR spectroscopy. AiH NMR titration (1 mM 1ag(DEB)s hydrogen bonds, is not encapsulated.
i itari (41) The amount of bD that is present in CDgAht this concentration and the
In CDC|3) was performed by momtorm,g the pgrcentagqsagf lower concentration of building blockksaand DEB shifted the equilibrium
(DEB)s and lag'(DEB)e-2as present in solution. A binding to the separate building blocks. Therefore, assenily(DEB); at this
; ; ; concentration was not formed quantitatively.
COhStantKa’ was estimated from théd NMR tltr_atlon data by (42) ten Cate, M. G. J.; Huskens, J.; Crego-Calama, M.; Reinhoudt, D. N.
using the eqgs 14 (see below). Only two speciebas:(DEB)s Chem—Eur. J.2004 10, 3632-3639.
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Figure 8. Top: ITC measurement for the formation b&s*(DEB)s-2as;

cell= 3.0 mM2a, buret= 10.0 mM1as-(DEB)s. Bottom: Binding isotherm
fitted to a 1:3 binding algorithm.

The hydroxyl groups at ¥ and Y*-positions, which form
intramolecular hydrogen bonds with the carbonyl moieties, do
not affect the complexation since only relatively small differ-
ences in complexation were observed.

ITC measurements witRd, having four hydroxyl groups,
and 1as*(DEB)s did not show any appreciable heat effects,
indicative of no complexation. As concluded frofd NMR
studies, 1as'(DEB)s does not complex2d because upon
encapsulation one of the hydroxyl groups would have to occupy
one of the forbidden areas in the receptor cavity (am@ai in
Figure 6).

Guest moleculegb, 2¢, and2e lacking the hydroxyl group
at the Y-position, but with a hydroxyl at the position,
showed appreciable heat effects in the ITC measurements.
Binding of these guest molecules 1@g:(DEB)s is, however,
less efficient Ky ~ 10°—10% M~3) than binding of2a, 2f, and
2g. It seems that the absence of the intermolecular hydrogen
bonds among the guest molecules decreases the binding
affinity.4? Because many factors can contribute to the binding
enthalpy and entropy of these complexes, it is difficult to
attribute either to specific binding properties, but a few
conclusions can be drawn.

The lower binding affinity of2e for 1as(DEB)s compared
to that of2a, 2f, and2gis mainly due to lower binding enthalpy
(Table 1) caused by the absence of an intermolecular hydrogen-
bonded network between the guest molecules. The entropy
change for complexlag(DEB)s-2e; (TAS = —13.3+ 0.4
kcalkmol™1) is comparable with that observed for the complex-

dissociation of the assembly were corrected from data obtained betweerLag:(DEB)s and 2a, 2f, and2g.

from dilution experiments.
« _[1a:(DEB)]
" [14°DEB)°

_[1a;(DEB)y2a]
* K¢ [18%DEB][24]®

®)

(6)

Curve fitting of the binding isotherms for the formation of
lag*(DEB)s-2a gave a binding constant of 6. 109 M3
(Figure 8). Formation oflas*(DEB)s-2a3 is strongly enthalpy
driven (AH° = —31.9+ 0.6 kImol™1). The observed negative
enthalpy change likely occurs from favorahbie i interactions
with the rosette layers possibly reinforced by the hydrogen-
bonded network formed between the th@emolecules. The
adverse negative entropyAS’ = —17.84- 0.8 kImol™?) arises
possibly from the restrictions in translational and rotational
freedom of the thre@a guest molecules.

An overview of the ITC results for the encapsulation of the
anthraquinone derivativé2a—h by lag-(DEB)s is presented in

On the other hand, when comparing the binding affinities of
2b and2c with 2a, 2f, and2g, the differences in the complex
formation are mainly caused by differences in the binding
entropy (Table 1), possibly because the position of the hydroxyl
group at the C-ring leads to a decreased freedom of movement
of the guestb and 2c in the calix[4]arene cone. However,
although no intermolecular hydrogen-bonded network can be
formed, the enthalpy values for encapsulatior2ibfand2c are
comparable to those obtained for the complexatio2af2f,
and 2g4° Thus, enthalpy contributions different from the
enthalpy of formation of the intermolecular hydrogen bonds have
to be responsible for the largexH® values. It is, however,
unclear which enthalpic contributions could explain these larger
AH? values. Differences imr—s interactions due to different
electron densities of the B-ring &b and2c might play a role.

ITC measurements witlRa and assemblylag-(BUCYA)s
(with BUCYA instead of DEB; see Chart 1) did not show any
appreciable heat effect, demonstrating that compless-
(BUCYA)g-2a is not formed. Probably small geometrical
differences betweehas:(DEB)s andlag:(BuCYA)s account for

Table 1. The ITC data show that the presence of a hydroxyl the inability of lag:(BUCYA)s to complex 2a Molecular

group at the Y-position (ring A) and the absence of function-
alities in the C-ring of the anthraquinone skelet@a, 2f, and
2¢) result in strong bindingKa = ~10' M~3). Only small

modeling (Quanta 97, CHARMmM 24.0) indicated that the two
rosette floors oflaz(BuCYA)s are stacked on top of each other,
with an interatomic separation of 3.2 A at the edges and 2.8 A

differences were observed for the binding enthalpy and entropyin the center of the rosette, while fatas:(DEB)s, these

of complexedlag:(DEB)s-283, 1as*(DEB)s2f3, andlag:(DEB)s-

interatomic separations are 3.5 and 3.2 A. Possibly, additional

2gs. The main structural difference between guest molecules stabilizing interactions between the rosette layerslag:

2a, 2f, and2gis the number of hydroxyl groups present at the
C-ring (Y-, Y2-, and Y*positions; Table 1). The hydroxyl group
at the Y2-position of these guests is responsible for the formation

of the intermolecular hydrogen bonds between the guest trimer.

(BUCYA)s might prevent encapsulation @a.3

(43) Another reason for the absence of complex formation might be the inability
of the double rosettéag:(BUCYA)s to form the assembly in the parallel
orientation required for guest complexation.
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Table 1. 1TC Data for the Complexation of the Anthraquinone Derivatives 2a—h by the Molecular Box 1as*(DEB)s (Y3 = Y7 = H,
measurements were performed in 1,2-DCE at 298 K)

Ka AH° AG° TAS®
guest \& Y2 Y4 Y® Y6 & (m=3) (kcal-mol~t) (kcal-mol—t) (kcal-mol—Y)
2a OH OH H H H H (2.5+ 1.5) x 10 —31.9+ 0.6 —14.1+0.4 —17.8+0.8

(1.840.7) x 10°P
2a8 OH OH H H H H no heat
2b OH H H OH H H (1.1+0.6) x 10C® —31.2+1.1 —10.9+ 0.3 —20.3+1.0
2c OH H H H H OH (2.54+0.2) x 107 —30.2+ 0.2 —10.1+0.1 —20.1+0.2
2d OH OH H OH H OH - no heat
2e OH H H H H H (3.6£1.9)x 10° —22.2+0.8 —8.9+0.3 —13.3+ 0.4
(6.8+2.8) x 1(°P
2f H OH H H H H (4.1+£2.0) x 10w —28.7+ 0.8 —14.44+0.3 —14.24+0.8
(1.0£0.1) x 10°P
29 OH OH OH H H H (1.5 0.9) x 101 —30.3+£ 1.7 —15.2+ 0.4 —15.2+2.1
2h H H H H H H no heat

aHost = lag*(BUCYA)e. P Data from UV~vis titrations.

UV —Vis Spectroscopy Anthraquinone derivatives are used supramolecular chiralit§? caused by the antiparallel orientation
as coloring agents, thus UWis spectroscopy can also be used of the two melamine units in each calix[4]arene, which can be
to determine binding constants of the anthraquinone derivativesoriented either clockwiseP) or counterclockwiseNl). In the
2 to assemblylag:(DEB)s in a simple way. Anthraquinone  absence of any other source of chirality, assenilaly(DEB)s
derivatives2a, 2d, 2e and 2f were selected for the UWvis exists as a racemic mixture of thB)(and (M) enantiomeric
spectroscopy studies in 1,2-DCE. assemblies. Introduction of chiral substituents at one of the

The binding affinity of 2a for assemblylag(DEB)s was b_uilding bloc_ks of_ the rosette leads to the formation of
determined by titration experiments in 1,2-DCE (Table 1), and diastereomeric helices.
the changes in the absorbance at 432, 500, and 520 nm were Both rosette assemblie3as:(DEB)s and 3bs*(DEB)s form
monitored while aliquots oPa (0—5.7 equiv) were added to ~ quantitatively in chloroform, toluene, and benzene, as could be
1ag(DEB)s (0.5 mM). At these wavelengthsas:(DEB)s does confirmed by'H NMR spectroscopy. The presence of only two
not absorb and the absorbance2afis very small écompiex™> signals in the 1513 ppm region (instead of four as expected
€25). The resulting binding isotherm was fitted to a 1:3 binding for the diastereomeric mixture) indicates that both double
algorithm to yield a binding constant of 1:810° M~3. Similar rosettes are present exclusively as one of the two possible
titration experiments were used to determine the binding diastereomers (complete chiral induction). AssenSialy(DEB)s
constants oRe (0.5 mM assembly and-840 equiv of2e) and exists only in the ¥1) configuration and assembBbs-(DEB)s
2f (0.64 mM assembly and-.7 equiv of 2f) in 1,2-DCE only in the @) configuration. Therefore, due to the fact that
(Table 1). Consistent with the ITC measurements, the associationdimelamine derivativessa and 3b are enantiomers, the two
constant for2e (K, = 6.9 x 10° M~3) is about three decades @ssembliesNi)-3a;(DEB)s and ¢)-3bs+(DEB)s are also enan-
lower than for2a (K. = 1.8 x 10° M—3), and the association  OMers.
constant oRf (K, = 1.0 x 10° M~3) is similar to the one found Upon addition of2a (3—4 equiv) to either {1)-3as*(DEB)s
for 2a The UV-vis experiments wit2d did not show the  Or (P)-3bs*(DEB)s (1.0 mM in CDC} at 298 K), the initial two
encapsulation of this guest iras*(DEB)g, as it was also proven  Signals of the Niges protons between 12 and 15 ppm disap-
by ITC and 'H NMR spectroscopy. Thus, UWis spec- peared, and four new signals in this area appeared (Figure 9).
troscopy showed to be a good alternative fa# NMR The NHyeg protons H and H, resonate after complexation of
spectroscopy to determine the binding constants of anthra-2a at 13.66, 13.42, 12.93, and 12.89 ppm. Additionally, a
quinone derivatives. Nevertheless, determination of the thermo-downfield shift of 3.79 ppm was observed for the Qptoton
dynamic data by direct measurement of the heat effects using®f 22 (Figure 9). Also, the changes in chemical shifts for the
ITC measurements is more suited than the indirect measure ofother protons of the guega and the assemblie3a,bs(DEB)s
the heat effect by combination of UWis spectroscopy and &€ comparable to the shifts obtained for the protons in the

van't Hoff plots. complexation of2a with the racemic assemblyaz:(DEB)e.
The presence of four signals in tH&l NMR spectrum
Complexation by Chiral Receptors indicates that the complexeM Y- or (P)-3;-(DEB)s-2as have
The effect of a chiral environment on the encapsulation of (44) Prins, L. J.; Huskens, J.; De Jong, F.; Timmerman, P.; Reinhoudt, D. N.
izari i —Dae in- Nature 1999 398 498-502.
gllzar!nZa by chiral rosetteSa—bs (DEB)6 (Chart l)’ contain (45) (a) Sheldrick, G. MSHELXL86 Program for Crystal Structure Solution;
ing either an R)-1-phenylethyl 8a) or an §-1-phenylethyl University of Gatingen: Gatingen, Germany, 1986. (bBHELXL97
group @b), has also been studied. Double rosette assefrly Program for Crystal Structure Refinement; University of tidgen:

. . . Gottinger, Germany, 1997.
(DEB)g in the staggered conformatio®{ symmetry) displays (46) Spek, A. L.J. Appl. Crystallogr.2003 36, 7—13.
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Figure 9. Part of thelH NMR spectra of (a) assembBas(DEB)s and (b) complex3as:(DEB)s-2as (for similar proton assignment, see Figure 1). The
signal marked withx belongs to OR, of free 2a. Both spectra were recorded in CR@It 300 MHz at 298 K.
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I.f Lk | Figure 11. CD spectra of assembli&a,bs-(DEB)s before (a and b) and
. after (c and d) addition of 4 equiv &fa. All spectra were recorded in
i iz, benzeneds (1.0 mM for the assemblies) at 298 K.

----- it Intriguingly, the CD signal of both assemblies is almost silent

g2 5 B = g after addition of 4 equiv of2a (Figure 11). The observed
- ;‘. ] i :“.": decrease in CD intensity is not due to the destruction of the
= 8 E s o0 PO assemblies becaudd NMR spectroscopy showed by integra-
e 7 E Il -8 : tion of the NHbegg protons that the assemblies were still
| 3 R quantitatively present after alizarin complexation. Additionally,
—=_ g ] %= s racemization is also ruled out because total induction for
B = ' complexes3z*(DEB)s-2a3 is proven by!H NMR spectroscopy
! 9 - TTT T TTITT[TTTT[TTTT] (Only one set of four different Signals). Furthermore, ﬂh’E

9 8 7 6 5 Oo(pm) NMR spectra of assemblie$/}-3as*(DEB)s:2a; and P)-3bs-
Figure 10. Part of the NOE spectrum of compleR)¢3as (DEB)e+22s (Hiz _(DEB)6-233 are identical, indicating that the two complexe_s are
refers to the proton of the asymmetric carbon on the second floor of the indeed enantiomers. Thus, the decrease of the CD intensity upon
assembly). encapsulation a2ashould be due to the symmetry change from
the helicalstaggeredo the nonhelical (symmetricadclipsed
Cs symmetry. However, the melamine units can adopt either a  The decrease in the CD intensity of the signal can be used to
symmetrical eclipsed or staggered conformation, and therefore,determine the binding affinity &ato assemblyN1)-3as*(DEB)s
no discrimination between these two complexes can be madeor (P)-3b,-(DEB)s (1 mM in either CHC} or benzenedks). A
based on the number of signals observed in #HeNMR binding constantky) of 1.1 x 102 M3 for 2a to assembly
spectrum. Thus, 2BH NMR spectroscopy studies were carried (M)-3ag+(DEB)g in CHCl; was estimated using the same binding
out. NOE connectivities were observed between “chiral” proton model as for the encapsulation 24 by the racemic assembly
Hi1 and the protons of one calix[4]arene aromatic rings without 1a,-(DEB); (formation of the complex in one step). In a similar
melamine substituents (ArH) (Figure 11). The corresponding experiment, &, of 7.5 x 10° M3 for the encapsulation &a
proton on the second rosette floorifHshowed NOE connec- by assembly R)-3bs:(DEB)s in CHCl; was calculated. In
tivities with the same aromatic ring, which is only possible for benzeneds, K, values of the same order of magnitude were
the symmetrical eclipsed conformation of the assembly. Thus, ghserved.
encapsulation a2a changed the symmetry of the complex from  |n summary, encapsulation of alizarin by chiral receptors
D3 to Cs. occurs in a similar manner as the complexation by racemic
Furthermore, as it has been mentioned before, the introductionreceptors; that is, three molecules of the guest are encapsulated
of chiral centers in the building blocks leads to the formation between the rosette floors, resulting in a change of symmetry
of diastereomerically pure assemblié4){3ag:(DEB)s and P)- from D3 to Ca.
3bs+(DEB)s, which are highly circular dichroism (CD) active
due to the asymmetric rearrangement of the different chro-
mophores within the rigid structure. Thus, this technique is of It has been shown that a series of anthraquinone derivatives
tremendous value in the characterization of these complexes.(2a—h) form hydrogen-bonded trimers by encapsulation be-

Conclusions
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tween the two rosette layers of the noncovalent hydrogen-bondedof an intermolecular hydrogen-bonded network between adjacent
receptorlag-(DEB)s. This encapsulation process enforces large guest molecules and to the absence of steric interference between
structural changes in the assembly, resulting in a completering C and the calix[4]arene cone. There is no steric hindrance
change of symmetry fronstaggeredto eclipsedand in an observed when hydroxyl groups are present at any position of
enlargement of the cavity of the molecular box in the solid state ring A of these anthraquinone derivatives. A similar encapsula-
as well as in solution. Combination of X-ray crystallography, tion mode for the chiral noncovalent contain&s(DEB)s as

IH NMR spectroscopy, ITC, and UV spectroscopy allowed the for the racemiclag:(DEB)s was observed.

identification of the different modes of guest complexation. The
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