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A family of chiral lower-rim substituted calixarene ligands 1-14 is synthesized and characterized as
prospective ligands for synthesis of asymmetric active sites for heterogeneous catalysis and

adsorption using a surface organometallic approach. The ligands possess asymmetric centers

directly attached to lower-rim oxygens; the asymmetric centers are tailored with sterically bulky
naphthyl and electron withdrawing CF; substituents. '"H and '*C NMR spectroscopies demonstrate
that mono- and 1,3-di-alkylated calixarenes synthesized using this procedure adopt the cone-shaped
conformation, which is stabilized by multiple hydrogen bonds at the lower rim. Smaller pendant
groups and polar solvents increase the dialkylation/monoalkylation ratio. The reaction proceeds
with full inversion of configuration as established via single crystal X-ray diffraction of an N-Cbz-
protected aminocyclopentoxy-modified calixarene. The calixarenes synthesized by this approach are
characterized using circular dichroism (CD) spectroscopy and ab initio modeling, which is used to
identify the minimal molecular fragment responsible for the observed lowest energy Cotton effect in
the CD spectrum. Factors that influence the intramolecular induction of asymmetry throughout the
calixarene scaffold are investigated by systematically varying substituent steric bulk, connectivity of

the asymmetric center to the calixarene core, and the extent of hydrogen bonding at the calixarene
lower rim. The asymmetry of the calixarene core is quantified using "H NMR spectroscopic shifts
of aromatic meta and methylene bridge hydrogens and supported using ab initio calculations. The
results demonstrate that calixarene core asymmetry is most strongly induced for rigid calixarene

cores—an attribute that is expected to be preserved upon metal complexation and anchoring of

these prospective ligands.

Introduction

The high proficiency and enantioselectivity of biological cat-
alysts is thought to be the result of precise organization of
chemical functionality in the inner and outer spheres sur-
rounding active sites. An open question is the minimum degree
of structural complexity necessary for achieving enhanced
catalytic function due to this cooperativity.' Inspired by metal
atom isolation within the chiral environment of metalloen-
zymes such as vanadium bromoperoxidase,? this manuscript
reports the design and synthesis of a family of functionalized
calixarenes that are envisaged for metal binding within a
molecular scaffold having arranged chiral groups, which are
directly connected to ether oxygens, all while grafted on
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heterogeneous surfaces (Fig. 1). For such materials containing
early transition metals,? it has been recently shown that the
metal and ether oxygens are in dative contact, which should
facilitate induction of chiral information from pendant groups
to the calixarene core and the bound metal. This approximate
geometry has been explored somewhat in enantioselective
catalysis, including homogeneous inorganic* and surface-
organometallic catalysts,’ and a Ti(1v)—calixarene catalyst with
chiral groups at the lower rim,® as well as in epoxidation
reaction intermediates such as chiral organic peroxide-bound
Ti(1v) centers, which demonstrate enhanced reaction enantio-
selectivity upon anchoring in confined pores.””® Here, we
demonstrate the stereoselective synthesis of a new family of
Cy-symmetric calixarene ligands, which is known to be a
desired symmetry for chiral catalysts.® Calixarenes have been
synthesized previously with lower rim, tetrahedral chiral cen-
ters and with topologically chiral arrangements, but in many
of these examples,'®'? the chiral center is not directly attached
to a calixarene phenol oxygen, limiting potential dative con-
tacts with metals bound at adjacent phenolates. Our synthetic
approach builds on the results of Ungaro and colleagues who
have synthesized calix-sugars consisting of an asymmetric
center directly attached to the calixarene lower rim,'>!* and
uses the Mitsunobu reaction for ligand synthesis. We quantify
the transfer of asymmetry throughout the entire calixarene
scaffold using the chemical shifts of diastereotopic hydrogens
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Fig. 1 Envisaged surface organometallic materials based on the
C,-symmetric ligands described in this manuscript.

on the calixarene core, circular dichroism spectroscopy, and
density functional theory (DFT). This is performed to eluci-
date the critical structural characteristics, such as rigidity and
atomic connectivity, that control the transfer of asymmetry
within the cone conformer of the calixarene.

Results and discussion
Molecule synthesis and characterization

Williamson-type nucleophilic substitution reactions have been
used for introducing tethered chiral centers to the lower rim of
calixarenes via methylene and carbonyl spacers,'>™!” but ex-
amples in which chiral centers are directly attached to lower
rim oxygens are relatively rare.!>'*1® A particularly pertinent
example on the synthesis of such a calixarene relies on inver-
sion of configuration under Williamson type reaction condi-
tions when treating p-tert-butylcalixarene with ethyl (S)-O-
tosyllactate. Communication of asymmetry throughout the
whole molecule was shown in this example via the diastereo-
topism of calixarene scaffold hydrogens.'® We initially
attempted to generalize this reaction procedure by implement-
ing chiral naphthyl bromides as alkylating agents; however,
these attempts were unsuccessful due to racemization of the
chiral halide under alkylation reaction conditions. Indeed,
under reaction conditions required by the Williamson-type
nucleophilic substitution, the general stereochemical stability
of compounds in which the stereogenic center is directly
attached to a good leaving group (halogen, triflate, tosylate)
was equally poor.

The Mitsunobu protocol has been previously used to func-
tionalize calixarene lower rims with alkyl groups'®*® and
stereoselectively with glycosides;'*'* in this manuscript, we
use the Mitsunobu reaction to synthesize calixarenes 1-14,
which possess bulky aromatic substituents at each chiral
carbon on the lower rim, by employing commercially available
secondary alcohols, which are not prone to racemization. The
reaction of p-tert-butylcalixarene with chiral alcohols in the
presence of 3 equivalents of diethyl azodicarboxylate
(DEAD)-PPh; proceeded regioselectively in THF at room
temperature (Scheme 1). The products of this reaction were
distally disubstituted lower rim calixarenes 1-4 and 8, which
were synthesized in yields of greater than 60%, and a small
amount (typically less than 5%) of monosubstituted calixarene
(Table 1). Dialkylation of tert-butylcalixarene with three
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Scheme 1

equivalents of alcohol proceeded relatively slowly via sequen-
tial alkylation. After 8 h, dialkylated 8 represented 31% of the
reaction mixture containing mono- and dialkylated calixar-
enes. After 24 h, the reaction was almost complete with 8
representing 95% of the mixture consisting of dialkylated 8
and monoalkylated 9. Monosubstituted calixarenes 5 and 6
were synthesized as sole products in 47% and 44% yield,
respectively, by decreasing the amount of DEAD-TPP to 1.5
equivalents per calixarene. A prolonged reaction time in this
case did not affect yields. The final reaction mixture contained
product, unreacted tert-butylcalixarene and only trace
amounts of disubstituted product. FAB MS of the crude
reaction mixture showed no evidence for the formation of
higher alkylated analogs, likely because of the lower reactivity
of subsequent OH groups on the calixarene lower rim>* due to
steric crowding and lower acidity. Electron withdrawing CF;
substituents in compound 4 were attached with yields similar
to compound 1.

Though a high degree of stereoselectivity is preserved during
the reaction, changing the upper rim substitution pattern from
tert-butyl groups to H greatly decreases the degree of
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Table 1 Reaction conditions and yields of 1-13. Compounds 1-6 and
8-13 were synthesized at room temperature, and compound 7 was
synthesized at 80 °C.

Compound  para- DEAD/ Solvent Time/  Yield
Substitution  TPP (eq) h (%)

1 tert-C4Hg 3 THF 24 60

2 tert-C4Hg 3 THF 24 75
3 tert-C4Hg 3 THF 24 70
4 tert-C4Hg 3 THF 24 60
5 tert-C4Hg 1.5 THF 24 47
6 tert-C4Hg 1.5 THF 24 44
7 tert-C4Hg 1.5 Toluene 2 8

8 tert-C4Hyg 3 THF 24 80
9 tert-C4Hg 1.5 THF 8 42
10 H 3 Benzene 2 55
11 H 3 THF 24 30
12 H 3 THF 24 42
13 H 1.5 THF 24 47

alkylation. Indeed, using R-1-phenylethanol, isolated yields of
di- and mono-substituted calixarenes 12 and 13 are 42% and
47%, respectively, using the same reaction conditions as
described above for di- and mono-alkylation. However, the
more sterically bulky R-1-(a-naphthyl)ethanol leads to forma-
tion of an equimolar mixture of mono- and di-substituted cone
calixarenes 10 and 11 (30% yield for each), even when using
the same reaction conditions as used above for dialkylation,
involving a three-fold excess of DEAD-TPP. Decreasing the
solvent polarity from THF to benzene allows isolation of
mono-substituted calixarene 10 as the sole product in 55%
yield under otherwise identical conditions (Scheme 2).

All resulting mono- and 1,3-di-alkylated products exist in
the cone conformation in which calixarene aromatic rings are
in a syn orientation, as evidenced via '*C NMR spectra that
contain distinctive methylene carbon resonances near
31 ppm,*® and a characteristic pattern of resonances in the
"H NMR spectra. Specifically, the resonances for axial and
equatorial methylene hydrogens are shifted relative to each
other, which reflects the influence of the lower rim substitution
pattern and the dihedral angle between neighboring aromatic
rings on the calixarene.® The chemical shift differences range
from 0.68 ppm—1.24 ppm, which are consistent with the cone
conformation. The X-ray crystallographic structure of mole-
cule 2 crystallized from acetonitrile is shown in Fig. 2 and
demonstrates the cone conformer of 2 to be rigidified via two
intramolecular hydrogen bonds on the lower rim.>’

The Mitsunobu reaction described above for 2 is highly
stereoselective, with a measured diastereomeric excess (de) via
chiral HPLC of greater than 98%, which appears to be limited
only by the optical purity of alcohol reactant. Although the
Mitsunobu reaction typically proceeds via Sn2 mechanism
with full inversion of configuration at the asymmetric center,?®
retention of configuration in the Mitsunobu reaction has been
observed when using reactants with sterically bulky substitu-
ents.”” Absolute stereochemistry was established here using
single-crystal X-ray diffraction of the sterically bulky N-ben-
zyloxycarbonylaminocyclopentoxy-modified calixarene 7. The
structure derived from single crystal X-ray diffraction of
crystals grown from ethanol is shown in Fig. 3 and consists
exclusively of the cis form of the N-Cbz-protected aminocy-
clopentanol units attached to the calixarene lower rim.*® This
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Fig. 2 Structure of 2 as determined via single-crystal X-ray diffrac-
tion. Hydrogens have been omitted for clarity except those connected
to chiral carbons and phenolic oxygens. An acetonitrile molecule
inside of the calixarene cavity has been omitted for clarity.f
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Fig. 3 Structure of 7 as determined via single-crystal X-ray diffrac-
tion. Hydrogens have been omitted for clarity except those connected
to chiral carbons, amide nitrogens, and phenolic oxygens. Disordered
ethanol molecules have been omitted for clarity.t

proves that full inversion of configuration occurs at the chiral
carbon connected to the calixarene lower rim oxygen.

Diastereotopic hydrogens

Diastereotopism of hydrogens in disubstituted compounds
14,8, 11, 12, 14, 15 is used to quantify the degree of induction
of asymmetry throughout the entire calixarene molecule.
Diastereotopic hydrogens are manifested in two regions of
the 'H NMR spectrum representing: (i) methylene bridge
hydrogens appearing as four doublets (two AB spin systems)
corresponding to two sets of diastereotopically inequivalent
axial and equatorial hydrogens; (ii) aromatic meta-hydrogens
appearing as four doublets corresponding to two sets of
diastereotopically inequivalent hydrogens on substituted and
unsubstituted phenols. Chemical shift differences for diaster-
eotopic hydrogens in all disubstituted cone calixarene pro-
ducts are represented in Table 2. It is informative to compare
the diastereotopism of hydrogens in compounds 1 and 8
because they differ only in the presence of a single methylene
spacer between the asymmetric center and calixarene lower
rim oxygen and thus provide insight into the role of flexibility
surrounding the asymmetric center. The corresponding 'H
NMR spectra are shown in Fig. 4 and demonstrate that the
methylene bridge hydrogens in 8 are split by a Ad,, of 0.20
ppm for axial hydrogens and Ad.q of 0.05 ppm for equatorial
hydrogens, whereas the corresponding values for 1 are Ad,, of
0.71 ppm and Aéd.q of 0.35 ppm. The much larger chemical

shift differences for the more rigid 1 are also manifested in the
aromatic meta-hydrogens, for which the chemical shift differ-
ences in 8 are 0.02 ppm (substituted aromatic rings) and 0.05
ppm (unsubstituted aromatic rings), compared with 0.12 ppm
(substituted) and 0.15 ppm (unsubstituted) in 1. Altogether,
these results demonstrate that the greater flexibility via pre-
sence of a single methylene spacer in 8 acts to significantly
decrease diastereotopic chemical shift differences relative to 1.
Comparison of other calixarenes such as 1 and 2 demonstrates
that larger steric bulk of substituents (naphthyl versus phenyl)
at the asymmetric center also increases the chemical shift
difference of diastereotopic hydrogens. This is consistent with
previously noted general trends, for which chemical shift
differences of diastereotopic hydrogens were larger in mole-
cules that consisted of asymmetric centers having substituents
of bulkier size.*! Finally, for all rers-butyl-calixarene com-
pounds, aromatic meta-hydrogens on the unsubstituted rings,
which are located slightly further away from the chiral centers,
have a larger chemical shift difference compared to their
substituted counterparts, as observed previously for 15.'%
However, in contrast to its fert-butylated analog, 2, para-
unsubstituted calixarene 11 exhibits differences in chemical
shifts (Ao) for resonances of diastereotopic meta-hydrogens
that are almost the same for substituted and unsubstituted
aromatic units in 11. The meta-hydrogens in 11 have a Ao
value of 0.21 ppm. This is the largest difference in chemical
shift (Ad) for diastereotopic meta-hydrogens of all of the di-
substituted chiral calixarenes investigated here, and appears to
be the largest reported to date for a calixarene, which were
measured to be 0.06 ppm and 0.08 ppm for meta-hydrogens on
substituted and unsubstituted aromatic rings, respectively, in
the ethyl lactate derivative consisting of 15.'8

The effect of lower-rim hydrogen bonding on chirality
induction is demonstrated by comparison of 2 to the trifluoro-
methyl-containing 4 and the propoxylated lower rim analog
14. Replacing the CHj3 in 2 with CF3 in 4 decreases the extent
of lower-rim intramolecular hydrogen bonding, as demon-
strated by the 1.62 ppm upfield shift in the lower-rim phenoxy
'"H NMR resonance relative to 2, which is attributed to
polarization caused by the CF; group. Values of Ad of 0.01
ppm (substituted) and 0.09 ppm (unsubstituted) were mea-
sured for meta-hydrogens in 4, which represent at least a two-
fold decrease compared with values for 2. Capping the two
remaining lower-rim OH groups in 2 via alkylation with
1-bromopropane in the presence of sodium hydride as repre-
sented in Scheme 3 leads to a more conformationally mobile

Table 2 Chemical shifts of methylene bridges and aromatic meta-hydrogens for 1,3-disubstituted calixarenes 1, 2, 4, 8, 11, 12, 14, 15 as measured

by '"H NMR spectroscopy

No. Chiral fragment p- Oax Oeq ASATH peup “ASATH 1
1 (S,S)-CH(CH;)Ph t-Bu 3.82, 4.53 2.94, 3.29 0.15 0.12
2 (S,S)-CH(CH3)CoH, t-Bu 3.89, 4.58 2.85, 3.35 0.19 0.18
4 (S,S)-CH(CF3)C,oH, t-Bu 3.79, 4.50 3.11, 3.33 0.09 0.01
8 (R,R)-CH,CH(CH3)Ph t-Bu 4.15, 4.35 3.25, 3.30 0.05 0.02
11 (S,S)-CH(CH3)CoH, H 3.85, 4.60 2.87, 3.41 0.21 0.21
12 (S,S)-CH(CH;)Ph H 3.78, 4.56 2.94, 3.38 0.16 0.16
14 (S,S)-CH(CH3)C;oH~ t-Bu 4.19, 4.59 2.73, 3.20 0.12 0.10
15" (R,R)-CH(CH;)CO,Et t-Bu 4.35,4.45 3.32,3.33 0.08 0.06

“ The substituted rings are defined as those which are directly connected to the chiral center.
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Fig. 4 Resonances in the methylene and aromatic regions of the "H
NMR of 1 (a) and 8 (b) in CDCl;. All relevant resonances are labeled
in Table 1.

calixarene due to lack of stabilization via lower-rim hydrogen
bonding. This lack of rigidity in tetraalkylated calixarenes has
been previously demonstrated in the low temperature flattened
cone—flattened cone interconversions of tetrapropoxy calixar-
enes.’> While 14 remains in the cone conformer based on the
presence of an AB spin system of methylene resonances in the
"H NMR spectrum, there is a drop of at least 1.5-fold in Ad for
aromatic meta hydrogens relative to 2. The observations above
underline the important role of hydrogen bonding in increas-
ing conformational rigidity for maximizing chiral induction,
and are supported by recent observations on the importance of
hydrogen bonding for regulating molecular conformations
and enhancing axial chirality induction in biphenyldiols.*?
Asymmetry is also transferred throughout the calixarene
scaffold in monosubstituted compounds such as 10, in which
four pairs of doublets can be assigned to each ArCH,Ar
methylene group by 2D COSY 'H NMR spectroscopy. The
cone conformation of mono-alkylated calix[4]arene 10 is
supported by the presence of four pairs of doublets (2.86,
3.39, 3.47, 3.54 for the diastereotopic equatorial hydrogens
and 3.67, 4.15, 4.33, 4.76 for the diastereotopic axial hydro-
gens), with a chemical shift difference between axial and
equatorial resonances ranging from 0.75 ppm-1.22 ppm.
Additionally in triol 10, low field resonances of the three OH

Scheme 3

hydrogens beyond 9 ppm reflect stabilization of the cone
conformation via hydrogen bonding at the lower rim.

DFT based GIAO calculations were performed on several
calixarenes in an attempt to isolate electronic effects that may
explain the observed results in Table 2. Chemical shift differ-
ences are compared: (i) between axial and equatorial hydro-
gens attached to a single methylene bridge, which are reflective
of the cone conformation of the calixarenes investigated; and
(ii) between axial hydrogens and equatorial hydrogens at-
tached to proximal methylene bridge carbons on the calixarene
scaffold, which are reflective of diastereotopism. Each of these
molecules exhibits a range of possible conformations in the
calculated gas phase. In 2, conformational variability is ob-
served, and high level calculations are subsequently performed
on the four lowest energy conformers. Molecule 4 is found to
be the most amenable to higher level calculation having only
one low energy conformer. The calculated differences in
chemical shift between axial and equatorial methylene bridge
hydrogens in 4 are 1.83 ppm and 0.58 ppm, respectively, as
compared to the experimentally measured values of 1.17 ppm
and 0.68 ppm corresponding to the cone conformer. We note
that smaller chemical shift differences are observed for the
axial/equatorial methylene pair that is most exposed to the
ring current of the naphthyl. The distances from the axial
hydrogens to a centroid defined by the six carbons comprising
the proximal phenyl of the naphthyl ring are 3.4 A versus 5.6
A, and it is the shorter distance that is influenced by the ring
current effect. The same effect is observed in 7, 8, and 2,
although the calculated effect is less pronounced in 2 (experi-
mental: 1.23 ppm and 1.04 ppm versus calculated values
(for lowest E conformer) of 1.58 ppm and 1.22 ppm).

In addition to calculating chemical shift differences between
axial and equatorial hydrogens on the same methylene bridge
carbon above, calculated diastereotopic chemical shift differ-
ences in methylene bridge hydrogens are compared to experi-
mental values for the axial/axial as well as equatorial/
equatorial hydrogens on proximal methylene bridge carbons.
In 4, the experimental Ad,x is 0.71 ppm whereas the calculated
value is 1.42 ppm. For the equatorial hydrogens, the experi-
mental Adeq is 0.22 ppm whereas the calculated value is 0.34
ppm. Though the calculated results above cannot be explained
as an obvious result of any one isolated electronic contribu-
tion, the unification of the calculated results clearly matches
the experimentally observed trend of Ad,, being greater Adcq.
Progress towards routinely calculating diastereotopic chemical
shift differences for structures such as 4 and 2 is evident by the
fact that not that long ago, these types of calculations were
impossible.®!

CD Spectroscopy

Fig. 5a contains CD spectra measured for 2 and 3 in dichloro-
methane. The magnitude of the molar ellipticities are signifi-
cantly greater than those previously reported for lower rim
substituted calixarenes bearing a chiral carbon P to the
calixarene phenol.'® The symmetry of these spectra, particu-
larly within the range of 260 nm to 285 nm, is consistent with
the high optical purity of the compounds as supported by
chiral HPLC data discussed above. To identify the minimal
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Fig. 5 (a) Experimental CD spectra of 2 ((J) and 3 () compared to
simulated CD spectra of optimized S-16 (—) and its optimized R-
enantiomer (—). Bars represent simulated rotary strengths and relative
energies for optimized S-16. The energies of the simulated transitions
for the fragments have been increased by 0.17 eV to match the
simulated lowest energy transition with experimentally measured lowest
energy naphthyl-centered transition at 279 nm.** (b) UV-visible spectra
of 2 (M) and tert-butylcalix[4]arene (¢). The individual transitions for 2,
as determined from non-linear regression, are shown as dashed curves.

molecular fragment responsible for the origin of the optically
active transitions, the UV-visible spectra of all calixarene
compounds are analyzed by deconvoluting the spectra as a
sum of Gaussian distributions around transitions centered at
262 nm, 279 nm, 282 nm and 293 nm, within a 1 nm tolerance.
Transitions at 282 nm and 293 nm for unmodified tert-
butylcalixarene are used to fix the corresponding transitions
for modified calixarene compounds such as 2 (Table 3, Fig. 5).
The transitions at 279 nm and 262 nm in the UV-visible
spectra are specific to calixarene compounds bearing pendant
naphthalene rings, including 6 and 14 (see ESIT). The molar

ellipticities corresponding to the lowest energy transition
specific to the naphthalene systems (279 nm) are listed in
Table 3. It is apparent from these data that all compounds
with absolute S-configuration produce a positive molar ellip-
ticity at 279 nm. Notably, the molar ellipticity of the chiral
alcohol precursor 1-(a-naphthyl)ethanol is eight-fold weaker
than the naphthyl-containing calixarene compounds, despite a
similar extinction coefficient in the deeper ultraviolet region of
the UV-Vis spectrum. This suggests that the optically active
transitions of the naphthyl-modified calixarenes are strongly
dependant on the electronic interactions between the calixar-
ene and naphthalene 1 systems.

16

The S-enantiomer molecule of 16 captures this minimal
arene—naphthalene connectivity and is therefore chosen for ab
initio calculations for understanding the effect of the absolute
conformation of the chiral carbon on the circular dichroism
spectrum of the substituted calixarenes. Both enantiomers of 16
are optimized at the DFT/B3LYP/6-31+ G* level of theory to a
dihedral angle of —160° and + 160°, respectively, around the
phenyl-O-CH(CH3)-naphthyl bonds (as marked). A molecular
mechanics conformational search on the full structure of 2
reveals two broad energy minima corresponding to dihedral
angles —150° and —88°. The overall sign and magnitudes of the
simulated circular dichroism spectra of the fragment above are
very weakly dependent on this dihedral angle (—160°, —150°, or
—88°), so results for the single, optimized structure are chosen
to approximate the Boltzmann average of all possible confor-
mations that may exist in solution for this fragment.

Within the energy range of the experimental spectra, TD-DFT
simulated spectra of 16 are characterized by a prominent, large
positive rotation at ~4.2 eV followed by a series of weakly
positive or negative rotations. TD-DFT methods are known to
typically underestimate energies of m—m* transitions, so the
energies of simulated transitions were increased by ~0.2 eV,
making the simulated lowest energy transition coincide with the
experimentally measured lowest energy naphthyl-centered transi-
tion at 279 nm. This transition is chosen as the reference energy
since all S-calixarenes possess positive transitions of similar
magnitudes (within a factor of 2 per naphthyl group) and
nearly identical molar absorptivities at this wavelength. The

Table 3 Experimental absorption and CD spectral properties of 2, 14, 6, fert-butylcalix[4]arene in dichloromethane at 25°

Transitions above 260 nm

Compound 291 nm 283 nm 279 nm 262 nm Eexp At Amax [0lexp” at 279 nm
2 [els 2.0 5.8 10.8 7.1 17.4 (278) 10800

14 [e]e 2.0 5.8 11.6 6.7 17.8 (277) 5600

6 [e]sc 2.0 5.8 12.0 3.1 18.5 (278) 3300
tert-Butyl-calixarene [e]fic 2.0 5.8 0 0 6.3 (280) —
1-(a-Naphthyl)ethanol — — — — — — 400°¢

@ Reported as deg cm™2 dmol ™! measured from 0.2 mM solution. ” Reported as M™! x 107> measured from 0.05 mM solution. ¢ Reported at 275 nm.
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correspondence of sign and overall curve shape between simu-
lated and experimental spectra strongly suggests that the simula-
tions of the model accurately capture the local effects of the
absolute configuration at the chiral carbon in the calixarenes.

The calculated individual transitions in the simulated CD
spectra of 1-(a-naphthyl)ethanol are weak, as observed experi-
mentally, and depend strongly on the chosen dihedral angle,
further suggesting that the strong CD spectra observed experi-
mentally for the substituted calixarenes are due to unique
interactions between the m systems of the calixarenes and the
chiral pendant group. Further examination of the molecular
orbitals responsible for the optically active transitions in 16
shows a predominantly naphthyl © and ©* character of mole-
cular orbitals that contribute to the lowest energy naphthyl
transition, with additional contributions from orbitals deloca-
lized over the entire molecule 16. The contribution of these
orbitals to the optically active transitions explains the inability
of this molecular model to accurately capture transitions due to
the calixarene macrocycle appearing at 283 nm and 291 nm.
Experimentally, the sign and magnitude of optically-active
transitions inherent to the calixarene macrocycle (283 nm and
291 nm) are extremely sensitive to the rigidity, and therefore
dynamic conformation, of the calixarene (e.g. 2 versus 14 in
Fig. 5 versus S30 in ESIY), as are magnitudes of diastereotopic
chemical shift differences, measured for calixarene compounds
via "H NMR spectroscopy, as discussed above.

Conclusions

The efficient synthesis of a family of chiral calixarene ligands
possessing asymmetric centers directly attached to the lower rim
is described. The highly stereoselective synthetic approach relies
on the Mitsunobu protocol and functions according to Sn2
mechanism with full inversion of configuration as demonstrated
via single-crystal X-ray diffraction and supported by electronic
circular dichroism and simulation. This approach allows direct
attachment of asymmetric centers having substituents with
differing electron donating/withdrawing properties and steric
bulk. The degree of alkylation achieved is highly sensitive to
upper-rim substitution pattern and reaction conditions. Induc-
tion of asymmetry in this family of ligands is investigated by
measuring chemical shift differences for resonances of diaster-
eotopic meta and methylene bridge hydrogens in the products.
The large observed chemical shift differences suggest the pre-
sence of a highly asymmetric environment encompassing the
entire calixarene macrocycle, which is sensitive to the steric bulk
and chemical structure of substituents on the asymmetric
centers, and demonstrates the importance of conformational
rigidity and direct connectivity between lower rim oxygens and
asymmetric centers for efficient induction of asymmetry
throughout the entire calixarene scaffold. DFT-based calcula-
tions support trends observed experimentally via NMR and CD
spectroscopies. The subsequent metallation of these ligands and
their grafting onto solid supports will be reported in due course.

Experimental section

All compounds were handled using Schlenk techniques under
dry nitrogen atmosphere. Solvents were dried and distilled by

standard methods. Starting p-tert-butylcalix[4]arene and all
others reagents were of analytical grade and used as received.
All chiral alcohols were commercially available with the
exception of the trans-1-N-Cbz-aminocyclopentanol. This lat-
ter compound was synthesized by treating the commercially
available free trans-aminopentanol hydrochloride (0.5 g, 3.63
mmol) with benzyl chloroformate (0.93 g, 5.45 mmol) and
sodium bicarbonate (0.61 g, 7.26 mmol) in 5 : 1 water—THF as
solvent at room temperature and stirring for 40 min (yield
59%). '"H and ">*C NMR spectra were recorded in CDCl; (293
K) either on a Bruker AV-300 (300 MHz) instrument or on a
AVB-400 (400 MHz) instrument, and 2D COSY and 1D
NMR were performed on DRX-500 (500 MHz) instrument
at the UC Berkeley NMR Facility. The '"H NMR data are
referenced to residual CHCl; (7.26 ppm) and '°F NMR data
are referenced relative to CFCl;. Analytical thin-layer
chromatography was performed on precoated silica gel plates
(0.25 mm, 60F-254, Merck), and silica gel (Selecto 60) was
used for column chromatography. Diastereoselectivity was
measured by HPLC-MS with an Agilent 1100 LS-MS system
equipped with a Daicel CHIRACEL OD column monitored at
210 and 254 nm. Optical rotations were measured on a Perkin-
Elmer Model 241 polarimeter. FAB-MS spectra were recorded
with using o-nitrophenyl octyl ether (NPOE) as matrix at the
UC Berkeley Mass Spectrometry Facility. All melting points
are uncorrected.

CD and UV-Vis spectroscopy

UV-visible spectra of 0.05 mM solutions in dichloromethane
were collected in standard 1 cm pathlength quartz cells at
room temperature using a Cary 400 Bio UV-visible spectro-
photometer. Spectra were collected with a 0.5 nm interval and
a dwell time of 0.1 s. Circular dichroism spectra of 0.2 mM
solutions in dichloromethane were collected in standard 1 cm
pathlength quartz cells at room temperature using a Jasco
J-810 spectropolarimeter. Spectra were collected at 10 nm
min~! with an 8 s response time, and a 0.2 nm pitch width.
Data were averaged over 2-6 acquisitions and noise reduced
using a one-pass fast Fourier transform.

Ab initio modeling of CD spectrum

Molecular fragment optimizations were performed at the
DFT/B3LYP/6-31 + G* level of theory using the Gaussian03
software package.® Electronic transitions (UV and CD) were
also simulated with Gaussian 03 software using the TD-DFT
approach, the B3LYP functional and the 6-31 + G* basis, but
simulated spectra were nearly identical employing 6-31G* as
basis. In this report, rotary strengths are given in the dipole
length formalism (R"), which was reported to be more ro-
bust,* but results using the velocity formalism were similar.
The experimental spectra were simulated by broadening the
simulated rotary strengths according to the equation:

& A e[

Ae(E) = =L
(£) 2.297 x 10-39/2no

where o is the width of the band width, chosen to be 0.15 ¢V as
an empirical parameter to give good visual agreement with the

1320 | New J. Chem., 2008, 32, 1314-1325

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008


http://dx.doi.org/10.1039/b801434p

Downloaded by University of Belgrade on 01 January 2013
Published on 29 May 2008 on http://pubs.rsc.org | doi:10.1039/B801434P

View Article Online

experimental data; AE; and R; are the excitation energies and
rotational strengths for transition i as simulated. Ten transi-
tions were determined for each molecular fragment, but gen-
erally four or fewer fell in the relevant energy range. TDDFT/
B3LYP have been shown to underestimate energies,34 SO
simulated transitions were shifted to match the experimental
CD maxima. The lack of relevant Rydberg states or double
and higher excitations in the energy range of the experimental
spectra suggests that there will be good agreement between the
experimental spectra recorded in dichloromethane and the
simulated spectra. In general, it has been previously found
that TD-DFT used with this functional can be used to assign
absolute configurations of chiral molecules with high
certainty.**

Conformational searches were performed using Macro-
Model 9.1 and an MMFF force field in gas phase. All torsional
angles between the naphthalene fragment and the calixarene
[C(calixarene)-O—CH(CH3)-C(naphthalene)] and the calixar-
ene phenol torsional angles were subject to a Monte Carlo
random walk algorithm.

Calculated 'H NMR chemical shifts

'"H NMR chemical shifts were calculated for 2, 4, 7 and 8. In
each case, the lowest energy conformations were identified
using a Monte Carlo conformational search using the
OPLS2006 force field in MacroModel 9.1 as implemented in
Maestro 6.5. These structures were further optimized at
B3LYP/6-31G** and then single point calculations at
B3LYP/6-311G**+ + were performed to determine the
shielding constants. This level of theory has been shown to
give good correlation with experimental chemical shifts.*®
Because of the large size of the molecules, the pseudospec-
tral DFT method implemented in Jaguar 6.5 was used. This is
a GIAO (gauge-including atomic orbitals) based approach
shown to give good results for organic molecules.®’

Crystallography

The crystal structures of 2 and 7 were determined by single
crystal X-ray diffraction. Data measurements were made on a
Bruker APEX>® CCD area detector with graphite monochro-
mated Mo-Ka radiation. The structure was solved by direct
methods®® and expanded using Fourier techniques.*® Neutral
atom scattering factors were taken from Cromer and Waber.*!
Anomalous dispersion effects were included in Feae® the
values for Af' and Af” were those of Creagh and McAuley.*
The values for the mass attenuation coefficients are those of
Creagh and Hubbel.** All calculations were performed using
the teXsan*’ crystallographic software package of Molecular
Structure Corporation.

Crystal data and refinement details for 2. C;,O4H/,;N, M, =
996.38, monoclinic, space group P2;, a = 12.305(1), b =
12.911(1), ¢ = 19.409(2) A, V = 2970.3(5) A®, Z = 2, D, =
1.11 gem™3, u = 0.67 cm™!, F(000) = 1072.00. No. of
reflections measured — total: 12298, unique: 3658 (Ri,, =
0.039), R = 0.083, R,, = 0.088, Ry = 0.103, Appax = 0.51,
Apmin = —0.27 ¢ A3,

Crystal data and refinement details for 7. C;sN,O1,H;9, M,
= 1267.73, monoclinic, space group P2;, a = 13.170(1), b =
19.498(2), ¢ = 14.880(2) A, V = 3640.3(7) A3, Z = 2, D, =
1.156 g em™>, u = 0.76 cm™!, F(000) = 1376.00. No. of
reflections measured — total: 20864, unique: 7784 (Rin, =
0.044), R = 0.058, R,, = 0.059, R,; = 0.090, Apmax = 0.36,
Apmin = —0.26 ¢ A3,

General procedure for chiral HPLC calibration

A control stereoisomeric mixture of 2, 3, and related meso
form was used for chiral HPLC calibration. This mixture was
synthesized using a racemic mixture of naphthalenemethanol
as reactant under otherwise similar Mitsunobu protocol reac-
tion conditions, described above for dialkylation in Scheme 2.
A doubling of all resonances was observed via 'H NMR
spectroscopy and for carbons close to the chiral center via
13C NMR spectroscopy, including the chiral methylene carbon
C*H (84.36 and 84.29 ppm) and methyl CH;C*H (21.88 and
22.10 ppm), due to the presence of the magnetically inequi-
valent meso-(R,S) form. The lower symmetry of the meso-
(R,S) form led to characteristic zert-butyl resonances at 0.92
ppm, 1.14 ppm, and 1.32 ppm in a ratio of 18H : 9H : 9H.

General procedure for the synthesis of calixarenes 1-6 and 8-13
via Mitsunobu reaction

To a mixture of parent calix[4]arene (0.154 mmol) and chiral
alcohol (0.77 mmol) in 5 ml of THF (benzene for synthesis of
10), triphenylphosphine (0.46 mmol for synthesis of 1-4, 8, 10,
11, 12 and 0.23 mmol for synthesis of 5, 6, 9, 10, 13) was
added. The resulting mixture was cooled to 0 °C, and diethyl
azodicarboxylate (0.46 mmol for synthesis of 1-4, 8, 10, 11, 12
0.23 mmol for synthesis of 5, 6, 9, 10, 13) was added dropwise
as a 40% solution in toluene. After 10 min of stirring, a
colored solution formed, which was heated to room tempera-
ture. After 24 h of stirring at room temperature (for the
synthesis of 8, the reaction was stopped after 8 h as well as
after 24 h), and the solution was evaporated to dryness. The
residue was treated with 2 mL of methanol for 20 min at room
temperature, followed by evaporation to dryness. Compounds
1-6 and 8-13 were subsequently purified using column
chromatography.

5,11,17,23-Tetra-tert-butyl-25,27-bis[(S)-1-phenylethoxy]-
26,28-dihydroxy-calix[4]arene (1). Column chromatography
with CH,Cl,—n-hexane (1 : 1) afforded 60% of white powder:
mp 134-133 °C; [«]4 = —23 (¢ 0.70, CH,CL,); '"H NMR (300
MHz, CDCl;) 6 7.58 (d, 3J = 6.6 Hz, 4H, C¢Hs), 7.32-7.42
(m, 6H, C¢Hs), 7.21 (s, 2H, OH), 7.04 (d, *J = 2.4 Hz, 2H,
ArH-m), 6.89 (d, *J = 2.4 Hz, 2H, ArH-m), 6.80 (d, *J = 2.4
Hz, 2H, ArH-m), 6.68 (d, *J = 2.4 Hz, 2H, ArH-m), 5.00 (q, >J
= 6.6 Hz, 2H, CHCH}), 4.53 (d, 2J = 12.9 Hz, 2H, ArCH,-
Ar), 3.82 (d, 2J = 13.5 Hz, 2H, ArCH,Ar), 3.29 (d, >J = 12.9
Hz, 2H, ArCH,Ar), 2.94 (d, 2/ = 13.5 Hz, 2H, ArCH,Ar),
1.78 (d, 3J = 6.6 Hz, 6H, CHCHs>), 1.25 (s, 18H, C(CH3)3),
0.93 (s, 18H, C(CHs);); elemental analysis caled (%) for
CgoH7,04: C 84.07, H 8.47; found C 84.02, H 8.65; HR
FAB MS calcd for CqoH7,04 856.543061, found 856.541400.
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5,11,17,23-Tetra-tert-butyl-25,27-bis|(S)-o-methyl-2-naph-

thalenemethoxy]-26,28-dihydroxy-calix[4]arene (2). Column
chromatography with CH,Cl,—#n-hexane (0.8 : 1) afforded
75% of white powder: mp 139-141 °C; [oa]3 = —90 (¢ 0.70,
CH,Cl,); '"H NMR (400 MHz, CDCl3) ¢ 7.80-7.89 (m, 10H,
CoH>), 7.44-7.50 (m, 4H, C1,H>), 7.30 (s, 2H, OH), 7.05 (d, *J
= 2.1 Hz, 2H, ArH-m), 6.86 (d, *J = 2.1 Hz, 2H, ArH-m),
6.84 (d, *J = 2.4 Hz, 2H, ArH-m), 6.66 (d, *J = 2.4 Hz, 2H,
ArH-m), 5.17(q, *J = 6.4 Hz, 2H, CHCH};), 4.58 (d,%J = 12.8
Hz, 2H, ArCH,Ar), 3.89 (d, 2J = 13.2 Hz, 2H, ArCH»Ar),
3.35(d, 2J = 12.8 Hz, 2H, ArCH»Ar), 2.85 (d, 2J = 13.6 Hz,
2H, ArCH,Ar), 1.90 (d, 3J = 6.4 Hz, 6H, CHCH,), 1.24 (s,
18H, C(CHj3)3), 0.94 (s, 18H, C(CH3)3); '>*C NMR (400 MHz,
CDCl3) 6 150.84, 148.83, 146.49, 141.16, 139.28, 133.19,
132.86, 128.22, 127.73, 127.54, 12594, 125.58, 125.32,
124.99, 124.92, 124.79, 84.34, 33.90, 33.77, 32.23, 31.70,
31.04, 21.90; elemental analysis caled (%) for CegH7604: C
85.31, H 8.00; found C 85.00, H 8.10; HR FAB MS calcd for
CesH7504 955.566537, found 955.568630.

5,11,17,23-Tetra-tert-butyl-25,27-bis|[( R)-o-methyl-2-naph-

thalenemethoxy]-26,28-dihydroxy-calix[4]arene (3). Column
chromatography with CH,Cl,—n-hexane (0.8 : 1) afforded
70% vyield of white powder: mp 139-141 °C; [«]% = +88 (¢
0.70, CH,Cl,); '"H NMR (500 MHz, CDCl;) 6 7.79-7.88 (m,
10H, C,oH>), 7.94 (m, 4H, C,oH;), 7.31 (s, 2H, OH), 7.05 (d, *J
= 2.5 Hz, 2H, ArH-m), 6.85 (d, *J = 2.5 Hz, 2H, ArH-m),
6.83 (d, *J = 2.5 Hz, 2H, ArH-m), 6.65 (d, *J = 2.5 Hz, 2H,
ArH-m), 5.16 (q, >J = 6.5 Hz, 2H, CHCHj;), 4.57 (d,%J = 13.0
Hz, 2H, ArCH,Ar), 3.88 (d, 2J = 13.0 Hz, 2H, ArCH,Ar),
3.35(d, 2J = 13.0 Hz, 2H, ArCH,Ar), 2.84 (d, 27 = 13.5 Hz,
2H, ArCH,Ar), 1.89 (d, 3J = 6.5 Hz, 6H, CHCH,), 1.23 (s,
18H, C(CHs3)3), 0.94 (s, 18H, C(CHs3)3); elemental analysis
caled (%) for CegH7604: C 85.31, H 8.00; found C 85.03, H
8.08; HR FAB MS caled for CegH7504 955.566537, found
955.568060.

5,11,17,23-Tetra-tert-butyl-25,27-bis|(S)-o-trifluoromethyl-1-
phenylmethoxy]-26,28-dihydroxy-calix|4]arene (4). Column
chromatography with CH,Cl,—n-hexane (0.5 : 1) afforded
60% yield of white powder: mp 137-140 °C; [0]5 = —38 (c
0.70, CH,CL,); '"H NMR (400 MHz, CDCl3) 4 7.74 (d, 3J =
6.8 Hz, 4H, C,oH;), 7.46-7.54 (m, 6H, C,oH>), 7.05 (d, *J =
2.4 Hz, 2H, ArH-m), 6.97 (d, *J = 2.4 Hz, 2H, ArH-m), 6.63
(m, 4H, ArH-m), 5.68 (s, 2H, OH), 5.13 (m, 2H, CHCH3), 4.49
(d, 2J = 13.6 Hz, 2H, ArCH,Ar), 3.78 (d, J = 13.2 Hz, 2H,
ArCH,Ar), 3.32 (d, >J = 13.6 Hz, 2H, ArCH,Ar), 3.10 (d, 2J
= 13.2 Hz, 2H, ArCH,Ar), 1.27 (s, 18H, C(CH3)3), 0.83 (s,
18H, C(CH3);); "Y"FNMS$ —73.74 (d, 3.76 Hz); '3C NMR (500
MHz) 6 150.29, 150.16, 147.10, 132.07, 130.71, 129.84, 128.50,
128.17, 128.02, 127.55, 125.99, 125.41, 125.10, 124.64, 83.88,
33.77, 33.73, 31.79, 31.62, 30.77; elemental analysis calcd (%)
for CeoHggFO4: C 74.67, H 6.89; found C 74.64, H 6.59; FAB
MS calcd for CeoHgsO4F 964.486531, found 964.485880.

5,11,17,23-Tetra-tert-butyl-25-(S)-1-phenylethoxy-26,27,28-
trihydroxy-calix|[4]arene (5). Column chromatography with
CH,Cl,—n-hexane (1 : 0.5) afforded 47% yield of white pow-
der: mp 130-132 °C; [«]% = —62 (¢ 0.70, CH,Cl,); '"H NMR
(500 MHz, CDCly) ¢ 10.14 (s, IH, OH), 9.60 (s, 1H, OH), 9.31

(s, 1H, OH), 7.48-7.49 (m, 2H, C¢Hs), 7.39 (m, 3H, CeHs),
7.19 (d, *J = 2.5 Hz, 1H, ArH-m), 7.11 (d, *J = 2.5 Hz, IH,
ArH-m), 7.07 (d, *J = 2.0 Hz, 1H, ArH-m), 7.01 (d, *J = 2.0
Hz, 1H, ArH-m), 6.97 (d, *J = 2.5 Hz, 1H, ArH-m), 6.95 (d, *J
= 2.5 Hz, 1H, ArH-m), 6.90 (d, *J = 2.5 Hz, 1H, ArH-m),
6.88 (d, *J =2.0 Hz, 1H, ArH-m), 5.14 (q, °J = 6.5 Hz, 1H,
CHCH,), 473 (d, 2J = 12.5 Hz, 1H, ArCH,Ar), 4.32 (d, %J =
13.5 Hz, 1H, ArCH,Ar), 4.19 (d, J = 13.5 Hz, 1H, ArCH,-
Ar), 3.56 (d, >J = 13.5 Hz, 1H, ArCH,Ar), 3.46 (d, >J = 12.5
Hz, 1H, ArCH,Ar), 3.44 (d, 2J = 13.5 Hz, 1H, ArCH,Ar),
3.40 (d, J = 13.5 Hz, 1H, ArCH,Ar), 2.92 (d, 2J = 13.5 Hz,
1H, ArCH»Ar), 2.04 (d, 3J = 6.5 Hz, 3H, CH;CH), 1.22 (s,
9H, C(CHa)3), 1.22 (s, 9H, C(CHs)s), 1.19 (s, 9H, C(CHs3);),
1.18 (s, 9H, C(CHj3)3); >*C NMR (500 MHz, CDCl5) 6 149.12,
148.24, 147.87, 147.73, 143.65, 143.22, 142.74, 140.14, 134.87,
133.46, 129.02, 128.80, 128.63, 127.82, 127.74, 127.57, 127.53,
127.26, 126.97, 125.98, 125.83, 125.79, 125.67, 125.55, 125.51,
125.46, 85.50, 34.21, 34.03, 33.92, 33.89, 33.16, 32.95, 32.75,
32.30, 31.64, 31.56, 31.50, 31.27, 22.70, 20.93, 14.16; elemental
analysis calcd (%) for Cs;HgsO4: C 82.94, H 8.57; found C
82.89, H 8.36; HR FAB MS calcd for Cs,Hg304 751.472636,
found 751.473240.

5,11,17,23-Tetra-tert-butyl-25-[(S)-o-methyl-2-naphthalene-
methoxy]-26,27,28-trihydroxy-calix[4]arene (6). Column chro-
matography with CH,Cl,—n-hexane (1 : 0.6) afforded 44%
yield of white powder: mp 139-142 °C; [¢]3 = —67 (¢ 0.70,
CH,Cl,); "H NMR (500 MHz, CDCls) 6 10.16 (s, 1H, OH),
9.65 (s, 1H, OH), 9.38 (s, 1H, OH), 7.92 (d, °J = 8.5 Hz, 1H,
CyoH5), 7.87-7.88 (m, 1H, CoH>), 7.80-7.82 (m, 1H, C;oH>),
7.78 (d, 3] = 8.5 Hz, IH, C10H7), 7.76 (S, IH, C10H7),
7.48-7.53 (m, 2H, CioH,), 7.21 (d, *J = 2.5 Hz, 1H, ArH-
m), 7.13 (d, *J = 2.5 Hz, 1H, ArH-m), 7.07 (d, *J = 2.5 Hz,
1H, ArH-m), 7.00 (d, *J = 2.0 Hz, 1H, ArH-m), 6.96 (d, *J =
2.5 Hz, 1H, ArH-m), 6.95 (d, *J = 2.0 Hz, 1H, ArH-m), 6.83
(d, %J = 2.0 Hz, 2H, ArH-m), 5.30 (q, >J = 6.0 Hz, 1H,
CH;CH), 4.78 (d, J = 13.0 Hz, 1H, ArCH,Ar), 4.34 (d, %] =
13.5 Hz, 1H, ArCH,Ar), 4.17 (d, 27 = 13.5 Hz, 1H, ArCH,.
Ar), 3.57 (d, >J = 13.5 Hz, 1H, ArCH,Ar), 3.50 (d, >J = 13.0
Hz, 1H, ArCH,Ar), 3.45 (d, 2/ = 13.5 Hz, 1H, ArCH,Ar),
3.38 (d, 2J = 13.5 Hz, 1H, ArCH»Ar), 2.79 (d, 2J = 13.5 Hz,
1H, ArCH,Ar), 2.13 (d, °J = 6.5 Hz, 3H, CH;CH), 1.22 s,
9H, C(CHs;)3), 1.22 (s, 9H, C(CH3)3), 1.18 (s, 9H, C(CHs)s;),
1.14 (s, 9H, C(CHj;)3)); elemental analysis caled (%) for
CsgHgO4: C 83.75, H 8.28; found C 83.79, H 8.13; HR
FAB MS calcd for CsqHgsO4 801.488286, found 801.486660.

5,11,17,23-Tetra-tert-butyl-25,27-bis|cis-(1 R,2S5)-(/N-benzyl-
oxycarbonyl)-2-aminocyclopentyloxy]-26,28-dihydroxy-calix-
[4]arene (7). To a mixture of fert-butylcalix[4]arene (0.80 g,
1.24 mmol), triphenylphosphine (0.53 g, 1.98 mmol) and
DEAD (0.35 g, 1.98 mmol) in 25 ml dry toluene, a solution
of trans-N-benzyloxycarbonylaminocyclopentanol (0.35 g,
1.49 mmol) in 5 ml of dry toluene was added dropwise at
40 °C. The resulting yellow solution was heated at 80 °C for 2 h.
The reaction was continued additional 24 h at room tempera-
ture. The reaction mixture was evaporated to dryness and
purified by column chromatography (DCM-methanol 1 :
0.010 v/v), R; 0.3. Recrystallization from ethanol afforded
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8% of white powder: mp 174-179 °C; '"H NMR (500 MHz,
CDCl3) 6 743 (d, J = 9.0 Hz, 2H), 7.14-7.16 (m, 4H),
7.05-7.10 (m, 6H, ArH), 7.00-7.02 (m, 4H), 6.84 (s, 2H),
6.73 (s, 2H), 6.63 (s, 2H), 5.19 (d, J = 12.5 Hz, 2H), 4.90 (d,
J = 12.5 Hz, 2H), 4.36-4.41 (m, 4H), 4.22 (m, 2H), 3.95 (d, J
= 13.5 Hz, 2H), 3.36 (d, J = 13.5, 2H), 3.25(d, J = 13.0 Hz,
2H), 2.05 (m, 2H), 1.90 (m, 4H), 1.46 (m, 6H), 1.21 (s, 18H),
091 (s, 18H). *C NMR ¢ 156.99, 150.12, 147.74, 147.34,
142.62, 137.16, 133.35, 132.06, 128.41, 127.52, 127.24, 125.93,
124.96, 89.14, 66.35, 55.86, 34.17, 32.48, 32.00, 31.16, 29.89,
28.20, 19.80; elemental analysis caled (%) for C;oHg¢IN,Og: C
77.60, H 8.00, N 2.59; found C 77.67, H 8.10, N 2.57; FAB MS
caled for C;oHg7N,Og 1083.646244, found 1083.647670.

5,11,17,23-Tetra-tert-butyl-25,27-bis|( R)-2-phenyl-1-propoxy]-
26,28-dihydroxy-calix[4]arene (8). Column chromatography
with CH,Cl,—n-hexane (0.8 : 1) afforded 80% yield (for the
reaction that involved 14 h of stirring) of white powder: mp
164-166 °C; [o]p = —20 (¢ 0.70, CH,CL); '"H NMR (400
MHz, CDCl3) é 7.50 (s, 2H, OH), 7.38 (d, *J = 7.2 Hz, 4H,
CioH>), 7.32 (t,°J = 7.2 Hz, 4H, C,oH>), 7.16 (t, *J = 7.2 Hz,
2H, C,oH>), 7.06 (d, *J = 2.4 Hz, 2H, ArH-m), 7.01 (d, *J =
2.4 Hz, 2H, ArH-m), 6.79 (d, 4] = 2.4 Hz, 2H, ArH-m), 6.81
(d, *J = 2.4 Hz, 2H, ArH-m), 435 (d, >J = 12.8 Hz, 2H,
ArCH»Ar), 4.15 (d, 2/ = 13.2 Hz, 2H, ArCH,Ar), 4.01 (m,
4H, OCH,), 3.52 (m, 2H, CHCH3), 3.30 (d, 2J = 13.2 Hz, 2H,
ArCH,Ar), 3.25 (d, 2J = 12.8 Hz, 2H, ArCH,Ar), 1.79 (d, 3J
= 6.8 Hz, 6H, CHCH3), 1.28 (s, 18H, C(CHs3);), 0.94 (s, 18H,
C(CHj);); elemental analysis caled (%) for CeoH7604: C 84.12,
H 8.65; found C 84.23, H 8.38; HRMS calcd for Cg,H7604
884.574362, found 884.575380.

5,11,17,23-Tetra-tert-butyl-25-( R)-2-phenyl-1-propoxy-26,27,28-
trihydroxy-calix|4]arene (9). Column chromatography with
CH,Cl,—n-hexane (0.8 : 1) afforded 42% yield (69% in mixture
of 8 and 9) of white powder: mp 173174 °C; [u]h = —24 (c
0.70, CH,Cl,): 'H NMR (500 MHz, CDCl5) 6 9.95 (s, 1H,
OH), 9.28 (s, 1H, OH), 9.15 (s, 1H, OH), 7.49 (d, *J = 7.5 Hz,
2H, C¢Hs), 7.43 (t, °J = 7.5 Hz, 2H, C¢Hs), 7.30 (t,°J = 7.5
Hz, 1H, C¢Hs), 7.12 (d, *J = 2.0 Hz, 1H, ArH-m), 7.09 (d, *J
= 2.0 Hz, 1H, ArH-m), 7.07 (d, *J = 2.0 Hz, 1H, ArH-m),
7.04 (d, *J = 2.0 Hz, 1H, ArH-m), 7.03 (d, *J = 2.0 Hz, 1H,
ArH-m), 7.02 (d, *J = 2.0 Hz, 1H, ArH-m), 6.99 (d, *J = 2.0
Hz, 1H, ArH-m), 6.98 (d, *J = 2.0 Hz, 1H, ArH-m), 4.48 (d,%J
= 12.5 Hz, 1H, ArCH,Ar), 4.31 (d, >J = 13.5 Hz, 1H,
ArCH,Ar), 4.20, 4.26 (2 m, 1H each, OCH,CH), 4.13 (d, 2J
= 13.5 Hz, 1H, ArCH,Ar), 4.10 (d, °J = 13.5 Hz, IH,
ArCH,Ar), 3.75 (m, 1H, OCH,CH), 3.45 (d, 2J = 13.5 Hz,
1H, ArCH,Ar), 3.41 (d, 2J = 13.5 Hz, 2H, ArCH,Ar), 3.39 (d,
2J = 12.5 Hz, 1H, ArCH,Ar), 1.64 (d, 3J = 6.5 Hz, 3H,
CHCHS,), 1.24 (s, 9H, C(CH3)3), 1.23 (s, 9H, C(CH3)3), 1.22 (s,
9H, C(CH3)3), 1.19 (s, 9H, C(CHs3)3); elemental analysis calcd
(%) for Cs3HeqO4: C 82.99, H 8.67; found C 82.91, H 8.73; HR
FAB MS caled for Cs3HgqO4 766.496111, found 766.497910.

25-(S)-a-Methyl-2-naphthalenemethoxy-26,27,28-trihydroxy-
calix[4]arene (10). Column chromatography with CH,Cl>—
n-hexane (1 : 0.5) afforded 55% yield (for reaction in benzene)
of white powder: mp 115-117 °C; [o]d = —53 (¢ 0.70,
CH,Cl,); 'H NMR (500 MHz, CDCl3) 6 9.65 (s, 1H, OH),

9.31 (s, 1H, OH), 9.25 (s, 1H, OH), 7.94 (d, °J = 8.5 Hz, 1H,
C10H7), 7.85-7.89 (m, 2H, C10H7), 7.82 (S, lH, C10H7), 7.78 (d,
3J = 8.5 Hz, 1H, C,oH;), 7.50-7.52 (m, 2H, C,,H,), 7.16 (dd,
3] = 7.5Hz,*J = 2.0 Hz, 1H, ArH-m), 7.11 (dd, *J = 7.5 Hz,
4J = 2.0 Hz, 1H, ArH-m), 7.00 (dd, *J = 7.5Hz, *J = 2.0 Hz,
2H, ArH-m), 6.94 (m, 2H, ArH-m), 6.81-6.84 (m, 2H + 1H,
ArH-m + ArH-p), 6.66 (t, >J = 7.5 Hz, 2H, ArH-p), 6.57 (t, >J
= 7.5 Hz, 1H, ArH-p), 5.34 (m, 1H, CHCHs), 4.76 (d, *J =
13.0 Hz, 1H, ArCH,Ar), 4.33 (d, >J = 13.5 Hz, 1H, ArCH..
Ar), 4.15(d, %J = 13.5 Hz, 1H, ArCH,Ar), 3.67 (d, 2J = 13.5
Hz, ArCH,Ar), 3.54 (d,%J = 13.0 Hz, 1H, ArCH,Ar), 3.47 (d,
2J = 13.5 Hz, 1H, ArCH,Ar), 3.39 (d, 2J = 13.5 Hz, 1H,
ArCH,ATr), 2.86 (d, 2J = 13.0 Hz, 1H, ArCH,Ar), 2.10 (d, >/
= 6.5 Hz, 3H, CHCH,;); elemental analysis calcd (%) for
C4QH3404Z C 8302, H 592, found C 8311, H 588, HR FAB
MS caled for C4oH340, 578.245710, found 578.247470.

25,27-Bis|(S)-o-methyl-2-naphthalenemethoxy]-26,28-dihydroxy-
calix[4]arene (11). Column chromatography with CH,Cl,—
n-hexane (1 : 0.7) afforded 30% yield of white powder: mp
107-109 °C; [o0]3 = —50 (¢ 0.70, CH,CL); 'H NMR (400
MHz, CDCl3) 6 7.78-7.91 (m, 10H + 2H, C;0H; + OH),
7.46-7.51 (m, 4H, C,oH>), 7.05 (d, >J = 7.2 Hz, 2H, ArH-m),
6.93(dd,*J = 7.2 Hz,*J = 2.0 Hz, 2H, ArH-m), 6.84 (d, *J =
7.6 Hz, 2H, ArH-m), 6.73 (dd, >J = 7.6 Hz, *J = 2.0 Hz, 2H, J
7.6 Hz, ArH), 6.71 (t, >J = 7.6 Hz, 2H, ArH-p), 6.57 (t, >J =
7.2 Hz, 2H, ArH-p), 5.20 (q, °J = 6.4 Hz, 2H, CH;CH), 4.60
(d, 27 = 12.8 Hz, 2H, ArCH,Ar), 3.85 (d, 2/ = 13.6 Hz, 2H,
ArCH,Ar), 3.41 (d, °J = 12.8 Hz, 2H, ArCH,Ar), 2.87 (d, 2J
= 13.6 Hz, 2H, ArCH,Ar), 1.93 (d, 3J = 6.4 Hz, 6H,
CHCHs); elemental analysis calcd (%) for Cs;HyO4: C
85.22, H 6.05; found C 85.39, H 6.19; HRMS calcd for
Cs>H4404 732.323960, found 732.323140.

25,27-Bis|(.S)-1-phenylethoxy]-26,28-dihydroxy-calix[4]arene
(12). Column chromatography with CH,Cl,—n-hexane (1 : 0.6)
afforded 42% yield of white powder: mp 132-133 °C, [«]&y =
—71 (¢ 0.70, CH,CL,); 'H NMR (500 MHz, CDCl3) 6 7.86 (s,
2H, OH), 7.55 (d, >J = 7.0 Hz, 4H, C¢Hs), 7.34-7.41 (m, 6H,
Cg¢Hs), 7.05 (d, *J = 7.0 Hz, 2H, ArH-m), 6.92 (d, °J = 7.5
Hz, 2H, ArH-m), 6.88 (d, >J = 7.0 Hz, 2H, ArH-m), 6.76 (d, >J
= 7.5 Hz, 2H, ArH-m), 6.70 (t, 3] = 7.5Hz, 2H, ArH-p), 6.58
(t, °*J = 7.0 Hz, 2H, ArH-p), 5.03 (q, °J = 6.5 Hz, 2H,
CH;CH), 4.56 (d, 2J = 12.5 Hz, 2H, ArCH,Ar), 3.78 (d, °J =
13.5 Hz, 2H, ArCH,Ar), 3.38 (d, 2J = 12.5 Hz, 2H, ArCH,.
Ar), 2.94 (d, 2J = 13.5 Hz, 2H, ArCH,Ar), 1.86 (d, °J = 6.5
Hz, 6H, CHCHs;); elemental analysis calcd (%) for C44H4004:
C 83.52, H 6.37; found C 83.64, H 6.48; HR FAB MS calcd for
C4H4004 632.292660, found 632.292000.

25-(S)-1-Phenylethoxy,26,27,28-trihydroxy-calix|4]arene (13).
Column chromatography with CH,Cl,—n-hexane (1 : 0.6) af-
forded 47% yield of white powder: mp 144145 °C, [«]y = —68
(¢ 0.70, CH,Cl,); "H NMR (500 MHz, CDCl3) d 9.66 (s, 1H,
OH), 9.28 (s, IH, OH), 9.21 (s, 1H, OH), 7.48 (m, 2H, C¢Hs),
7.39 (m, 3H, C¢Hs), 7.14 (d, *J = 7.5 Hz, 1H, ArH-m), 7.09 (d,
3] = 7.5Hz, 1H, ArH-m), 6.94-7.00 (m, 4H, ArH-m), 6.87 (m,
2H, ArH-m), 682 (t, °J = 7.5 Hz, 1H, ArH-p),
6.66 (t, °J = 7.5 Hz, 1H, ArH-p), 6.65 (t, °J = 7.5 Hz, 1H,
ArH-p), 6.60 (t, *J = 7.5Hz, 1H, ArH-p), 5.17 (q, °J = 7.0 Hz,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008

New J. Chem., 2008, 32, 1314-1325 | 1323


http://dx.doi.org/10.1039/b801434p

Downloaded by University of Belgrade on 01 January 2013
Published on 29 May 2008 on http://pubs.rsc.org | doi:10.1039/B801434P

View Article Online

1H, CH;CH), 4.70 (d, 27 = 12.5 Hz, 1H, ArCH,Ar), 4.30
(d, J = 13.5 Hz, |H, ArCH,Ar), 4.17 (d, >J = 14.0 Hz, 1H,
ArCH,Ar), 3.60 (d, 2J = 13.5 Hz, 1H, ArCH,Ar), 3.50
(d, 27 = 12.5 Hz, 1H, ArCH,Ar), 3.46 (d, 2/ = 14.0 Hz, 1H,
ArCH,Ar), 341 (d, 2J = 13.5 Hz, 1H, ArCH,Ar), 2.92
(d, J = 13.5 Hz, 1H, ArCH,Ar), 2.04 (d, 3J = 7.0 Hz, 3H,
CHCH,;); elemental analysis caled (%) for C3gH3,04: C 81.79,
H 6.10; found C 81.86, H 6.05; HR FAB MS calcd for
C36H3,04 528.230060, found 528.230560.

5,11,17,23-Tetra-tert-butyl-25,27-bis[(.S)-o-methyl-2-naph-

thalenemethoxy],26,28-dipropoxy-calix[4]arene (14). To a sus-
pension of sodium hydride (0.1 g, 4 mmol) in 3 ml of DMF,
calixarene 1b (0.2 g, 0.2 mmol) was added, to which n-propyl
bromide (0.49 g, 4 mmol) was added dropwise. The resulting
reaction mixture was stirred at room temperature for 2 h. The
white slurry was poured into 25 ml of water and subsequently
extracted with 15 mL of CHCI;. The organic solution was
evaporated, and the residue was washed with 5 mL of metha-
nol. The resulting white solid was filtered and dried under
vacuum. A white powder was obtained in 60% yield; mp
134-136 °C; [a]pd = —86 (¢ 0.70, CH,Cl,); '"H NMR (400
MHz, CDCls) 6 7.856 (m, 2H, ArH), 7.831 (d, *J = 8.8 Hz,
2H, CyoH5), 7.768 (m, 2H, CoH>), 7.707 (s, 2H, C;oH>), 7.656
(dd, 3J = 8.4, %J = 1.6 Hz, 2H, ArH), 7.430-7.500 (m, 4H,
ArH), 7.121 (d, *J = 2.4 Hz, 2H, ArH-m), 7.004 (d, *J = 2.4
Hz, 2H, ArH-m), 6.418 (d, *J = 2.4 Hz, 2H, ArH-m), 6.319 (d,
47 = 2.4 Hz, 2H, ArH-m), 4758 (q, °J = 6.4 Hz, 2H,
CH;CH), 4.591 (d, 2J = 12.4 Hz, 2H, ArCH,Ar), 4.187 (d,
2J = 12.4 Hz, 2H, ArCH,Ar), 3.665, 3.793 (2 m, 2H each,
OCH,CH,), 3.205 (d, >J = 12.4 Hz, 2H, ArCH,Ar), 2.733 (d,
2J = 12.4 Hz, 2H, ArCHAr), 1.716 (m, 4H, OCH,CH,),
1.612 (d, 3J = 6.4 Hz, 6H, CH;CH), 1.326 (s, 18H, C(CHs3);),
0.803 (s, 18H, C(CHs3)3), 0.351 (t, °J = 7.6 Hz, 6H, CH,CHs);
3C NMR (400 MHz, CDCl3) 6 154.72, 151.25, 144.39, 143 .81,
140.31, 135.81, 133.23, 132.49, 132.19, 128.07, 127.79, 127.67,
126.47, 125.88, 125.77, 125.54, 125.46, 125.34, 124.40, 123.94,
83.57, 34.08, 33.60, 31.81, 31.64, 31.19, 22.89, 21.32, 9.30;
elemental analysis calcd (%) for C;4HggO4: C 85.34, H 8.52;
found C 85.38, H 8.66; FAB MS caled for C;4HggO4
1040.668262, found 1040.668730.
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