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Calixarenes with Nitrogen or Phosphorus
Substituents on the Lower Rim™
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Abstract. Calix[n]arenes (n =4, 6) with diphenylphosphinite groups appended to their lower rim have
been synthesized by reaction first with base, followed by chlorodiphenylphosphine. The reaction has
also been carried out with the partially methoxylated calix[n]arenes. Calix[6]arenes with phosphate
groups selectively bridging adjacent pairs of oxygens have been synthesized by reaction first with
base, followed by ethyl dichlorophosphate. Calix[n]arenes (n = 4,6) with 2-aminoethyloxy groups
appended to the lower rim have been synthesized both by the reduction of an amide or nitrile group.
Calixarenes with 2-hydroxyethyloxy and 2-bromoxyethyloxy groups appended to the lower rim have
also been prepared. A route to preparing calixarene-functionalized polymers by the alkylation of
polyethyleneimine is also described.
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1. Introduction

Although numerous examples exist of calixarenes with nitrogen or phosphorus
substituents on the upper rim, relatively few such compounds have been prepared
where these substituents are attached to the lower rim [1, 2]. Such compounds
are, however, of importance because they can be potentially used as encapsulating
ligands for metal ions. In order for these compounds to be useful as ligands,
however, it is necessary that the nitrogen or phosphorus heteroatom either be in
the tricoordinate form, or that an atom bonded to this heteroatom can act as a
two-electron donor to a metal ion. In this article we describe some calixarenes that
have nitrogen or phosphorus heteroatoms attached to their lower rim, and show
how they can have applications to metal ion complexation chemistry.

2. Results and Discussion

Calixarenes with diphenylphosphinite groups attended to the lower rim can be
synthesized by treating the fert-butylcalix[4]arene first with sodium hydride, then
with chlorodiphenylphosphine (Equation 1) [3].

* This paper is dedicated to the commemorative issue on the 50th anniversary of calixarenes.
** Author for correspondence.
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The product 1 has diphenylphosphinite groups attached to each of the lower rim
positions. Compound 1 coordinates to Cu(l) via phosphorus to give a polymetallic
complex that has a 1 : 1 ratio of Cu : P atoms. By contrast, 1 forms a bimetallic
complex with two Fe(CO);3 units [4]. The number of diphenylphosphinite groups
on the lower calixarene rim can be controlled by introducing methoxy groups at
selected positions on this rim. For the case of tert-butylcalix[4]arene and zert-
butylcalix[6]arene, reaction with potassium carbonate followed by methy! tosylate
leads to the conversion of alternating hydroxy groups into methoxy groups. Treat-
ment of these compounds with sodium hydride followed by chlorodiphenylphos-
phine results in the formation of calix[4]arene 2 and calix[6]arene 3, respectively,
having alternating methoxy and diphenylphosphite substituents on the lower rim
(Equation 2) [5].

i NAH
ii) CIPPh
CHy CHp ( ) <
OH OMe
n
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@)
(n=2,2n=3,38)

Compound 2 is conformationally rigid in solution at 25°C. The *'P{'H}-NMR
spectrum of 2 shows a singlet resonance at § 114.2. The 'H-NMR spectrum shows
two singlets for the methoxy groups at 6 2.38 and 3.07, along with four sets of
doublet resonances for the methylene groups at § 3.13 (*J(HH) = 12.0 Hz), 3.62
(JHH) = 15.4 Hz), 4.05 CJ(HH) = 15.4 Hz) and 4.29 2J(HH) = 12.0 Hz).
These data identify the conformation as the partial cone shown in Figure 1. For the
calix[6]arene 3 the 3'P{'H}-NMR spectrum shows a single resonance at § 117.2,
with the 'H-NMR spectrum showing a single resonance for the OCH3 protons at
§ 2.34. These data confirm the structure of the compound, but do not indicate any
particular conformational preference. Similar di- and tri-substituted phosphinites
have been prepared from the di- and tri-substituted calix[4]aryl and calix[6]aryl
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Fig. 1. Conformer of 2 where ‘M’ refers to OMe and ‘P’ refers to OPPhy.

acetate [6]. In this synthetic procedure, however, LDA was used in place of sodium
hydride as the base.

Phosphate groups can also be appended to the lower rim of zerr-butylcalix[4]-
arene and -calix[4]arene. The method of choice involves treating the calixarene with
diethoxyphosphoryl chloride in basic solution. By changing the reaction conditions
that are used it is possible to prepare compounds having different numbers of
phosphate groups appended to the lower rim [7-10].

Phosphate groups can also be used to bridge and cap the oxygen atoms on
the lower calix[4]arene rim. An example of a capped calix[4]arene where all four
oxygens on the lower rim bind to a single phosphorus heteroatom is found in the
reaction of fert-butylcalix[4]arene with P(NMe;)3 (Equation 3). The product 4 has
a hypervalent phosphorus capping the lower rim of the calix[4]arene [11].

() P(NMe2)3

(11) BulLi

4 ©))

Phosphorus heteroatoms can also be incorporated onto the lower rim of a cal-
ixarene in a pairwise manner. Such bridged compounds have been prepared by
treating tert-butylcalix{6]arene with base followed by ethyl dichlorophosphate
f12]. Thus the addition of cesium fluoride followed by 1 equivalent of ethyl
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dichlorophosphate results in the incorporation of a single ethyl phosphate group
into the compound, in a manner where it spans two adjacent positions on the lower
calix[6]arene rim (Equation 4).

(i1 CsF
(ii) (E10)P(0OICIy

“4)

The 13C{!H}-NMR spectrum of this compound 5 shows three resonances for the
tert-butyl groups at § 31.26, 31.57 and 31.62. The presence of these resonances
supports the structure shown for the compound. When potassium hydride is used
as base in place of cesium fluoride, tert-butylcalix[6]arene can be reacted with 2
equivalents of ethyl dichlorophosphate to give the compound 6, where now two
sets of adjacent lower rim oxygens are spanned by ethyl groups (Equation 5).

(i} KH
{ii) (E10IP(0ICIy

)

The '"H-NMR spectrum of 6 shows resonances at § 1.03 and 1.38 for the zers-butyl
groups in the ratio of 2 : 1, and a single multiplet for the methylenes at 6 4.64. These
data support the structure shown where pairs of oxygens across the lower rim are
bridged, and do not support a structure where adjacent pairs of phenolic groups
around the lower calix[6]arene rim are sequentially spanned by ethyl phosphate
groups.

Just as phosphorus heteroatoms can be appended to the lower calixarene rim, so
can functional groups that contain a nitrogen atom. Among the nitrogen containing
substituents that can be introduced onto the lower rim of a calixarene are the amide
and amine moieties. Compounds having an amide substituent can be prepared by the
sequence of reactions shown in Scheme 1 [13]. A similar calix[4]arene with amide
substituents on the lower rim has been used as a ligand for the encapsulation of
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lanthanide ions (Figure 2) [14]. The Tb3+ complex that is obtained with this ligand
has both a high luminescence quantum yield and a long luminescence lifetime in
aqueous solution at ambient temperature, a feature that makes it a potentially useful
complex for time-resolved fluorimmunoassay.

We have prepared calix[4]arenes and calix[6]arenes that have a 2-aminoethyl-
oxy group attached to the lower rim. The synthetic procedure involves reduction
of either an amide or a nitrile group with borane to the amine. These two routes are
shown in Equations 6 and 7.

(i) BHg . THF
Br CHaCONH » (i) Hcl
CHz CHp cHp 6)
OH \ OCH,CONHz . OCHLCHyNH; CI
7 8
KoCO
273 (i) BHg.THF
CICHoCN (i) HCl (7)
Chg CHp CHy
[_ oH 6 OCH,CN . OCHgCHoNHg CI™
]
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Eu3+. Tb3+ and Gd3+ are encapsulated

Lifetime of LMCT (nsec)

Complex 300K (Hg0) 300K (D0) 77K (Dg0) @ 300K (Hg0)

gudt 0. 65 1.9 1.8 2x10-4

T3+ 1.5 2.6 1.6 2x10-!

Fig.2. Lifetime and quantum yield data for encapsulated lanthanide ions.

The intermediate compound 7 is identified in the 'H-NMR spectrum by resonances
at § 4.18 (CH») and 7.35 (NH;). Compound 8 has the amine resonance at 6 8.43,
which is identifiable by its exchange reaction with D,O. The latter method via the
cyanomethoxy intermediate can be used to prepare partially substituted calixarenes,
since the addition of chloroacetonitrile to calix[4]arene can be used to selectively
substitute the two alternate positions on the lower rim (Equation 8).

KoC0q (i) BHg.THF
CICHyCN (i) Kol
—— —
CHg CHg CHy CHg CHp
o OH
4

octzer ], OCHCH,NHG €1 .
(8
]
Subsequent reduction with BH3-THEF, followed by quaternization of the amine
with HC], can be used to obtain the alkylammonium salt 9. The compound shows a
resonance at § 8.57 (8H) due to the OH and NH groups which undergoes exchange
with added D, 0.

We have also prepared a calix[4]arene with a 2-bromoethyloxy substituent
appended onto the lower rim. The compound has been prepared by the sequence of
reactions shown.in Scheme 2. The sequence involves first converting the calixarene
into the acetate derivative by reaction with ethyl bromoacetate, followed by reduc-
tion of this intermediate ester to the 2-hydroxyethyloxy derivative 10. This com-
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Scheme 2.

pound is characterized by resonances in the TH-NMR spectrum at § 4.03 (OCH,)
and & 5.6 (OH). This intermediate 10 can be converted into the 2-bromoethyloxy
compound 11 by replacement of the tosylate group with bromide ion. Compound
11 shows characteristic resonances in the 'H-NMR spectrum for the OCH, and
CH,Br groups at § 4.24 and 3.86, respectively. This new 2-bromoethyloxy cal-
ix[4]arene is a potentially useful synthon for the introduction of a wide range of
heteroatom substituents onto the lower rim.

A relatively new development in calixarene chemistry is their immobilization on
polymeric supports. For certain applications such as the separation of heavy metal
ions from aqueous media, it is advantageous for these calixarene-impregnated poly-
mers to be available in an insoluble form. This goal is relatively easy to achieve since
insoluble materials can be obtained by cross-linking the calixarene to the polymer
via several attachment points. Since reactions leading to the chemical modification
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of calixarenes usually lead to functionalization at multiple sites, precursor cal-
ixarenes for such uses are readily available. Several examples of such cross-linked
calixarene modified polymers are reported in the literature. An example by Harris
involves the synthesis of silicone bound calixarenes where the attachment is via
multiple ester functionalities between the polymer and the calixarene [15, 16]. A
further cross-linked calixarene modified polymer has been prepared by Shinkai
from treating polyethyleneimine with a chloro-sulfonated calixarene [17]. These
insoluble modified polymers have been used by Shinkai for the extraction of urani-
um ion from seawater [18, 19]. Recently Harris has reported the synthesis of a new
calixarene bearing a single methacrylate functionality that is potentially suitable
for use as a reagent to give living polymers and copolymers. Attempted homopoly-
merization of this compound, however, yielded an oligomer that had only approx-
imately six calixarene units in the chain [20]. More recently we have prepared a
cross-linked material by treating a 50% aqueous solution of polyethyleneimine with
5,11,17,23-tetrachloromethyl-25,26,27,28-tetrahydroxycalix[4]arene [21].

For other applications such as in electrokinetics or the synthesis of radiophar-
maceuticals it is desirable that the calixarene-functionalized polymer be soluble in
aqueous media. In order to achieve such a goal it is necessary to avoid the formation
of cross-linking within the polymer. Such a polymer 12 that is soluble in aqueous
or organic solvents is formed when a calixarene with a single haloalkyl substituent
on the upper rim is reacted with the polyethyleneimine solution (Equation 9).

Br

| OH L OH

CHgo CH o
OH OH

€)

12
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This availability of two separate rims that can be independently modified for
either selective ligation or for the attachment to polymers makes the calixarenes
an attractive class of compounds for a wide range of applications involving metal
ions.
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