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Abstract. Calix[4]arenes with both ligating and methoxy poly(ethylene glycol) groups appended
have been synthesized using several approaches, involving the formation of sulfonyl ester groups on
the wide rim, Schiff base derivatives on the narrow rim, and thioether groups on both the wide and
narrow rims. These new derivatives have been characterized by a combination of infrarkd and
NMR spectroscopy. Compound® and 11 are insoluble in both water and aqueous poly(ethylene
glycol), but the other new compounds are soluble.
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1. Introduction

Calixarenes are a class of compounds that are useful as phase transfer agents for
the extraction of metals from an aqueous into an organic phase [1]. From an en-
vironmental viewpoint, it is important to use an organic phase that is inexpensive
and non-toxic [2]. As part of our continuing work on poly(ethylene glycol) [3,

4], we have now begun to consider this medium as a potential organic phase. In
this paper we describe our approach to synthesizing calix[4]arene functionalized
poly(ethylene glycol) oligomers. Both chelate [5-7] and macrocyclic [8, 9] lig-
ands have been functionalized with poly(ethylene glycol). Although other metal
complexants have been bound to oligomers, the new compounds described in this
paper are among the few examples of calixarenes [10-13] that have both ligating
groups and poly(ethylene glycol) functionalities appended to different rims. Such
compounds are important because they can be potentially used for biphasic metal
separations [14-16].

2. Experimental
2.1. MATERIALS AND METHODS

All materials and solvents were standard reagent grade and were used without
further purification unless otherwise noted. Reagents were purchased from
Aldrich Chemical Co. and used as supplied. Dry toluene was distilled from
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the ketyl prepared from sodium and benzophenone. Dry methylene chlor-
ide and chloroform were distilled from calcium hydride. The compound
MeO-PEG-OH was either dried under vacuum or by azeotropic distilla-
tion from toluene prior to use!H NMR spectra were measured using a
Bruker AC-200 spectrometer. Infrared spectra were recorded on a Perkin-
Elmer FTIR spectrometer. The compounds 5,11,17,23-tetra(chlorosulfonyl)-
25,26,27,28-tetra-(ethoxycarbonylmethoxy)calix[4]arene, and 5,11,17,23-tetra-
(chlorosulfonyl)-25, 26, 27, 28-tetra-[(diethylcarbamoyl)methoxy]calix[4]arene,
were prepared by a modified literature method [17]. The compounds 5,11,17,23-
tetratert-butyl-25,27-di-(aminoethoxy)-calix[4Jarene  [18], 5,11,17,23-tetra-
[(methylthio)methyl]calix[4]arene [19], 5,11,17,23-tetext-butyl 25,26,27,28-
tetra-(2-mercaptoethoxy)calix[4]arene [20], MeO-PEE@CH,Br [21], and
MeO-PEG-NH [22], were prepared according to published procedures.

2.2. SYNTHETIC METHODS

Synthesis of 5,11,17,23-tetra-(chlorosulfonyl)-25,26,27,28-tetra (ethoxycarbonyl-
methoxy) calix[4]arendl

A solution of 25,26,27,28-tetra-(ethoxycarbonylmethoxy)calix[4]arene (1.0 g, 1.3
mmol) in chloroform (20 mL) was treated with chlorosulfonic acid (5 mL) at 0
° C. The mixture was stirred at 5@ for 40 min, poured onto ice, and extracted
with chloroform (4 x 30 mL). The combined organic phases were washed with
water, dried and evaporated to dryness. The crude product was dissolved in chlo-
roform (5 mL) and treated with diethyl ether and hexane. The white precipitate
was collected on a glass frit, and washed with diethyl ether. Yield 1.0 g (66%6).
NMR (CDCls): 6 1.31 (t,J = 7.0 Hz, 12H, OCHCHs5), 3.55 (d,J = 13.8 Hz, 4H,
ArCH,Ar), 4.24 (q,J = 7.0 Hz, 8H, O®1,CHs), 4.89 (s, 8H, ArOQ1,), 5.16 (d,

J = 13.8 Hz, 4H, ArG4,Ar), 7.52 (s, 8H, AH). IR (KBr): v(C=0) 1752 cm.
Anal. Calcd. for G4H44Cl4020Ss: C, 45.5;.H, 3.81Found:C, 45.1; H, 3.83.

Synthesis of 5,11,17,23-tetra-(chlorosulfonyl)-25,26,27,28-tetra-[(diethyl-
carbamoyl)methoxy]calix[4]areng

A solution of 25,26,27,28-tetra-[(diethylcarbamoyl)methoxy]calix[4]arene (1.3 g,
1.48 mmol) in chloroform (20 mL) was treated with chlorosulfonic acid (6 mL)

at 0°C. The mixture was stirred at 5@ for 40 min, poured onto ice, and then
extracted with chloroform (4 30 mL). The combined organic phases were washed
with water, dried, and evaporated to dryness. The crude product was dissolved in
chloroform (5 mL) and treated with diethyl ether and hexane. The white precipitate
was collected on a glass frit and washed with diethyl ether. Yield 1.3 g (6996).
NMR (CDCl): § 1.16 (m, 24H, NCHCH53), 3.34 (q,J = 7.0 Hz, 16H, NG4,CHj3),

3.50 (d,J = 13.4 Hz, 4H, Ar(H,Ar), 5.18 (s, 8H, ArOQ,), 5.68 (d,J = 13.4 Hz,
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4H, ArCH,Ar), 7.51 (s, 8H, AH). IR (KBr): v(C=0) 1654 cm*. Anal. Calcd for
Cs2Hs4ClsN4O16S4: C, 49.1; H, 5.07Found: C, 49.0; H, 5.22.

2.2.1.Synthesis of 25,26,27,28-tetra{NCH,CH,NHC(O)CH,O]calix[4]arene 3

To a cold solution of 25,26,27,28-tetra-(ethoxycarbonylmethoxy)calix[4]arene
(0.80 g, 1.04 mmoal) in tetrahydrofuran (5 mL) was added ethylenediamine (40
mL, 598 mmol). The mixture was stirred at room temperature for 7 days. The
solvent and excess ethylenediamine were then removed under reduced pressure,
and the residue was treated with water. The resulting white solid was collected
by filtration, washed with water, a mixture of water and methanol, and dried in
vacuum. Yield 0.82 g (95%}H NMR (CDCls): § 1.72 (s, 8H, N4>), 2.83 (m, 8H,
CH>N), 3.15-3.50 (m, 12H, Ar@&,Ar and CH,N), 4.48 (s, 8H, &1,0), 4.10-4.70

(m, 4H, ArCH>Ar), 6.50-6.80 (m, 12H, AK), 7.45, 7.91 (t, t, 4H, i). IR (KBr):
v(CO) 1654 cmt. Anal. Calcd.for CasH56NgOg 3CH;OH: C, 61.3; H, 7.44; N,
12.2.FoundC, 62.0; H, 6.75; N, 11.7.

Synthesis of p-(MeO-PEG,0CH,0)-CsH,CHO 4

A mixture of p-HOC;H4CHO (230 mg, 1.9 mmol), KCO; (260 mg, 1.9 mmol)

and MeO-PEG-@CCH,Br (4 g, 1.9 mmol) in acetonitrile (50 mL) was refluxed
for 3 days. The suspension was then cooled and filtered, and the filtrate evaporated.
The residue was treated with hydrochloric acid (50 mL of 0.5 M), and extracted
with chloroform (3x 50 mL). The combined organic phases were washed with
water (2x 50 mL), dried, and evaporated to dryness. The residue was dissolved
in methylene chloride (10 mL), and treated with diethyl ether &0The white
precipitate was collected on a glass frit, and washed with diethyl ether. Yield 3.0 g
(73%).*H NMR (CDCl): § 3.38 (s, OG3), 3.40-4.05 (m, (OE,CH,),), 4.38 (t,
CO,CH,), 4.77 (s, ArO@,), 7.03 (d, AH). 7.79 (d, AH), 9.91 (s, ArCH). IR
(KBr): v(CH,OCHy) 1117 cnr?, »(C=0) 1684 1757 cmi.

2.2.2. Synthesis of 5,11,17,23-tetra-(MeO-PEG-Q¥£b,26,27,28-tetra-
(ethoxycarbonyl methoxy)calix[4]arerte

To a cold solution of MeO-PEG-OH (M = 2000, 1.04 g, 0.52 mmol) in dry toluene
(15 mL), was added sodium hydride (50 mg, 2.08 mmol). The mixture was stirred
at room temperature for 3 h, then at8Dfor 1 h. The mixture was filtered, cooled

to 0°C, andl1 (150 mg, 0.13 mmol) was added. The solution was stirred for 48 h
at room temperature, filtered, and treated with diethyl ether (200 mL). The crude
product was collected on a glass frit, and reprecipitated twice from methylene
chloride with diethyl ether, and dried in vacuum. Yield 0.9 g (77%).NMR
(CDClg): 6 1.31 (m, OCHCHs3), 3.38 (s, OG13), 3.20-4.10 (m, (O®E,CH>),,
ArCH,Ar), 4.22 (q, OQ4,CHg), 4.85 (s, ArO@3), 5.10 (d, ArCHAr), 7.32 (s,
ArH). IR (KBr): v(CH,OCH,) 1115 cnt?, v(C=0) 1752 cm®.
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Synthesis of 5,11,17,23-tetra-(MeO-PEG-Qy2b,26,27,28-tetra-[(diethyl-
carbamoyl)methoxy)calix[4]arené

To a cold solution of MEO-PEG-OH (M = 2000, 1.04 g, 0.52 mmol) in dry toluene
(15 mL) was added sodium hydride (50 mg, 2.08 mmol). The mixture was stirred
at room temperature for 3 h, then at8Dfor 1 h. The mixture was filtered, cooled

to 0°C, and2 (165 mg, 0.13 mmol) was added. The solution was stirred for 48 h
at room temperature, filtered, and treated with diethyl ether (200 mL). The crude
product was collected on a glass frit, reprecipitated twice from methylene chloride
with diethyl ether, and dried in vacuum. Yield 0.8 g (679 NMR (CDCl):

8 1.16 (m, NCHCHs3), 3.38 (s, OGf3), 3.45-4.10 (m, (O®E,CH,),,, ArCH,Ar,
NCH,CHz), 5.13 (s, ArO{dH,), 5.61 (d, ArCH,Ar), 7.34 (s, AH). IR (KBr):
»(CH,0CH,) 1115 cn1?, v(C=0) 1654 cm*.

Synthesis of 5,11,17,23-tetra-(MeO-PEG NHEP5,26,27,28-tetra
(ethoxycarbonyl methoxy)calix[4]arerve

A mixture of MeO-PEG-NH (M = 2000, 1.0 g, 0.5 mmol) and triethylamine (1
ml) in dry methylene chloride (5 mL) was mixed with a solution1o{145 mg,
0.125 mmol) dissolved in dry methylene chloride (10 mL) & The mixture

was stirred at room temperature for 24 h, then evaporated to dryness. The residue
was dissolved in hydrochloric acid (50 mL of 0.5 M), and the solution extracted
with chloroform (4 x 50 mL). The combined organic phases were washed with
water (2x 50 mL), dried, and evaporated to dryness. The residue was dissolved
in methylene chloride (10 mL) and treated with diethyl ether &C0The white
precipitate was collected on a glass frit and washed with diethyl ether. Yield 0.5 g
(44%).*H NMR (CDCl3): § 1.31 (t, OCHCH3), 2.98 (m, NO4,), 3.38 (s, OGH5),
3.42-4.15 (m, (O®,CH,),,, ArCH,Ar), 4.26 (q, OCHCH3), 4.82 (s, ArOGH,),

5.02 (d, ArCH,Ar), 5.72 (t, SONH), 7.32 (s, AH). IR(KBr): v(CH,OCH;,) 1112
cm™1, »(C=0) 1756 cm®.

Synthesis of 5,11,17,23-tetra-(MeO-PEG-NH}Eb,26,27,28-tetra[(diethyl-
carbamoyl)methoxy] calix[4]aren8

A mixture of MeO-PEG-NH (M = 2000, 1.0 g, 0.5 mmol) and triethylamine (1

mL) in dry methylene chloride (5 mL) was mixed with a solution2f160 mg,

0.125 mmol) dissolved in dry methylene chloride (10 mL) &0The mixture was
stirred at room temperature for 24 h, then evaporated to dryness. The residue was
dissolved in hydrochloric acid (50 mL of 0.5 M), and the solution extracted with
chloroform (4 x 50 mL). The combined organic phases were washed with water
(2 x 50 mL), and evaporated to dryness. The residue was dissolved in methylene
chloride (10 mL) and treated with diethyl ether at@. The white precipitate was
collected on a glass frit, and washed with diethyl ether. Yield 0.6 g (538b).

NMR (CDCl): § 1.14 (m, NCHCHg3), 2.94 (m, NGH,), 3.38 (s, OC13), 3.40-4.20
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(M, (OCH,CH,),,, ArCH,Ar, NCH,CHs), 5.01 (s, ArOGH,), 5.53 (m, ArGHA,
SO,NH), 7.38 (s, AH). IR(KBr): v(CH,OCH,) 1113 cnt?, v(C=0) 1655 cm.

Synthesis of 25,26,27,28-tetra-[p-(MeO-PEGETH,0)CsH;,CHNCH,CH,-
NHC(O)CH]calix[4]arene 9

A mixture of 3 (83 mg, 0.10 mmol)4 (0.86 g, 0.4 mmol) and sulfuric acid (1 mL

of 0.2 M) in methanol (15 mL) was refluxed for 5 h. After filtration, the filtrate
was treated with diethyl ether afQ. The resulting white precipitate was collected
on a glass frit, and washed with diethyl ether. The crude product was reprecipit-
ated twice from methylene chloride with diethyl ether, and dried in vacuum. Yield
0.6 g (64%)H NMR (CD30D): § 3.06—4.02 (m, O®3, (OCH,CH5),,, ArC H,AL,
CH;N), 4.20-5.05 (m, C@CH,, ArCH,Ar, ArOCHs>), 6.59 (s, AHH,NH), 6.88 (d,
ArH), 7.0 (d, ArH), 8.50 (s, @=N). IR(KBr): v(CH,OCH,) 1115 cnt?, v(C=0)
1654, 1752 cm?, v(C=N) 1640 cnr’.

Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-di[p-(MeO-PE&OH,0)-
CsH4CHNCH,CH,O]calix[4]arene 10

A mixture of 5,11,17,23-tetréert-butyl-25,27-di(aminoethoxy)calix[4] arene (134
mg, 0.18 mmol),4 (0.80 g, 0.36 mmol) and sulfuric acid (1 mL of 0.2 M) in
ethanol (15 mL) was refluxed for 7 h. After filtration, the filtrate was treated with
diethyl ether at 0C. The resulting white precipitate was collected on a glass frit,
and washed with diethyl ether. The crude product was reprecipitated twice from
methylene chloride with diethyl ether, and dried in vacuum. Yield 0.66 g (73%).
IH NMR (CDCl): 6 0.95 (s, C(Q13)3), 1.28 (s, C(Q)3), 3.38 (s, OEl3), 3.10—
4.16 (m, (OQH,CH>),, ArCH,Ar, ArOCH,, NCH,), 4.31 (d, ArCH,Ar), 5.05 (s,
ArOCH,CQ,), 6.76 (s, Ar(H), 7.00 (d, AH), 7.12 (s, AH), 7.33 (s, AH), 7.75

(d, ArH), 8.41 (s, &=N). IR (KBr): v(CH,OCH,) 1109 cni!, »(C=0) 1762
cm~1, v(C=N) 1648 cnr?.

Synthesis of 5,11,17,23-tetra-[(methylthio)methyl]-25,27-(MeO-PEG-
O,CCH,O)calix[4]arene 11

A mixture of 5,11,17,23-tetra-[(methylthio)methyl)calix[4]arene (156 mg, 0.23
mmol), K,CO3 (200 mg, 1.4 mmol) and MeO-PEG,OCH,Br (1 g, 0.47 mmol) in
acetone (50 mL) was refluxed for 5 days. The suspension was then cooled, filtered,
and the filtrate was evaporated to dryness. The residue was treated with hydro-
chloric acid (50 mL of 0.5 M), and extracted with chloroform 360 mL). The
combined organic phases were washed with watex & mL), and evaporated

to dryness. The residue was dissolved in methylene chloride (10 mL), and treated
with diethyl ether at @®C. The white precipitate was collected on a glass frit and
washed with diethyl ether. Yield 0.7 g (64%H NMR (CDCl): § 1.96 (s, SEi3),

2.18 (s, S@&f3), 3.38 (s, OCG3), 3.20-4.02 (m, (OB,CHy,),, ArCH,Ar, SCH>),
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4.28 (M, CQCH,, ArCH,AT), 4.70 (s, ArOGHy), 7.03 (s, AH), 10.15 (s, ArCH).
IR (KBr): v(CH,OCH,) 1111 cnt, v(C=0) 1735 cm*.

Synthesis of 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetra-(MeO-PEG-
O,CCH,SCHCH,O)calix[4]arene 12

To a cold solution of 5,11,17,23-tetra-tert-butyl-25,26,27,28-tetra-(2-mercapto-
ethoxy)calix[4]arene (105 mg, 0.118 mmol) and MeO-PE&OH,Br (1 g, 0.47
mmol) in tetrahydrofuran (15 mL) was added triethylamine (0.1 mL, 0.72 mmol).
The mixture was stirred at room temperature for 30 h, then atG@or 3 h,
followed by evaporation to dryness. The residue was dissolved in hydrochloric
acid (50 mL of 0.1 M), and the solution extracted with chloroformx(40 mL).

The combined organic phases were washed with water 80 mL), dried, and
evaporated to dryness. The residue was dissolved in methylene chloride (10 mL),
and treated with diethyl ether aC. The white precipitate was collected on a glass
frit and washed with diethyl ether. Yield 0.8 g (74%H NMR (CDCl): § 1.01

(s, C(CH3)3), 3.15 (m, ArCH,Ar, SCH>), 3.38 (s, OQ3), 3.57 (m, (OWH,CH5),),

3.97 (m, ArOMH,), 4.25 (m, ArCH,Ar, CO,CH,), 4.62 (s, SG,CO,), 6.70 (s,
ArH). IR (KBr): v(CH,OCH,) 1116 cn1?, v(C=0) 1736 cm.

3. Results and Discussion

An important development in calixarene chemistry is the recognition that by the
judicious choice of substituents, these compounds can be selective complexants
for metal ions [23]. Among the functionalities that have been used in this capacity
are those having oxygen, nitrogen or sulfur donor groups [18-20]. In developing
these compounds as selective extractants for metal ions from an aqueous into an
organic phase, the choice of the organic liquid phase is important. In many cases
chloroform or methylene chloride are used, but these liquids present too many
environmental problems to be employable on a large scale. Hydrocarbons are an
alternative to these chlorocarbons, but they can also be toxic as well as being
flammable.

Another approach is to use the non-toxic, non-flammable, biphasic and hydro-
philic ether poly(ethylene glycol) as extractant. This compound has the additional
advantage that it can be potentially used for the simultaneous extraction of both
metals and organics that are commonly present in soils and waters. A limitation
to this approach, however, is that since calixarenes often have low solubility in
both water and ethers, they cannot be used as phase transfer extractants in these
media. In order to circumvent this limitation, we have now functionalized a series
of calix[4]arenes with oxyethylene groups in order to make them more compatible
with both water and poly(ethylene glycol). The chosen calix[4]arenes are ones
having oxygen, nitrogen and sulfur groups that can function as donor ligands to
selected metal ions, and routes to put methoxy poly(ethylene glycol) groups on
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either the upper or lower rim have been ustd.NMR spectroscopy reveals that
all these new compounds are in the cone conformation.

Compoundsl and 2 with chlorosulfonyl groups on the wide rim have been
prepared by standard routes. Compouhavith a substituted ethylenediamine
functionality on the narrow rim has been prepared by reacting 25,26,27,28-
tetra(ethoxycarbonylmethoxy)calix[4]arene with ethylenediamine (Equation 1).

H,NCH,CH, NH,
e —— (1)
-EtOH
0 4 ? 4
1
g o
C|=0 T
OEt NH
CH,
]
CH,
1
NH,
3

Several approaches have been used to attach oxyethylene groups onto the
calix[4]arene host. One of these approaches involves using calix[4]arenes with
chlorosulfonyl moeities on the wide rim, and then reacting them with MeO-PEG-
OH (Equation 2).

OMe
)
ll:’EG
¢ ;
0=S=0 NaH 0=S=0
MeO-PEG-0OH
(2)
—HCl
o 4 9 4
He He
(|:=0 (1:—0
R R

(R= OEt(5). NEtz(6))
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An analogous approach involves reacting the chlorosulfonyl substituted
calix[4]arene with MeO-PEG-NK(Equation 3).

(l)Me

l:’EG
¢ i

0=8=0 E'.SN 0=8S=0
MeO-PEG-NH>
(3)
—HC1

0 4 0 4
CH2 (EHZ
(IZ-O (f:o
R R

(R=OEt (7), NEt, (8))

A different approach that we have used involves carrying out a Schiff base reaction
with an aldehyde to which an oxyethylene group has been appended. This latter
route allows the oxyethylene substituent to be attached to the narrow rim of the
calix[4]arene. This approach has been used to substitute either all four (Equation

4),
HZSO4
- H20
o 4

CH2 Ha CHy
l —_

c 0 ¢=0 c=0

ryH 0 NH

CHe PEG CHe
[}

?Hz OMe CH

NH, N

or just two, (Equation 5)
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tert—Bu tert-Bu tert—-Bu tert-Bu

~SB -

CHg 2
CHe c=0 CH2
NH; 0 \

10

of the narrow rim positions. Yet another route to attaching oxyethylene groups
to calix[4]arenes involves an alkylation strategy. This approach has been used to
prepare oxyethylene derivatized calixarenes that have thioether moeities attached
to either the wide (Equation 6)

SMe SMe SMe

1 1 [}
CHp CHp CH>
OMe K2COg

+ 2 0PEG _;—B? @ @ (6)

OH c=0 OH o
]
CH,Br CHz

11

or the narrow (Equation 7) rims.
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tert—Bu tert—Bu
OMe EtgN
+ 4 lI:’EG > (7)
0 -HBr
o 4 <::=0 0 4
CHp CH,Br CHe
(sz CH,
SH S
CH,
¢=0
0
l:’EG
OMe
12

All of these new compounds and their poly(ethylene glycol) derivatives
show the expectedH NMR peaks for the aromatic (&), bridging methylene
(ArCH,Ar), and alkoxy O C H-) groups of the calix[4]arene skeleton. In addi-
tion, the*H NMR spectra confirm the presence of the individual substituent groups
on the different derivatized calix[4]areres. For the amide derivatives, the presence
of a carbonyl group is confirmed by the presence of a carbonyl stretch band in
the 1650-1750 cmt region. For the calix[4]arenes bound to the poly(ethylene
glycol) derivatives there are additional resonances irtkh&IMR spectra in thé
3.00-4.30 range for theXC H,C H>),, groups.

The solubility properties of these poly(ethylene glycol) functionalized
calix[4]arenes, with the exception of compourd¥and 11, match those expec-
ted for such derivatives, and are soluble in both water and aqueous poly(ethylene
glycol). These compounds with metal binding sites, and deep well cavities created
by the poly(ethylene glycol) substituents, have potentially useful applications as
host molecules.
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