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Abstract—In this report, we describe a convenient method to create neutrally charged, water soluble calix[4]arenes that contain hydroxy-
amides attached to their lower rims. Selective amidation reactions of a diacid calix[4]arene with several unprotected hydroxyamines was
achieved using 2-ethoxy-1,2-dihydroquinoline as the coupling agent. The solubilities of the derivatized calix[4]arenes depended on the
structure of the hydroxyamide, as well as, the number of hydroxyl groups. Molecular simulations of the derivatized compounds in water
revealed that intramolecular H-bond formation is an important component of solubility. Calix[4]arenes containing 10 hydroxyl groups were
as soluble in water as a calix[4]arene that contained two carboxylates. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Derivatized calixarenes have proven to be very versatile
hosts' capable of selectively binding metals,”> organic
compounds,® and recently protein surfaces.* Their unique
architecture makes them very adaptable. A polar lower
rim composed of phenolic oxygens has been extensively
derivatized to bind and transport metals.” The upper rim is
a shallow bowl lined with aromatic rings that can encapsu-
late small organic molecules or apolar parts of larger
compounds.* The aromatic rich nature of calixarenes
makes them essentially insoluble in water, which limits
their use as biomimetic hosts. To increase their water solu-
bility, sulfonate groups have been added to the lower rims of
calix[4]arenes.5 Other water-soluble calix[4]arenes have
been obtained by adding phosphinic® acid or trialkylammo-
nium functional groups.” Only a few neutral, water-soluble
calix[4]arenes have been reported. Polyhydroxyl sulfona-
mides® and glycosylated calix[4]arenes’ have been con-
structed, but in these latter compounds, multistep
deprotection of the glucosyl calix[4]arenes lowered their
yields considerably. Neutrally charged, water soluble
calixarenes may prove advantageous for binding certain
jons and transporting compounds through membranes.'
Furthermore, derivatized calixarenes that are used as arti-
ficial receptors may require the existence of uncharged,
polar groups at their lower rims that do not interfere with
the binding event that occurs at their appropriately
decorated upper rims.

Keywords: calixarenes; solvents; molecular modeling.
* Corresponding author. Fax: +1-513-556-9239;
e-mail: david.smithrud @uc.edu

The main purpose of this project was to develop a general
method for selectively attaching unprotected polyhydroxy-
amines to calix[4]arenes through amide bond formation.
Loss of material and time from performing protection and
deprotection steps would thus be avoided. Conventional
wisdom would suggest that the greater number of hydroxyl
groups added to a calixarene, the more water-soluble it
would become. We determined whether this statement is
true by systematically adding hydroxyl groups to a calix[4]-
arene and measuring its solubility in water and in a 95:5
(v/v) water/DMSO mixture. Hydroxyamines were chosen
because many are commercially available, inexpensive,
and highly soluble in water. Tris(hydroxylmethyl)amino-
methane (TRIS), an inexpensive buffer, has been used to
increase the water solubility of hosts. fert-Butyl-dimethyl-
silyl (TBDMS) protected TRIS was added to chlorosulfonyl
groups positioned at the upper rim of calix[4]arene,® and
TRIS-esters have been used to enhance the water solubility
of cavitands.'" In this latter study, deprotection of TBDMS
protected TRIS-amides in HCI (aq) resulted in a rapid N- to
O-rearrangement to give the TRIS-esters. For our studies,
we needed to develop a method whereby unprotected poly-
hydroxyamines can be added to carboxylic acids positioned
at the lower rim of calix[4]arenes without undergoing
rearrangements to the esters.

2. Results and discussion

Our initial set of experiments was designed to determine if
unprotected TRIS could be added to the carboxylic acids of
tetra-acid calix[4]arene 1a.>° Addition of TRIS to the tetra-
acyl chloride calix[4]arene 1b resulted in multiple products
as determined by HPLC analysis. There were many more
compounds than the expected mono-, di-, tri-, and
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1a, R=0OH
b, R=Cl
¢, R=0Me

Table 1. Yields of the condensation reactions of 2a with hydroxyl amines

Calix Yield (%)
a _

b 93

c 83

d 90

e 94

f 49

g 48

h N.D.*

EEDQ used as the coupling agent.
? N.D. means not detected.

tetra-amides. Apparently, acyl chlorides are too reactive,
giving a mixture of calix[4]arenes that have various combi-
nations of amides and esters. Attempts to convert methyl
esters to amides by refluxing calix[4]arene 1c and TRIS in
toluene failed; only the starting materials were recovered.
Mixed anhydrides, which are more reactive than esters and
less reactive than acyl chlorides, gave the desired selective
amidation. The reagent of choice was the pseudobase 2-
ethoxy-1,2-dihydroquinoline (EEDQ), which has been
used by Heagy to amidate benzoic acids with unprotected
TRIS.'2 EEDQ also does not react appreciably with amino
alcohols, and thus, it can be used in excess to drive the
reaction to completion.

Condensation reactions of calix[4]arene 1a and TRIS using
EEDQ as the coupling reagent provided mainly the four
TRIS-amide derivatives, according to mass spectral
analyses. The reaction was also compatible with L-serina-
mide and serinol, producing the corresponding mono-, di-,
tri-, and tetra-amide products. Unfortunately, the products
of these reactions could not be analytically purified by
HPLC using a C-18 reversed phase column or column
chromatography using silica or alumina as the solid support.
Furthermore, only about 30% of the desired tetra-amide
calix[4]arenes was obtained (according to HPLC analysis)
even with prolonged reaction times, heating the solutions,
and using a large excess of the hydroxyamines.

The low yields were most likely caused by the steric con-
gestion at the lower rim of the calix[4]arenes that occurs
when the four carboxylic acids interact with EEDQ or when
the resulting mixed anhydrides interact with the hydroxy-
amines. Considering that the product ratios of variously
substituted calix[4]arenes (TRIS, serinamide, and serinol)
were approximately the same, whereas the sizes of these
hydroxyamines are substantially different, suggests that
the large size of EEDQ limits the yield of the tetra-amide
calixarenes. Because the di-amides were the major products
of the amidation reactions of tetra-acid calix[4]arene 1a, we
assumed that higher yields of the di-amide product would be
obtained by using the less hindered diacid calix[4]arene 2a
(Table 1).5¢

Condensation reactions between calix[4]arene 2a and
ethanol amine, serinol, TRIS, and serine amide in the
presence of EEDQ produced calix[4]arene diamides 2b—e,
respectively, in high yields (Table 1). A convenient one-pot
procedure was followed that involved combining the
material in pyridine and letting the reaction mixture stir
overnight at refluxing temperature. Excess EEDQ was
removed by washing with ethyl ether. The unreacted
hydroxyamines were separated from the calix[4]arene
derivatives by extracting the crude material with water/
chloroform. Further product purification, if necessary, can
be achieved by either recrystalizing in EtOH or by perform-
ing column chromatography with silica as the solid support.
High yields of the serine amide-calix[4]arene 2e required
the solution to be kept below refluxing temperature (ca
90°C); serine amide appears to decompose with high heat.
Furthermore, deprotonation of the starting serine amide salt
required the addition of 1 equiv. of KOH (but not NaOH).
Counter ion selectivity has been previously observed in
calixarene reactions."? Another caveat should be mentioned
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Table 2. Solubilities (X10* M) of the calixarenes at ambient temperature

Calix[4]arene Water® Water/DMSO
2a 3.9+0.1 7.0+0.1
2b <0.02 <0.02

2¢ 0.36+0.04 1.49+0.08
2d 0.18+0.03 0.7+0.1

2e 1.60*=0.05 35104
2f 2.9%0.2 5.2%0.5
2g 2.1x0.1 5.9+0.2

* Phosphate buffer (10 mM, pH 6.88).
® 95:5 Phosphate buffer (10 mM, pH 6.88)/DMSO.

Figure 1. Equilibrium structures of calix[4]arenes 2b—d as determined by
molecular dynamic simulations. Dotted lines indicate key interaction
distances between functional groups. Weaker interactions between the
functional groups of serinol-calix[4]arene 2¢ as compared to TRIS-calix[4]-
arene 2d, as indicated by (C=)O,mige* - ‘H(—N)amiqe distances (6.9 and 4.9 A,
respectively), most likely gives calix[4]arene 2¢ greater water solubility.
Distances between the hydrogen atoms at the para positions depend on
whether the phenol is functionalized.

for the isolation of the TRIS-calix[4]arene 2d. This
compound is so highly susceptible to acid catalyzed N-O
rearrangement to the ester that a mixture of products was
obtained upon extracting with 1IN HCIl as the aqueous
phase. Therefore, TRIS-calix[4]arene 2d was purified by
recrystalization. The other hydroxyamides did not rearrange
under mildly acidic conditions.

Condensation reactions of larger polyhydroxylamines gave
mixed results. The addition of N-methyl-D-glucamine and
2-amino-2-deoxy-p-glucitol"* to the diacid-calix[4]arene 2a
produced moderate yields (ca 50%) of the derivatized
calix[4]arenes 2f and 2g, respectively. These reactions
required longer reaction times, the addition of 1 equiv. of
(iPr),EtN per hydroxyamine, and a large excess of reagents.
On the other hand, no detectable product was obtained
for the condensation reaction of glucosamine and diacid-
calix[4]arene 2a to give calix[4]arene 2h. We should note
that the reaction mixture containing glucosamine could not
be heated in pyridine because of extensive sugar decompo-
sition. Being a secondary amine, the lower yield of
N-methyl-D-glucamine calix[4]arene 2f could be attributed
to the greater steric hindrance near the nucleophilic site.
2-Amino-2-deoxy-D-glucitol, however, is a primary
amine, and thus, we predicted that its condensation reaction
should produce a high yield of 2-amino-2-deoxy-D-glucitol
calixarene 2g. Obtaining a yield around 50% was unex-
pectedly low considering that the addition of TRIS, whose
a-carbon is trisubstituted, gives about 90% product. One
possible reason for the lower yield of 2-amino-2-deoxy-D-
glucitol (possibly for N-methyl-D-glucamine as well) is that
the greater flexibility of its long alkyl chain gives only a
small percentage of a reactive conformer. Other conformers
most likely are various intramolecular H-bonded structures.
Longer reaction times resulted in considerable decomposi-
tion of staring materials and products, according to TLC and
HPLC analyses. Although a moderate yield of product is
obtained for condensation reactions of long polyhydroxy-
amines, these studies show that EEDQ is an ideal coupling
agent for unprotected hydroxyamines, even for ones with
extended branching at their a-carbons.

To the best of our knowledge, solubility studies in water of a
series of hydroxyl- and polyhydroxyl substituted calix[4]-
arenes have not been previously investigated. We assumed
that the more hydroxyl groups added to the calix[4]arenes,
the more soluble they would be in water. Therefore, we were
surprised to find that the structure of the hydroxyamine can
be more important than the number of hydroxyl groups
(Table 2). The addition of two hydroxyl groups to calix[4]-
arene (ethanolamine-calixarene 2b) did not increase its
solubility to any great extent. With four hydroxyl groups
added (serinol-calixarene 2c), the calix[4]arene became
soluble in water to about one tenth as soluble as the dicar-
boxylate salt of calix[4]arene 2a. But TRIS-calixarene 2d,
with a total of six hydroxyl groups, gave a less water-soluble
calixarene than the serinol-calixarene 2c.

To understand this reversal in solubility, molecular model-
ing was performed using CVFF forcefield (as presented by
Discover), which was shown to be a suitable method
for calix[4]arenes."> Energy minimized structures showed
that each hydroxyamide had extensive intramolecular
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H-bonding networks in vacuo. Once these groups are
attached to calix[4]arene, however, a new H-bonding
pattern emerged. One hydroxyamide was extensively
H-bonded to the phenolic moieties of the calix[4]arene,
whereas the other was non bonded except for one H-bond
((C=)Oumige - ‘H(—N)mice) between the two hydroxy-
amides. Hydrated calix[4]arenes showed, not surprisingly,
that the addition of water disrupted most intramolecular
H-bonds (Fig. 1). The structures of calixarenes 2b—d were
similar except that a greater intramolecular network
of H-bonds existed for the TRIS-calixarene 2d. The
(C=)Oymide' - ‘H(=N)amige interaction distance was shorter
for the TRIS-calixarene 2d than the serinol-calixarene 2¢
and ethanolamine-calxiarene 2b (5.0, 6.9, and 6.2 A, respec-
tively). Apparently, weaker interactions between the amides
of serinol-calixarene 2¢ exposes them more to the bulk
water as compared to TRIS-calixarene 2d, which results
in a greater water solubility of serinol-calixarene 2c¢. Calix-
arenes 2c¢ and 2d also had a single short H-bond between the
hydroxyl groups. Only the TRIS-calixarene 2d had a
H-bond between a hydroxyl group and an amide carbonyl
((C=)Oumige - ‘H(=O)pyaroxy1» 1.9 A), which most likely
further reduces its water solubility.

Another interesting structural feature obtained from the
theoretical structures, which is consistent for all the
calixarenes, is that the upper rim of the two phenolic rings
are placed closer together than the derivatized phenolic
rings, adopting a ‘flattened cone’ conformation. Thus, it
may be possible to fine-tune the juxtaposition of upper
rim functional groups through selective derivatization of
the lower rim. Chemical shifts of the ArCH,Ar in Bc
NMR spectra (ca 31 ppm) confirms that all calix[4]arenes
(1a—c, 2a—f) adopt a cone conformation.'® To determine
whether the cones were slightly flattened, as expected
from the molecular modeling results, we examined the
chemical shift difference (Ad) of H., and Hg,, for
ArCH,Ar protons. Calix[4]arenes 2b—e had A& values
consistent with a cone conformation (ca 0.8-0.9 ppm)."
Unfortunately, these resonances for calix[4]arenes with
larger substituents (2f,g) are obscured by an overlap in
proton signals from the hydroxyamides. Still, it is reason-
able to assume that bulky groups attached to the lower rim
of a calix[4]arene would tend to force those aromatic rings
closer together at the upper rim.

Once ten hydroxyl groups are added to a calix[4]arene
(calix[4]arenes 2f and 2g), the water solubility approxi-
mately matches that of the di-sodium salt of calixarene
2a. N-methyl-D-glucamine and 2-amino-2-deoxy-D-glucitol
also form intramolecular H-bonds, but the large number of
hydroxyl groups accounts for the greater water solubility.
According to the solubility data (Table 2), a single amide
(serinamide-calix[4]arene 2e) proved to be approximately
equivalent to four hydroxyl groups (calix[4]arenes 2f and
2g) in terms of solubility. The high water solubility of
serinamide-calix[4]arene 2e can be explained by the nature
of the amide and hydroxyl side chains. Hydrophobicity
parameters ()" provide a relative measure of the hydro-
phobicity of amino acid side chains (w(side chain)=log
P(Ac-amino acid-NH,)—log P(Ac-Gly-NH,)) in terms of
log P values (partition coefficients of a compound in
octanol/water). m Values indicate that a compound contain-

ing an amide group is fifteen times more water soluble than
one containing an hydroxyl group (mas,=—0.60 and g, =
—0.04, out of a total range of dw=1.81 for the natural amino
acids). Serinamide-calix[4]arene 2e is not 15 times more
soluble than serinol-calix[4]arene 2b, because it also had
an extensive H-bonded network in water.

3. Conclusion

Condensation reactions between unprotected hydroxy-
amines and diacid calix[4]arene 2a in the presence of
EEDQ gives moderate to high yields of calix[4]arene
diamides. Although EEDQ gives selective amidation, its
relatively large size limits its effectiveness at sterically
hindered sites. With conversion to the mixed anhydride,
the steric hindrance at the a-carbon of the nucleophile
does not appear to be important. However, amines with
long alkyl chains gave lower yields. The solubilities of
the hydroxyamide derivatized calix[4]arenes depended on
the number of hydroxyl groups and the structure of the
hydroxyamides. Intramolecular H-bonds within the deriva-
tized calix[4]arenes limits the number of favorable inter-
molecular interactions with water molecules, and thus,
reduces their solubilities. The highest solubility in water
(ca 3mM) was found for calix[4]arenes containing 10
hydroxyl groups. This value approximately doubles with
the addition of 5% (v/v) of DMSO. These values closely
match the solubility of a calix[4]arene that is derivatized
with two carboxylates.

4. Experimental
4.1. General procedures

'H and "*C NMR spectra were obtained with a Bruker
AC250 spectrometer. 'H NMR chemical shifts were
referenced to TMS (0.00 ppm), or de-DMSO (2.49 ppm),
and *C NMR chemical shifts to dg-DMSO (39.5 ppm).
UV-Vis spectra were recorded on a Hewlet Packard
Kayak XA series spectrometer. HPLC analysis was
performed on a Shimadzu 10A series HPLC using a C-18
reversed phase column with water/CH;CN as eluent.
Melting points are uncorrected. HPLC grade pyridine was
purchased from Aldrich and distilled over CaH,. All
reagents were purchased from Aldrich and utilized without
further purification. All reactions were done under an argon
atmosphere.

4.2. Theoretical structures

Molecular modeling was run on a Silicon Graphics work
station using the CVFF forcefield as part of the Discover
software (Insight II 95.0 Biosym/Molecular Simulations).
Energy minimized structures of each hydroxyamine and
calix[4]arene were obtained through a steepest descent
method with the convergence set at 0.01 kcal/(mol A) for
the rms gradient. Calix[4]arenes 2b—e were solvated by
placing them in a 20X20X20 A periodic box (ca 220 water
molecules, 300 K, 1 atm). Complete solvation of calix[4]-
arenes 2f,g required a box with dimensions of 25X25X25 A
(ca 440 water molecules). Non-bonded interactions were
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limited by a switched cutoff of 9.8 and 12.4 A, respectively.
To obtain stable trajectories, the entire systems were mini-
mized using a conjugate gradient method (Polak—Robiere)
to a rms gradient of 0.01 kcal/(mol A) or to a maximum of
15,000 steps. Equilibrium structures were then obtained by
performing molecular dynamic simulations of 1 fs steps for
a total of 60,000 steps (300 K). Conformers were stored
every 100 steps. By 40,000 steps, the systems had reached
equilibrium, and the equilibrium structures were calculated
from the last 200 frames.

4.3. Solubility studies

Samples for solubility studies were purified by HPLC,
except for the ethanolamine derivative, which was purified
by column chromatography. Three separate samples were
prepared for each derivatized calix[4]arene in buffered
water (10 mM phosphates pH 6.8) and in a 95:5 buffer
(10 mM phosphates pH 6.8)/DMSO (v/v) solution by
vigorously stirring the solutions that contained an excess
amount of calix[4]arene for 24 h. The suspensions were
centrifuged at 10,000 rpm for 30 min to remove the
insoluble material from the liquid phase. Each clear solution
was transferred to another vial and centrifuged for an
additional 10 min. Aliquots of these solutions were added
to UV-vis cells containing water, and the absorption at
275 nm were recorded. 275 nm was chosen as A, because
the same molar absorption coefficients were obtained for
both solvent systems; DMSO does not strongly absorb
light at this wavelength. Only a trace of DMSO existed in
the cells (< 0.2%). The absorption (A) intensities were
converted to concentrations (c) using the A = ¢lc relation-
ship. Molar absorption coefficient (&) for each calix[4]arene
derivative was obtained by constructing calibration curves
of absorption intensities at 275 nm versus known concentra-
tions of pure compounds. To ensure that all insoluble
materials were removed, the solutions were centrifuged
again for 10 min and the calix-[4]arenes concentrations
were determined. The differences in the absorbances
measured after centrifuging twice and three times were
within experimental errors.

4.3.1. 25,26,27,28-Terakis(methoxycarbonylmethoxy)-
calix[4]arene (1c). Calix[4]arene (7.47 g, 17.6 mmol) was
dissolved in 9:1 THF/DMF (200 mL), and NaH (60% in
mineral oil) (3.54 g, 88.5 mmol) was added in parts to this
solution (exothermic reaction). The white suspension was
stirred for 20 min. Methyl bromoacetate (10.0 mL, 105
mmol) was slowly added in 1 ml portions (overheating is
possible), and the reaction was refluxed for 24 h. At this
time, starting material still existed. Thus, another equiv. of
NaH (60%) (0.70 g, 18 mmol) and methyl bromoacetate
(1.7 mL, 18 mmol) were added, and reaction was refluxed
for an additional 48 h. Solvents were removed in vacuo, and
the crude material was dissolved in CHCI; (150 mL) and
extracted with water (2X100 mL). The organic phases were
collected, dried over MgSQO,, and the solvent was removed
in vacuo. Calix[4]arene 1c¢ was purified by recrystalization
from EtOH to give 10.0 g (14.0 mmol, 80% yield) of white
crystals. Mp 138-139°C 'H NMR & 3.24 (4H, d, J=
13.6 Hz), 3.76 (12H, s), 4.75 (8H, s), 4.85 (4H, d, J=
13.6 Hz), 6.64 (12H, s); C NMR & 31.3, 51.5, 71.1,

122.9, 128.6, 134.5, 155.8, 170.6; TOF MS ES+ calcd
mass: CyoHy0,Na™ 735.2417, found: 735.2377.

4.3.2. 25,27-Bis[ N-(2-hydroxyethyl)aminocarbonylmeth-
oxy]-calix[4]arene-26,28-diol (2b). Diacid calix[4]arene
2a°¢ (0.30 g, 0.56 mmol) and EEDQ (0.55 g, 2.2 mmol)
were dissolved in pyridine (10 mL) and stirred at a room
temperature for 30 min. Ethanolamine (0.27 ml, 4.4 mmol)
was added, and the reaction mixture was refluxed for 12 h.
Solvents were removed in vacuo, and excess EEDQ was
removed by washing with ethyl ether. The crude material
was dissolved in 5:1 CHCI;/CH3;OH (20 mL) and extracted
with 5% HCI. The organic phases were collected, dried over
MgSO,, and the solvent was removed in vacuo, giving
0.33 g (0.53 mmol, 93% yield) of calix[4]arene 2b as an
off-white powder, which was pure by 'H NMR analysis
(> 95%) : mp 274-275°C. Additional purification can be
accomplished by column chromatography (SiO,, 10:1
CHCIly/CH;0H). 'H NMR & 3.18-3.56 (I12H, m), 4.24
(4H, d, J=13.0 Hz), 4.53 (4H, s), 4.68 (2H, br s), 6.63
(2H, t, J=7.3 Hz), 6.82 (2H, t, J=7.4 Hz), 7.07 (4H, d, J=
7.5 Hz), 7.18 (4H, d, J/=7.3 Hz), 8.34 (2H, s), 8.57 (2H, s);
BC NMR & 30.5, 41.2, 59.7, 74.2, 119.4, 125.6, 127.4,
128.7, 129.1, 133.6, 151.9, 152.2, 167.9; TOF MS ES+
calcd mass: C36H39N208 (1\/["’H)Jr 6272706, found:
627.2711; Anal. calcd for C3cH33N,Oq: C, 68.99; H, 6.11;
N, 4.47. Found C, 69.36; H, 6.33; N, 4.46.

4.3.3. 25,27-Bis[N-(2-hydroxy-1-hydroxymethyl-ethyl)-
aminocarbonylmethoxy]-calix[4]arene-26,28-diol  (2c).
Diacid calix[4]arene 2a (0.20 g, 0.37 mmol) and EEDQ
(0.28 g, 1.1 mmol) were dissolved in pyridine (5 mL) and
stirred at a room temperature for 1h. Serinol (0.14 g,
1.1 mmol) was added and the mixture was refluxed for
12 h. Solvent was evaporated in vacuo, and the remaining
oily residue was washed with ethyl ether to remove the
excess of EEDQ. The solid residue was dissolved in 95:5
acetone/methanol mixture (10 mL), and upon addition of
ethyl ether, calix[4]arene 2c precipitated to give 0.216 g
of a white powder (0.31 mmol, 83% yield): mp 233—
234°C. Further purification can be performed by recrystali-
zation from ethanol. "H NMR & 3.44-3.55 (12H, m), 3.95
(2H, br s), 4.27 (4H, d, J=12.4 Hz), 4.55 (4H, s), 4.77 (4H,
s), 6.62 (2H, t, J=6.6 Hz), 6.80 (2H, t, J=6.6 Hz), 7.03 (4H,
d, /=6.4 Hz), 7.16 (4H, d, /=6.4 Hz), 8.16 (2H, s), 8.54
(2H, s); °C NMR 6 30.8, 52.8, 60.0, 74.6, 119.3, 125.5,
127.4, 128.7, 129.2, 133.4, 152.3, 152.7, 167.9; UV max
203, 223, 266, 313 nm; TOF MS ES+ CigHy3N,00 M+
H)+ calcd mass 687.2918, found 687.2885. Anal. calcd for
C33H4oN>O40: C, 66.46; H, 6.16; N, 4.08. Found C, 64.72; H,
6.74; N, 4.32.

4.3.4.  25,27-Bis[N-(2-hydroxy-1,1-bishydroxymethyl-
ethyl)aminocarbonylmethoxy]-calix[4]arene-26,28-diol
(2d). Diacid calix[4]arene 2a (0.20 g, 0.37 mmol) and
EEDQ (0.28 g, 1.1 mmol) were dissolved in pyridine
(S5 mL) and stirred at a room temperature for 1 h. TRIS
(0.18 g, 1.5 mmol) was added and the mixture was refluxed
for 12 h. Solvent was removed in vacuo, and the remaining
oily residue was washed with ethyl ether to remove excess
EEDQ. Removal of excess TRIS was accomplished by
dissolving the crude material in 10:1 CHCIl;/CH;0H
(20 mL) and extracting with water. Organic layers were
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collected and dried over MgSQO,. Solvent was removed in
vacuo, and the remaining material was washed with ethyl
ether, leaving 0.25 g of calix[4]arene 2d as a white powder
(0.33 mmol, 90% yield): mp 225-227°C. 'H NMR 6 3.43
(4H, d, J=13.1 Hz), 3.69 (12H, d, J=5.5 Hz), 4.31 (4H, d,
J=13.0 Hz), 4.50 (4H, s), 4.74 (6H, t, J=5.5 Hz), 6.61 (2H,
t, J=74Hz), 6.77 (2H, t, J=7.4Hz), 6.99 (4H, d, J=
7.5Hz), 7.15 (4H, d, J=7.5 Hz), 7.93 (2H, s), 8.09 (2H,
s); C NMR 8 31.0, 60.5, 62.8, 74.7, 119.4, 125.6, 127.6,
128.7,129.2, 133.3, 152.4, 152.9, 168.9. UV max 204, 266,
313nm. TOF MS ES+ C4H4N,O,Na* caled mass
769.2948, found 769.2938. Anal. calcd for C4oH4sN,O15:
C, 64.33; H, 6.21; N, 3.75. Found C, 64.15; H, 6.77,
N, 3.71.

4.3.5. 25,27-Bis[N-(1-amido-2-hydroxyethyl)amino-
carbonylmethoxy]-calix[4]arene-26,28-diol (2e). Serine
amide hydrochloride (0.41 g, 2.9 mmol) was dissolved in
water (2 mL) and KOH (0.16 g, 2.9 mmol in 2 mL H,0)
was added. Solvent was removed in vacuo, and the solid
was dried exhaustively under high vacuum. This material
was dissolved in DMSO (5 mL), and it was added to a 1:1
pyridine/DMSO (10 mL) solution containing diacid
calix[4]arene 2a (0.20 g, 0.37 mmol), DMAP (0.045 g,
0.37 mmol), and EEDQ (0.72 g, 2.9 mmol). The reaction
mixture was heated at 90°C for 20 h. Solvents were removed
in vacuo, and calix[4]arene 2e was purified by column
chromatography (SiO,, CHCIl;/CH30H), giving 0.25 g of
product as an off-white powder (0.35 mmol, 94% yield):
mp 201-202°C (begins to darken around 191°C). '"H NMR
0 3.43 (4H, d, J/=13.1 Hz), 3.75-3.65 (4H, m), 4.30 (4H, d,
J=13.6 Hz), 4.42-4.44 (2H, m), 4.61 (4H, s), 4.72 (4H, br s
or m), 6.60 (2H, t, J/=7.5 Hz), 6.78 (2H, t, J=7.5 Hz), 7.02
(4H, d, J/=7.5Hz), 7.14 (4H, d, J=7.5Hz), 7.43 (2H, s),
8.10 (1H, s), 8.68 (1H, d, J/=7.6 Hz); °C NMR & 30.9,
53.6, 55.1, 61.8, 74.7, 119.3, 125.5, 127.6, 127.8, 128.8,
129.3, 133.6, 152.6, 152.9, 168.3, 172.0. UV max 203,
276, 281 nm. TOF MS ES™ C33H4N,O;0 (M+H)" caled
mass 713.2823, found 713.2825. Anal. calcd for
C3gHyoN4Oq: C, 64.04; H, 5.66; N, 7.86. Found C, 64.07;
H, 6.18; N, 7.06.

4.3.6.  25,27-Bis[N-methyl-N-(2,3,4,5,6-pentahydroxy-
hexyl)-aminocarbonylmethoxy]-calix[4]arene-26,28-diol
(2f). Diacid calix[4]arene 2a (0.30 g, 0.56 mmol), DMAP
(0.134 g, 1.12 mmol) and EEDQ (1.11 g, 4.48 mmol) were
dissolved in pyridine (15 mL). After stirring for 30 min,
N-methylglucamine (0.87 g, 4.5 mmol) was added, and the
reaction mixture was heated at 90°C for 4 days. Solvents
were removed in vacuo, excess EEDQ was removed with
ethyl ether, and the crude product was extracted with 9:1
CHCI3/CH;0H/IN HCI. Organic phases were collected,
dried over MgSQ,, and the solvents were removed in
vacuo. Product was purified by column chromatography
(S8i0,, CHCI3/CH;0H) to give 0.24 g of calix[4]arene 2f
as an off-white solid (0.27 mmol, 49% yield): 130°C
(dec.). "H NMR & 3.13-3.47 (m, signals are overlapped
by CH;0H), 3.68-3.81 (14H, m), 4.00-4.25 (4H, m),
4.34 (4H, d, J/=12.3 Hz), 4.83-4.98 (signals are overlapped
by H,0), 6.67-6.74 (4H, m), 6.87-6.91, (4H, m), 7.10 (4H,
d, J=7.1 Hz); "C NMR & 30.7, 33.5, 51.2, 63.4, 69.8, 70.2—
73.3 (m), 118.5, 124.8, 127.5-128.9 (m), 133.8, 152.8,
153.8, 168.4. TOF MS ES™ C4HssN,0;Na™ calcd mass

917.3684, found 917.3676. Anal. calcd for C4HssN>O:
C, 61.73; H, 6.53; N, 3.13. Found C, 59.57; H, 6.84; N, 3.14.

4.3.7. 25,27-Bis[N-(2,3,4,5-tetrahydroxy-1-hydroxy-
methyl-pentyl)-aminocarbonylmethoxy]-calix[4]arene-
26,28-diol (2g). Diacid calix[4]arene 2a (0.30 g,
0.56 mmol) and EEDQ (0.55 g, 2.2 mmol) were dissolved
in pyridine (15 mL) and stirred at a room temperature for
1h. A DMSO solution (10 mL) of 2-amino-2-deoxy-
glucitol (0.96 g, 4.4 mmol) and (iPr),EtN (1.55 ml, 8.90
mmol) was added to the reaction mixture. The reaction
was heated at 70°C for 36 h. Solvents were removed
under high vacuum, and the remaining oily residue was
dissolved in 9:1 CHCI;/CH;0H (20 mL) and extracted
with water. Solvents were evaporated and the solid residue
was washed with ethyl ether to remove the excess of EEDQ,
and recrystalized from ethanol to give 0.23 g of calix[4]-
arene 2g as a white powder (0.27 mmol, 48% yield): mp
202-203°C. '"H NMR & 3.16-3.54 (22H, m), 3.99-4.04
(4H, m), 4.28-4.75 (16H, m), 6.60 (2H, t, J=7.3 Hz),
6.78 (2H, t, J=7.4 Hz), 7.02 (4H, d, J=7.5 Hz), 7.14 (4H,
d, J=7.4 Hz), 8.07 (2H, s), 8.40 (1H, d, J=7.5 Hz); "*C
NMR 6 30.7, 53.8, 60.3, 63.4, 67.7, 71.4, 74.6, 119.2,
125.3, 127.6, 128.5, 128.9, 129.1, 133.4, 152.3, 152.8,
168.3. TOF MS ES* CuHssN,O;s (M+H)" calecd mass
8673552, found 867.3570. Anal. calcd for C44H54N2016:
C, 60.96; H, 6.28; N, 3.23. Found C, 60.59; H, 7.13; N, 2.96.
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