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Abstract

A new calix[4]arene derivative containing hydrogen bond acceptors, 5,11,17,23ettbatyl-25,27-bis[(4-
pyridylmethyl)oxy]-26,28-dihydroxycalix[4]arend ], has been synthesizedH-NMR titrations in chloroformd were

carried out to investigate the host—guest chemistrly édwards neutral molecules containing a wide variety of hydrogen
bond donor groups such as aldehyde derivativeg-tdrt-butylcalix[4]arenes (compoundsand 4), acetylacetone, 1,2-
diaminoethane, 2,6-diaminopyridine, catechol, resorcinol, hydroquinone, phthalic acid, isophthalic acid and terephthalic
acid. L can form complexes with resorcinol, phthalic acid and catechol in 1:1Klog3.13), 1:1 (logk = 5.41) and
polymeric fashions, respectively. In addition, the solution structures of these complexes have been revealed by NOESY
experimentsL forms a 1:1 complex with resorcinol by hydrogen bonding and van der Waals interactions resulting in a
supramolecular framework. The phthalic acid molecule interacts wittie hydrogen bonding and is included into the

lower rim cavity ofL.

Introduction Calix[4]arenes containing pyridone moieties at the up-
per rim can bind urea derivatives such as imidazolidone

The assembly of organic supramolecular species incorpi-2 1:1 fashion [9]. A calix[4]arene substituted with

ates non-covalent interactions such as van der Waals effd@d’ carboxylic groups at the upper rim interacted with a

and hydrogen bonding to produce specific structural aff@ix[4]arene containing pyr_idine moieties at t.he I.ower rim
functional properties [1]. Examples are liquid crystals [2P form @ 1:1 complexl, via hydrogen bonding interac-

and molecular devices such as molecular cages and capsHfes [10]. Corazzeet al have synthesized an interesting
[3, 4]. Calix[4]arenes, one of the most versatile building*0-Molybdenum calix[4]arene in which oxo-molybdenum

blocks in supramolecular chemistry, were derivatized affds four oxygen atoms from the phenolic O-atoms of a
their self-assembly interactions investigated. Shinggal Calix[4]arene [11]. The oxo-molybdenum calix[4]arene re-
ed with calix[4]arene to give a produ&, which could

have demonstrated the use of self-complementary hydro ] e
bonding to construct molecular capsules from calix[4]are crystallized in nitrobenzene. The crystal structure of the

derivatives containing urea moieties at the upper rim [5?_roductshows that nitrobenzene is probably stabilized in the
This type of molecule can bind several polycyclic comtructure by both hydrogen bonding with 2® molecule

pounds such as nopinone, myrtenal, camphor and tricycl van der Waals interactions of the arene rings. Thus far,

to a different extent depending on the orientation of the guéQF understanding of how interactions between hosts a”‘?'
molecules [6]. Bohmer and coworkers have also demogfiuests affected the structures of the assembled molecules is

strated the use ofH NMR spectroscopy to unambigu-Sti” unclear and, thus, should be a subject to pursue.

ously determine the structures of tetraurea calix[4]arenes
and also the exchange rates for four sets of protons by
NOESY experiments [7]. Scheerder al. [8] showed that
the bis(ureido)calix[4]arenes gave a hydrogen-bonded dimer
in a pinched cone conformation.

Several assemblies of calix[4]arene derivatives to-
wards neutral molecules were also investigated [9-11].

* Author for correspondence.
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thesized according to the procedure described in the literat-
ure [19].

Analytical procedures

Elemental analysis was performed on a Perkin Elmer
CHON/S analyzer (PE2400 series Il). MALDI-TOF mass
spectra were recorded on a Bruker MALDI-TOF mass spec-
trometer (BIFEX) usingx-cyanocinnamic acid as matrix.
The melting point measurement was carried out on an Elec-
trothermal 9100 apparatudd NMR titration and'3C NMR
experiments were conducted on a Bruker ACF 200 MHz
nuclear magnetic resonance spectrometer. Two dimentional
NMR spectra were recorded on a Jeol 500 MHz nuclear
Besides the work of van Looret al. [9], other magnetic resonance spectrometer. Typically, samples were
pyridinocalixarenes have been reported in the literglissolved in deuterated chloroform and chemical shifts were
ture [12-14]. Shinkai and colleagues synthesized (pecorded using a residual chloroform signal as internal ref-
pyridylmethoxy)calix[n]arenesn(= 6 and 8) and found €rence. All NMR experiments were carried out at room
that they were efficient extractants for WGt 100 °C temperature (25C).
[12]. Pappalardoet al. [13] synthesized nine confor-
mers of [2-pyridylmethyl)oxy]calix[4]arenes by alkylationSynthetic procedures

of calix[4]arenes with 2-(chloromethyl)pyridine in the pres- _ )
ence of various bases. Later, they studied the extractigpParationofs,11,17,23-tetra-tert-butyl-25,27-bis[(4-

ability of tetrapyridinocalix[4]arene towards alkali cationgY'idylmethyl)oxy]-26,28-dihydroxycalix|4]arene]
and found that the selectivity followed the orderNa K+ The followmg procedure was adapted from the method used
> Rb* > Cs* > Li* [14]. for synthesizing 5,11,17,23-tettart-butyl-25,27-bis[(2-
Due to the versatile donor abilities of pyridinocalix[4]-PYridylmethyl)oxy]-26,28-dihydroxycalix[4]arene [13]. A
arenes, we are interested in synthesizing a pyridinguspension of calix[4]arene (2.00 g, 3.08 mmol) and po-
calix[4]arene and studying its interactions with neutral mdassium carbonate (4.25 g, 30.8 mmol) in the presence of
lecules containing hydrogen bond donor groups such ¥&! (2.30 g, 15.3 mmol) in acetonitrile (200 mL) was heated
aldehydes, ketones, amines, alcohols and carboxylic acitfs /éflux under nitrogen for 30 minutes. The methanolic
The complexation studies are carried out #y-NMR ti- solution (50 mL) of 4-(chloromethyl)pyridine hydrochlor_|de
trations, and the solution structures of the complexes dfe05 9, 6.40 mmol) was subsequently added dropwise to
determined by 2D-NMR spectroscopy. The results lead {3€ reaction mixture over a 15 minute period. The dark
the understanding of the relationship between size, shaBE?W” slurry was refluxed for an additional 24 hours. The

interactions between host/guest and structures of aggregat@lyent was then removed by a rotary evaporator to obtain
molecules. a dark brown solid. The solid was dissolved in £

(100 mL) and subsequently washed with 0.5 M HCI (150
mL) and 1 M NaHCQ (150 mL). The organic layer was
then separated, dried over anhydrous sodium sulfate and

Experimental solvent was removed under reduced pressure to afford a
red brown solid. The solid was dissolved in a minimum
Materials amount of dichloromethane and placed on a silica gel

column. Unreacted reagents were eluted with 2% acet-
Unless otherwise stated, all materials and solvents weyee/dichloromethane. The desired product was eluted with
standard analytical grade, purchased from Fluka, J. T0% acetone/dichloromethane and was purified by adding
Baker or Merck, and used without further purificationdiethylether to precipitate a white solid (1.13 g, 44%).
Commercial grade solvents such as acetone, dichloro- Characterization fot.:?H NMR (8 in CDCls): 8.60 (d,
methane and methanol were distilled and stored overd#, J,_y = 6.1 Hz, Py-2-proton); 7.64 (d, 4HpJy =
A molecular sieves. Chromatographic separations weBed Hz, Py-3-proton); 7.05 (s, 4H, HOHA); 6.99 (s, 2H,
performed on silica gel columns (kieselgel 60, 0.063ArOH); 6.77 (s, 4H, ROAI); 5.05 (s, 4H, OEi;Py); 4.23,
0.200 mm, Merck). Deuterated solvents (chlorofaim-3.31 (dd (AB system), 8Hl y = 13.1 Hz, ArGHaHBAY);
methanolds; and DMSOdg) were stored over 3 A mo- 1.28 (s, 18H, HOA®-C4Hg); 0.91 (s, 18H, ROAt-C4Hg).
lecular sieves.p-tert-Butylcalix[4]arene [15] and its de- 13C NMR (5 in CDCls): 30.93, 31.55, 31.68, 33.84, 33.94,
rivatives, 3 [16] and 4 [17], were prepared as previ-75.93, 121.33, 125.13, 125.71, 127.52, 132.23, 141.85,
ously described. 1,2-Dihydroxybenzene (catechol), 1,346.13, 147.57, 149.36, 150.11, 150.47. MALDI-TOF MS
dihydroxybenzene (resorcinol) and 1,4-dihydroxybenze@d™, m/z): 830.3 Anal Calcd.for CsgHesOsN2: C, 80.93;
(hydroquinone) were purified by standard procedures [18], 8.00; N, 3.37Found C, 80.60; H, 7.92; N, 3.21. Melting
Benzene-1,3-dicarboxylic acid (isophthalic acid) was symoint: 107°C.
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Host—guest chemistry studies Results and discussion

Host—guest studies afwith ketones, aldehydes and aminesynthesis and characterization

Typically, a solution ol (0.1039 g, 0.125 mmol) in CDgl

(2.5 mL) was prepared. To each NMR tube containing 02  p-tertbutylcalix[4]arene  derivative, ~ 5,11,17,23-
mL of theL solution was added 0—4 equivalents of a guetgtratert-butyl-25,27-bis[(4-pyridyl ~ methyl)oxy]-26,28-
(0.250 mmol) in CDJ (2.5 mL). The solution in each NMR dihydroxycalix[4]arenel() was synthesized by alkylating
tube was adjusted by adding CRQb the same volume calix[4]arene with 2 equivalents of 4-(chloromethyl)pyridine
before the NMR measurements. NMR spectra were then fetdrochloride in acetonitrile in the presence ofGO; as
corded. The chemical shifts of the signals were followed af@se and Nal (5 equivalents) as catalyst (Equation (1)).
plotted against the equivalents of the added guest. Separation of the products by column chromatography
(Si0y) using 10% acetone in dichloromethane as eluent
gavel in 44% vyield. Compared to other pyridylmethoxy
derivatives such asrtho [13] and meta[14] derivatives,
.the para derivative () was obtained in lower yield because

CDClI3 (2.5 mL) were prepared. To each NMR tube contairEbe N-donor in apara position could not chelate the'k

ing 0.2 mL of theL solution was added 0-4 equivalents o{‘on to f‘”.”." a templa’Fe framevyork that may facilitate the
. ; nucleophilic substitution reaction. AH-NMR spectrum
catechol. In the case of 5-10 equivalents, a solutioh of

. of L composed of a singlet signal of Ar-®{3-Py (f) at
(0.0623 g, 0.0750 mmol) in CDgI1.5 mL) was prepared. .
Solid 1,2-Dihydroxybenzene (0—4 equivalents) was added b05 ppm and two doublets of the aromatic protons on the

each NMR tube containing 0.2 mL of the solution. The pyridine moieties at 8.60 (d) and 7.64 ppm (€) as well as the

solution in each NMR tube was adjusted by adding C:DCF'gnaIS of thep—tertbgtyl calix|4]arene unit which shoyved a
doublet of doublet signal at 4.23 and 3.31 ppm (designating
to the same volume before the NMR measurements.

the cone conformation). Furthermore, elemental analysis

. ) ) ) and MALDI-TOF MS results agree well with the proposed
Host—guest studies afwith resorcinol, hydroquinone and  gtrycture.
/N
%J
Jai O

benzene dicarboxylic acids N
Typically, a solution oL (0.0707 g, 0.0851 mmol) in CDg¢l dq

™o

/7 e

Host—guest studies af with catechol
A solution of L (0.1039 g, 0.125 mmol) in CDgl(2.5

(1.7 mL) was prepared. Solid guest compounds (0-4 equiv
ents) were added to each NMR tube containing 0.2 mL of tl
L solution. The solution in each NMR tube was adjusted t
adding CDC4 to the same volume before the NMR measure
ments. Association constants were determined using a cu
fitting method [20, 21].

K;CO;, Nal (cat.)
—_
CH:CN, reflux

The compound. can possibly form a dimeric struc-
Competitive study between catechol and resorcinol ture in a similar fashion with the bis(ureido)calix[4]arene
. . as reported by Reinhoudt and colleagues [8]. However, the
A solution of L (0.0707 g, 0.0851 mmol) and a solqunNOESY spectrum oL in CDCl; showed no NOE con-
of catechol (0.0275 g, 0.250 mmol) in CRAL.7 and 2.5 pativity between the proton d and the proton f, methylene
mL, respectively) were prepared. In each NMR tube, Oygiqge and —® protons,vide infra This evidence suggests

mL of the prepared. solution was mixed with the preparedi5t| remains a single molecule in the solution.
solution of catechol (0—4 equiv.), and the mixture was sub-

sequently transferred to an NMR tube containing 0-4 equjy. . . .
of solid resorcinol. The solution in each NMR tube wasNOSt guest chemistry studies
adjusted by adding CDglto the same volume before thei \\R titrations have been carried out to investigate the

NMR measurements. Chemical shifts of the mixture Welfhst_guest chemistry df towards neutral molecules. A
compared to the known chemical shifts lofcatechol and gerjes of compounds containing different types of hydrogen
L resorcinol. bond donor groups such as 1,3-bis(ethoxybenzaldehyde)-
p-tertbutylcalix[4]arenes § and 4), 1,2-diaminoethane,
Theoretical calculations 2,6-diaminopyridine,  1,2-dihydroxybenzene (catechol),
1,3-dihydroxybenzene (resorcinol), 1,4-dihydroxybenzene
Quantum calculations using a molecular mechanics meth@§/droquinone), benzene-1,2-dicarboxylic acid (phthalic
(MM+) were performed to obtain a gas phase structurie ofacid), benzene-1,3-dicarboxylic acid (isophthalic acid) and
[22]. An empirical method, PM3, was used to calculate thgenzene-1,4-dicarboxylic acid (terephthalic acid) has been
structures of benzene dialcohols and benzene dicarboxyjised in the investigation. In addition, a host—guest chem-
acids [23, 24]. istry study betweeh and 2,4-pentanedione or acetylacetone
has also been conducted. Generally, acetylacetone occurs in
solution as an equilibrium mixture of 87% enol and 13%
diketone [25]. The keto form contains acidic methylene
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protons which may be suitable for hydrogen bonding witthatL retained the cone conformation of calix[4]arene upon
L. The change in the keto:enol proportion due to hydroge&emplexation.
bonding interactions is anticipated. Addition of resorcinol into the deuterated chloroform
solution ofL led to the evolution of a new set of proton res-
onances at 7.13 (t), 6.59 (d) and 6.46 (dd) ppm. All signals
except the one for proton d shifted continuously downfield
until 1 equivalent of the guest was added. A plot of chem-
ical induced shift (CIS) against the equivalent of resorcinol
is displayed in Figure la. The plot suggests thaiorms
a complex with resorcinol in a 1:1 fashion. The stability
or complex formation constant af towards resorcinol has
been estimated using a curve-fitting program to beRog
3.13[20, 21].
The complexation of. and resorcinol was also studied
3 4 in methanold; and DMSOeédgs. Unfortunately, the results
showed that did not complex resorcinol in these solvents.
'H-NMR titrations of L with various hydrogen bond |n deuterated methanol, the complexation lofand re-
donors were performed in CDEkolution at 25°C. The sorcinol may be disrupted and replaced by the stronger
results showed that the proton on theho andmetapos- hydrogen bonding interactions of methanol towakdand
itions of the pyridine pendant groups (d and e) only slightlesorcinol because the hydroxy group of methanol acted as
shifted upon addition of ligandsand4, 1,2-diaminoethane, hoth hydrogen bond donors and hydrogen bond acceptors. In
2,6-diaminopyridine and acetylacetone and suggested.thaghe case of tetrapyridinocalix[4]arene, the crystal structure
had no recognition towards such compounds. In the casegpfthe compound showed that a methanol of solvation was
compounds3 and4, the hydrogen bonding interactions mayhydrogen bonded to one pyridine N atom [13]. Either the
be too weak to be observed by NMR spectroscopy. For magydrogen bond donor character of the O-atom or the pres-
erate hydrogen bond donors, 1,2-diaminoethane and Zgfrce of HO in deuterated DMSO accounted for the absence
diaminopyridine, the absence of hydrogen bonding interagf an interaction between and resorcinol in this solvent.
tion with L may stem from the electron repulsion between |nterestingly, addition of up to 10 equivalents of catechol
N-amine and\N-pyridine. It was surprising that no hydrogerproduced continuous shifts of all proton signalsLofFig-
bonding interaction betweeln and acetylacetone was ob-yre 1b) except Py-3-proton (e). It should also be noted that
served. The intramolecular hydrogen bonding between —Qfdtechol was completely dissolved in the solution_oin
and O=C- in the enol form of acetylacetone must be vegpite of the low solubility of catechok(10 equivalents of
strong and prevents the intermolecular hydrogen bondingdatechol were added). The CIS of the protons and the evi-
occur. dence from the increasing solubility of catechol suggested
In the light of the fascinating molecular structures ofhat the interactions between the aromatic protons of cat-
1 and 2 which showed molecular assemblies by hydrogesthol and the aromatic protonslofmay be in a polymeric
bonding and van der Waals interactions, host-guest studiggnner. Therefore, the stability constant was not able to be
of L towards dihydroxybenzenes and benzene dicarboxyégiculated using our curve-fitting program.
acids containing two hydrogen bond donor groups at differ- The abilities ofL to form complexes with benzene di-
ent positions are the subject of our interest. A relationshiarboxylic acids such as phthalic acid, isophthalic acid and
between the positions or orientations of the hydrogen bogstephthalic acid have been studied #y-NMR titrations
donors and the structures/stabilities of the complexes is &hich were carried out by direct addition of the acid as solid
pected. Host-guest studies between dihydroxybenzenes gt CDCk solutions ofL. It was found that isophthalic acid
L were performed by adding various amounts of the guesffd terephthalic acid did not dissolve in the solutior_of
into a deuterated chloroform solution of the has),(and and, thus, did not form complexes with Only phthalic
interactions of host and guest molecules were investigatgeld dissolved in a solution (CDE) of L and a complex
by *H-NMR spectroscopy. Due to the insolubility of di-formation constant was able to be estimatedbyNMR
hydroxybenzenes except catechol, they were added direghectroscopy. In addition, eatH NMR spectrum contained
as solid into NMR tubes. Dissolution of the solids inta pair of doublet signals (3 13 Hz) due to the methylene
the solution ofL indicates that the alcohols have interacoridge protons (Ar€l,Ar) signifying a cone conformation
ted with or formed complexes with. It was found that the of calix[4]arene. The titration results shown in Figure 1c
solution ofL could not dissolve hydroquinone, and the Py-Zsuggested a 1: 1 stoichiometry of thephthalic acid com-
proton and Py-3-proton (d and e) were only slightly shiftegiex. The protons d, e and AkDwere used for determining
Therefore,L did not form a complex with hydroquinone.a stability constant ok -phthalic acid which was estimated
For catechol and resorcinol, eatH-NMR spectrum of the tg pe logk =5.41.
complexes with. possessed a doublet of doublet signal at Although the stability constant of the-catechol com-
approximately 3.34 and 4.23 ppm {J 13 Hz) suggesting plex could not be determined, the comparative binding
ability of catechol and resorcinol was conducted. Addition

<CH
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Oﬁ:::_ Ha andHp do not show any connectivities with the proton
r -, . d. In addition, there is no connectivity betweldg/H, and
20 . . "= . . the proton e. The resorcinol molecule must arrangéigs
0 2 4 s s 10 into the cavity of the pyridine pendant arms and pointiig
equivalents of catechol andH, outwards. This orientation should be stabilized by
© sof e e o o . hydrogen bonding interactions between resorcinil-#&hd
awk N-pyridine of L. Unexpectedly, connectivities of the pro-
bk ® ton Hp with ROArH (i) and HOAH (j) of the calix[4]arene
»E framework are detected. Furthermore, the NOESY spectrum
of = e " 8= " in Figure 3b shows that the protéf has a connectivity with
E t-butyl protons (I) of the ArOH rings. These connectivities
O'F A a4 s, R cannot result from through space interactions within a single
107 T, s 4 aggregate because these protons are too far from each other.
equivalents of phthalic acid They must arise from interactions with hydrogens of another

Figure 1. Titration curves for (a) resorcinol (b) catechol (c) phthalic acidnolecule. The interactions summarized in Figure 3c imply
(leguivalgnt ofL prgsent in the solutions). The negatitiz denotes the that a resorcinol molecule must also be included into the hy-
upfield shift of the signal. drophobic upper rim cavity of another calix[4]arene unit of
L. Recently, Hosseini and coworkers have demonstrated use
of various stoichiometries df -catechol in CDGinto the Of the double fusion of two calix[4]arenes apekylene to
same various ratios of resorcinol resulted in the shiftigrm a unidirectional supermolecule in the solid state [26].
of proton signals which was similar to the chemical shift§he possible solution structure bfresorcinol is thus pro-
of L-resorcinol. The result signified that formed a more posed in Figure 3d accounting for the 1:1 stoichiometry of

stable complex with resorcinol. L -resorcinol suggested by the titration results. The structure
also corresponds with the upfield shifts of the proton d and
Solution structures of complexes all protons of resorcinol due to the diamagnetic anisotropy

of the neighboring ring currents.

In order to understand the factors that control the stability NOESY experiments of the 1:1 mixture df and
of the complexes, the solution structures of the host-gugsithalic acid have also been performed in Cp@hd a
complexes must be determined. Thus, NOESY experimesjsectrum is depicted in Figure 4a. The signal duklimn
for L and the mixture ot and guests in CD@lhave been phthalic acid is superimposed on the signal of the proton
carried out. It can be clearly seen from the NOESY spectga Therefore, some interactions related to these two protons
of L that the proton e on the pyridine pendant groups haannot be distinguished. From Figure 4a, only the connectiv-
interacted with Ar®{ and the methylene bridge protons (gjty betweenHy, of phthalic acid and the proton j &f can be
on the calix[4]arene unit. We have calculated a structure ghambiguously assigned. In addition, an interaction of the
L by MM+ and found that the pyridine pendant arms orgamroton b toward$1OArH can also be observed (Figure 4b).
ize themselves by bending towards the calix[4]arene unflowever, no intermolecular NOE connectivity encountered
This is pertinent to the connectivity of the protons observad L -resorcinol has been detected in the phthalic acid case.
in NOESY. The distance betweerpNNpy of the pyridine The results imply that phthalic acid resides within the cavity
groups was 6.34 A. Figure 2 displays connectivities amoig L close to the lower rim Ar® and HOAH. The pos-
protons of L as deduced from the NOESY spectra ansible solution structure of thie-phthalic acid complex can
the calculated structure &f which shows the preorganizedbe drawn as shown in Figure 4c. The structure also agrees
cavity of the ligand. with the fact from titrations that Ar@ shifted upfield (due

Certain regions of the NOESY spectra of the mixturto the anisotropic effect of the phthalic ring current).
of L and resorcinol in a 1:1 stoichiometry are shown in NOESY spectra of the mixture df and catechol have
Figures 3a and 3b. The protdt of resorcinol is found also been obtained. We observed that a proton of catechol
to have a connectivity with the proton d while the protonsad connectivities with protons d, e, f and glofHowever,
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Figure 3. (a), (b) NOESY spectra df -resorcinol in CDCG} (c) summary of interactions deduced from NOESY spectra, (d) possible solution structure of
L -resorcinol.

Figure 4. (a) NOESY spectrum df -phthalic acid (b) NOE connectivities, (c) possible solutions structute mtfithalic acid.
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the NMR titration results indicated the polymeric strucWaals interactions betweénand certain neutral guests can

ture of the complex. The data obtained from NOESY aregsult in interesting supramolecular structures.

therefore, not conclusive enough for deducing the solution

structure ofL -catechol.
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