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Abstract

This i an exhaustive review of calixarenes containing transitior metals. General preparative
routes 1o calisnrene ligands suitable for transition metal complexation are briefly reviewed.
The aspects concerning their coordinative propertics are organized according to the site and
type of donor atom(s) involved in complexation. Emphasis has been placed on synthetic
aspects so as to allow the reader to acquire a useful knowledge of the construction of transition
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metal complexes derived from calixarenes. Structural aspects have been systematically dis-
cussed for those complexes which have been characterized by X-ray analysis. Many interesting
features of calixarene-derived ligands have been emphasized, e.g. the ability to act as bulky
ligands or to behave as a polyoxo surface and the possibility to form novel supramolecular
assemblies and {0 associate a catalytic centre with a potential receptor cavity. It is shown that
transition metals are ideal partners for shaping or assembling calixarenes, thus allowing the
construction of a number of large molecular systems, leading to various applications, notably
tiquid crystals, sensors for analytical purposes or molecular filters. © 1997 Elsevier Science S.A.

Keywords: Calixarene; Resorcinarene; Transition metal chemistry; Supramolecular chemistry

1. Introduction

Calixarenes have a long history, stretching back to 1872 when Adolph von Baeyer
reported reactions between phenols and aldehydes [1-3]. Many of the products
could not be identified at that time, and it took almost 70 years before the Austrian
chemists Zinke and Ziegler assigned cyclic tetrameric structures to the products (1)
resulting from the base-induced condensation of p-substituted phenols with formal-
dehyde [4,5]. Another class of ¢cyclic tetramers (2), obtained from the acid-catalysed
reaction of resorcinol with aldehydes, was identified by Niederl and Vogel in 1940
in the US {6]. Compounds of type 1 were termed calixarences by C.D. Gutsche in
1978, from the Greek yohE, thus describing the so-called cone (or bowkshaped)
conformation which these macrocycles often adopt [7]. Compounds of type 2 were
called calixresorcinarenes or calixresorcarenes, With time, the term calixarene was
used to deseribe all eyclic oligomers obtained from phenols or resorcinols, whatever
thetr conformation or size, In this review, we use Gutsche's abbreviated nomench-
ture, of the type p-R-calix|njarene, where the bracketed number indicates the siee
of the olignmer and R ix the name of the group para to the hydroxyl group of the
phenol used for the condensation reaction {8). For simplicity, compounds in which
R =H are named calix[n]arencs.

The investigations of Gutsche and coworkers during the 1970s led 10 an efficient
synthetic methodology allowing easy access to large quantities of pure p-tert-butylcal-
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ix{n]arenes [9-11]. This work, as well as that of Hayes and Hunter [12], Kimmerer
and coworkers {13-17] and Bohmer et al. [18-20] who, unlike Gutsche, proposed
the synthesis of calixarenes by defined reaction sequences, initiated a number of
studies dealing with the functionalization and structural modification of calixarenes.
One characteristic feature of calixarenes is that they possess cavities which can be
exploited for the formation of molecular complexes with small molecules. p-R-
Calix[4]arenes, for example, form four types of cavity according to the relative
orientaiion of the four phenoxy rings (Scheme 1), but inclusion compounds have
been encountered only with cone conformers (in this review, the nomenclature used
to specify an inclusion compound has the compound reference number immediately
followed by the guest in parentheses). Much work has also demonstrated the ability
of calixarene-based ligands to function as ion carrier molecules, sensors for analyt-
ical purposes or models for in vivo reactions of enzymes. The sensitivity of the
calixarene structure to guest binding is well exemplified by the properties of
calix[4]Jarenecrowns-6, e.g. 3 [21] and 4 [22], in the 1 3-alternate conformation.
Such ligands are exceptionally selective for caesium ions (2(Cs/Na)> 33 000 for 3,
2(Cs/Na) >49 000 for 4), a result which is highly relevant for *’Cs complexation,
and hence for the recovery of nuclear waste.

Log 0
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Scheme 1.
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Despite the importance ol calixarencs in host guest chemistry, transition metal
ions have been employed rarely in association with these ligands, Indeed, the first
transition metal complexes containing a calixirene unit were only reported in 1985
[23]. In this review, we show how calixavene ligands can be used as pre-organizing
matrices for the construction of mononuclear or polynuclear transition mety] com-
plexes and also illustrate their potentind applications in catalysis and  materials
science. This overview will also include copper, silver, gold and mercury compleses.
Some excellent articles describing the preparation and features of calixarenes {24
291, as well as their binding properties towards alkali. alkaline carth and rare carth
metals {30--32], have already been reported.

2. General comments on synthetic and structural aspects of calinarene- and
resorcinurenc-derived ligands

What are the factors that govern the coordinative propertics of a calisarcne-
derived ligand? Obviously, the most simple tashion in which to bind a metal centre
I8 via one or more phenolic oxygen itoms: however, in most cases, the coordination
chemistry of calixarenes resuits from the presence of functional groups arranged
around the calixarene periphery, e, attached either to the phenolic oxygen atoms
or 10 the carbon atoms in the para position. Many publications have been devoted
to the functionalization of the phenolic oxygen atoms of calinarenes [8.33-35] and
resorcinarenes {36]. This is often achieved by direct acylation [37,38] of the phenol
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group or by performing a Williamson-type alkylation allowing the straightforward
introduction of groups, such as -CH,C(O)R (R =alkyl [39-41]. R=aryl [40],
R=0Q-alkyl [40-44]. R=N(alkyl). [41,45-47]), -CH,CH,OR [42,48,49],
~CH,P(O)Ph, [50.51), -CH,pyridyl {52-54), ~CH,CN [41,44}, -CH,C=CH [44],
etc., which may, if necessary, be functionalized further [41,55,56]. If calixarenes
functionalized at specific oxygen atoms are needed, we need to control both the
degree of alkylation and the site(s) which will be modified. This can be done using
carefully selected reaction conditions [57], notably by employing an optimum base-
solvent couple and by controliing the stoichiometry [58]; very eflicient strategies are
now available for double functionalization of distal [44] or proximal [ 52, 59] positions
in p-R-calix[4]arenes. Alternatively, it may be advantageous to introduce, in a
preliminary step. easily removable protective groups, such as methyl and benzyl
groups. which can specifically be removed with Me,SiX (X=Cl, Br {60], 1 [61]),
or the C(O)Ph group which can be displaced with NaOH [37]. Once these groups
have been specifically attached to the calixarene matrix, further functional groups
can be introduced at the remaining non-functionalized OH groups. De-protection
of the primarily modified phenolic oxygen atoms yields the selectively functionalized
calixarene ligands,

General routes for the construction of p-tert-butylphenol-derived calixarenes
having functional groups located at the para positions of calixarene are outlined in
Scheme 2. These methodologies start by de-alkylation of the tert-butyl groups, using
AICI, tolucne or AlCH,-phenol as catalyst [37,62-64]. Via clectrophilic substitution
[64]. the H atoms in the para positions can be selectively or totally (route A)
rephiced by groups, such as NO, [65], CL Br [66], 1 [67], SOy [68,69] and
COICH, {37), themselves giving access to a large variety of other functional
calixarenes [ 28], Another route, B, exploits the possibility of transterring an O-bound
allyl group to the para position (p-Claisen rearrangement) on heating the allylic
ether in refluxing N Nedimethylaniling | 70} ‘The p-sited allyl group can be chentically
modificd vin clussical methods, giving access to interesting functionalized com-
pounds. In route €. u chloromethy! group is introduced with chloromethyl n-cctyl
ether and SnCl; {71]. Subsequent replacement of the chloride results in the forination
ol a variety of potential ligands. In the so-called p-quinone methide route (D), the
calixarene precursor is first transformed into a Mannich base with formaldehyde
and a dialkytamine [72,73]. The resultant amino group itsclf can be casily displaced
by quaternization, foltowed by rcaction with two equivalents of a nucleophile. The
formation of an intermediate p-quinone methide in this latier functionalization step
is probable.

1t is worth reminding the reader unfamiliar with the synthetic aspects of calixarenes
that alkylation reactions at the lower rim (phenolic part), as described above, may
be accompanied by structural changes in the matrix [60]. However, in most cases,
homeo-tetrafunctionalized p-R-calixj4]arenes may conveniently be obtained in the
cone conformation, especially it the crowding of the substituent is larger than that
of an ethyl group. This inhibits flipping of the phenotic rings through the calixarene
cavity, thereby preventing confermational exchange.
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3. Exploiting the binding properties of phenolic oxygen atoms
3.1. Complexes with O-bound metals derived from p-R-calix {4 Jarenes

Compounds 5-7 are the first reported transition metal complexes based on calixar-
enes [23]. They were obtained by reacting p-tert-butylcalix[4]arene with the amido
complexes [Ti(NMe,)y], [Fe{N{SiMe,),};] and [(Co{N{(SiMe,),},),] respectively
(Scheme 3). While the formation of complex § may be interpreted in terms of
depiotonation of the phenolic groups and subsequent elimination of Me,NH, the
pathways by which 6 and 7 are formed appear to be more complex. These latter
reactions involve SiMe, shifts from N to O with the possible formation of NH,
and/or NH(SiMe¢,), (note the iron atoms of 6 cach contain an NH; ligand). As
revealed by an X-ray diffraction study, complex § is a centrosymmetric dimer. For
each calixarene subunit, adopting a cone conformation, three oxygen atoms are
bound to the same titanium atom, 'he fourth being coordinated to the sccond metal
centre. This leads to Ti atoms with a somewhat distorted tetrahedral geometry (the
0O-Ti-O angles range from 97.7(17" to 127.0(1)"). According to a variable temper-
ature study, the conformation of the calixarene fragments appears to be rigid on
the nuclear magnetic resonance {NMR) timescale, The solid state structure of the
dinuclear iron complex 6 is also centrosymmetric. In this complex, the three pheno-
lato oxygen atoms of ¢ach calixarene are bound to an iron centre; in addition, one
is coordinated to the second iron atom. The coordinatior sphere around the iron
atoms contains an NH; molecule formed during the reaction and may be described
as distorted trigonal pyramidal. The solid state structure of the trinuclear cobait
complex 7 has also been investigated. The main features of this unigue complex are
the presence of three cobalt atoms in an opea cluster arrangement (Co(1)-Co(2),
2760 A; Co(2) Co(d), 2.744(3) A). stabilized by a terminal tetrahydrofuran
CTHI) moefecule bound to the central cobalt atom (Co(2)), two terminal OSiMe,
groups (ene at Co¢l) and the other at Co(3)) and terminal aryloxy and doubly
bridging aryloxy groups. It is worth mentioning that complex § crystallizes with
three toluene molecules in the asymmetric unit, one lying inside the cone cavity in
a fashion similar to that found for p-tert-butylcalix{4Jarene(toluene) {74]. IFor the
cobalt complex 7, which crystallizes with five toluene molechles two solvent mole-
cules are involved in host—guest interaction.

A scries of mononuclear zirconium complexes having the metal centre coordinated
to the four oxygen atoms of a dianionic calixarcne ligand were prepared from
dimethoxy-p-tert-butylcalix{d]arenc (8) (Scheme 4) [75]. The reaction of 8 with
BuLi in THF, followed by the addition of [ZrCly( THFF),], resulted in the formation
of the C,, symmetrical complex 9 having the metal centre bound to two phenolate
anions and two methoxy oxygen atoms. Alkylation of 9 with one equivalent of
MeLi gave a mixture of 9, 10 and the monoalkylated complex 13 in an approximate
1:1:2 ratio. The same proportions were obtained by mixing equimolar amounts
of 9 and 10. The monoalkylated complex could not be obtained in pure form. The
dialkylated complexcs 10 and 12 (the latier was obiained by reacting 9 with
PhCH,MgCt in toluene) display a high thermal stability. While 10 is photochemicaliy
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stable, 12 is photolabile, In the Xeray crystal structure of Hy, the calixarene ligand
adopts ant elliptical shape, as required by a hexacoordinated zirconium centre, The
extremely short Zr- O(phenoxy) bond lengths (1.974(3) und 1.964(3) A vs. 2401(2)
and 2.410(4) A for the other two Zr-O distances) and the high values of the
corresponding Zr-0-C,,, angles (161.4¢3)” and 167.3(3)" respectively) support
strong metal- oxygen r bonds. Reaction of 12 with CO aftords the relatively unstable
n¥-ketone compiex 13, Another reaction in which the dianionic calixarene Hgand
displays ancillary hebaviour is the oxidation of 12 with [Fe(n-CH. ).} | resulting
in cleavage of one benzyl group and formation of the cationic alkyl complex 14,
The ¢, symmetrical n*-butadiene complexes 15 and #6 are formed when 9 is reacted
with [Mg(CH)CTHEF),) and [MarC H D CTHE )] respectively. As shown by X-ray
crystal structure amalysis, the butadiene ligand of 16, which adopts a cis conforma-
tion, may be regurded as w7, i’ For none of these latter complexes wus cis trans
isomerization of the butadiene ligand observed.

The possibility of using p-tert-butylealixj4]arene as a polyoxe matrix lor group
V clements was demonstrated by reacting this macrovycle with NbClg in a-hexane
(Scheme 5) [76]. This reaction leads 1o complex 17, which was characterized by IR
and 'H NMR. Its reaction with CH,COOH gave the acylated complex 19, The Ta
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analogue of 19 (20) counld be obtained in a single step without isolating intermediate
18. Atlempts to perform the synthesis of 19 in a single step, namely in n-hexane
solution containing CH,COOH or small amounts of H,0, surprisingly led to the
tetranuclear complex 21, An X-ray structural analysis of 21 showed that this centro-
symmetric molecule contams hexacoordinated Nb atoms and that the calixarene
moictics adopt a cone conformation,

Further examples of mononuclear p-R-calix|4]arene complexes in which o Ta or
Nb atom is bound to all four phenolate oxygen atoms were published by Acho et al.
[77]). Thus complexes 22-24 were obtained cither by reacting the corresponding
deprotonated calixarene with the cyclopentadienyl metal tetrachloride or by heating
the calixarene macrocycle with the metal chloride in refluxing toluene for 2 days.
For all three complexes, the 'l NMR spectra indicate a four-fold symmetry of the
calixarene moiety. However, single X-ray structural analyses carried out for 22 and
23(toluene). vevealed that, in the solid state, the calixarene units deviate from
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symmetry, producing an cliiptical cavity shape. In cach molecule, the Ta atom iy
unsymmetrically bound to the four oxygen atoms (see Scheme 6): two distal Ta O
bond distances (average 1.RI(2) A in both structures) are significantly shorter than
the others (average 2.005(5) A for both complexes) and two Ta Q- C i, angles ire
almost lincar with the other two being close to 1257, Consistent with Fenske-Hall
calculations, this de-symmetrization around the Ta atom probably originates from
PhO-Ta n electron donation, which tends to compensate the electron deficiency of
the 14-clectron metal centre. This interpretation appears 1o be quite reasonable in
view of the fact that the calix skeleton in the “inclusion™ complexes 23(H,0) and
23{CHLCN), containing a water molecule and an acetonitrile molecule bonded to
the Ta centre respectively, is considerably more symmetyical, as revealed by X-ray
diffraction studies. A further interesting aspect of the elliptical shape of the calixarene
in 23(toluene) is that this cavity nicely tacilitates the sideways partial incarceration
of toluene. This contrasts with the usual orientation of toluene molecules, charac-
terized by their methyl group pointing towards the calixarene cone [74].

The coordination chewastry of p-R-calix{4]arenes was also investigated towards
group VI metals. Reaction of Mo(O)Cl, with two equivalents of p-tert-butyl-
valix[4Jarene (abbreviated L-(OH),) in a-hexane yie'ded, after extraction with
CH,Cl,, the blue diamagnetic molybdenum-oxo complex 28 (Scheme 7). in which
the Mo =0 functionality is bonded to four phenoxy oxygen atoms [78]. This product
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wits also formed when other stoichiometries were used. Recrystatlization of 28 from
PhNO, afforded the green complex 26, in which a nitrobenzene molecule is trapped
between o free calixarene and a calix-molybdenum-oxo unit (Scheme 7). X-Ray
structurad analysis confirmed this assembly and showed that the Mo atom s in a
pseudo-octahedrat covironment of oxygen atoms, one of the coordination sites being
occupicd by the axygen atom of a water molecule trapped inside the cuvity, and
being weakly bonded (o the nitrobenzene moleeule, The Mo atom lies slightly above
the O, plane (distance 1o the plane, 0.337¢3) A) and is directed towards the exterior
of the cavity,

Treatment of WOC, with p-tert-butvlcalix{4]arene, or its debutylated analogue,
yiclded complexes 27 und 28 vespectively (Scheme 8) [79]. Reerystallization of 28
from CHCOOH or »wet™ CHLCL gave inclusion complexes 28(CHCOOH ) and
28(H,0) respectively with hexacoordinated W atoms. In both complexes. the clath-
raied solvent molecule is bound to the metal centre, As in 26, the metal centres He
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CH
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slighily out of the corresponding O plane. The synthesis of a structurally related
Mo complex (29) has recently been reported, involving the  treatment of
iMo(NALOBY'),) (Ar=26-diisopropyiphenyl) with calixi4]arene (Scheme 9)
[80F Recrystallization off 29 from CHLON afforded the inclusion complex
IHCILCN)L L was proposed that this reaction, by asalogy with that of complexes
of the type { Mo{NR)AOBu'),) with diols, procceds vin initiat displacement of two
terl-butoxide ligands, As shown by an Xeray study, the Mo atom is displaced from
the O, plunc towards the uxial imido ligand by 0.252 A,

The reaction of p-tert-butylealix[4]arene in benzene with WCI,, yielded the WV
complex I0(C,H,) (Scheme 10) [79]. Treatment of the latter compiex with AICH, in
CH,COOH resulted in the expected debutylation, with the subsequent formation
of 28(CH,COOH). As shown by an X-ray study, the calixarene matrix of this latter
complex adopts a rather symmetrical bowl-shaped structure, whereis the coordina-
tion geometry of the tungsten atom in IN(CH,) feads 1o an clongated vase shape
of the calixarenc ligand. This is exemplified by the markedly dilferent angles between
the two pairs of opposite aryl rings: 126.1(2) and 49.0(2)" in 30(C H,) vs. 83.2(1)
and 59.2(1)" in 28(CH,COOH).

The rigid geometry of tungsten-oxo-calix[4]arcaes has been exploited for the
formation of liquid crystalline phases. Thus the tungsten complexes 31 and 32 with
8 and 12 dodecyloxy sidechains respectively were found to exhibit discotic columnar
phases [81,82]). The high stability of the mesophases, which persist over an approxi-
mately 200°C temperature range, has been assighed 1o the rigidity of the bowl.
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Indeed, complexation prevents the formation of non-cone conformers, and hence
favours columnar ficad-to-tail organization in which the wngsten-oxo groups pro-
trude into the cavity of a neighbouring moesogen. The mesomorphic behar o can
be modified dramatieally by host guest complexation. Thus, tor instance, while 31
exhibits a discotic mesophase from 133 10 330 C, the inclusion complex 31{DMFE)
melts direetly to an isotropic phase at 115 °C. The same phenomenon, occurring at
the same critical temperature, was observed tor 3l(pyridine), showipy that the
important criterion {or mesomorphism suppression is the presence of a filled cavity
and not the nature of the guest. Further heating (200230 °C) of the DMF complex
resulis in the slow dissociation of the included molecule and the concomitant forma-
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tion of the discotic phase (Scheme 11). Obviously, this type of mesephase could be
interesting for the preparation of new materials having ferroclectric properties |83}
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31 X=H
32 X = O(CH,) ;. .H

Another intcresting contribution to the controlled formation of supramolecular
assemblics of p-R-calix[4}arencs is represented in Scheme 12, Reaction of 30 with
sodium phenolate or catecholate in THF pave the diphenato complexes 33 and 34
respectively [84]. As established by X-ray analysis, the aromatic ring of one¢ of the
two phenato ligands protrudes into a necighbouring calixarene cavity, thus leading
to & polymeric chain structure. Structural details are given for 33 only. The tungsten
atom deviates slightly f+- v an idcal octabedral geometry, and the calixarene adopts
i shape characterized by an clliptical cone section with the two [acing aryl rings
being almost paraiiel (A and C) and the two others (B and D) being unsymmetrically
pushed away tfrom the macrocycle. The guest aryl ring is nearly parallel to rings A
and C (dihedral angle AC, 25.3(2)") and perpendicular to C and D. The W-O(ring
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Ay, W-O(ring B) and W-Oring €) bond lengths (mean vatue, 1.923(5) A) are
similar 1o the W O bond lengths found in 27 [84], The W Ofring D) distance is
significantly shorter, indicating some degree of double hond character, This observi-
tion is in keeping with an almost Jincur W O C,(ring D) angle (176.9(5)").
The guestion whether the polymeric structure is maintained in solution remains
open, 1t should be mentioned here that the possibility that a calixarene cavity miy
function as a ligand towards a transition metal-bonded aryl ring has previously
been observed in [(Hy0)sNI(NC H ) Na){ealix[4]urene sulphonate] * 3.5H,0 (35)
and [( H,0),Cu(NCH ), HyO)fealix[4]arene sulphonate}- 9H,0 (36) which were
reported in 1991 by Atwood et al. [85].

One of the most promising aspects of calixarenes still remaining to be explored is
their use as assembling ligands for two or more metal centres, The synthesis of three
dinuclear complexes, in which two quadruply bonded Mo centres are located above
a calixarene matrix, is shown in Scheme 13, Complexes 37 and 38 were formed in
good yield by reacting calix{4]arene and p-tert-butylealix{4]arcne respectively with
two equivalents of KH and then with {Moy(O,CCFOANCCH,)JIBF,]: [86].
Similarly, the reaction of p-tert-butylealixjdarene with two equivalents of KH in
THF, followed by the addition of { Moy(O,CCH ) NCCH ) JIBF L. resulted in the
formation of complex 39 in 73% yield [87). The reerystallization of 39 from
benzene-THF gave a compound of formula 39(THF)* CH,. An X-ray structural
determination was carricd out for this complex. The Mo~Mo bond distance of
2.1263(6) A and the eclipsed geometry of the Mo,Oy skeleton are consistent with
an Mo-Mo quadruple bond. It should be noted that the Mo~-Mo bond is somewhat
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elongated when compared with that of [Mo,(OAc),} (2.0934(8) A), presumably
because of the repulsive interaction between the filled pr orbitals of the phenol and
phenoxide oxygen atoms and the filled Mo-Mo 6 orbitals in 39. The OH hydrogen
atoms belong to two proximal phenol groups, cach OH bond lying parallel
1o the Mo-Mo vector and being strongly bonded to an adjacent phenoxy
oxygen atom. In other quadruply bonded dimolybdenum complexes, c¢.g.
[Mo,(O-Pri)( HO-Pr'),]. similar strong hydrogen bonding was shown to contribute
10 a shortening of the metal-metal bond [88]. The axially coordinated THF molecule
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present in 39 is nested in the cavity of a neighbouring basket. Furthermore, each
complex is weakly coordinated to the neighbouring molecules via axial Mo-O bonds
with distances of 3.45 A. This leads to an oligomeric structure in the solid state
(Scheme 13).

1. 2 equiv. KH/ TH M0{0.COF3)o(p-R-calix[4]-{OH)p-05)]
3 A R e cNBry, MO0 e
- 37R=H
] R R R 38R= Bu‘
—
WY T . 2 equiv. KH/TH
b5 Brib GH 5, (MouOLCCH g s(CHAONIGIBF ),

- [Moy{Q,CCHy)o{p-R-calix|4]-(OH)-Op)]
39R =8y

Recryst,
CgHgTHF

p-R-calix{d]-(OH),

@) "

H=-0
cl) / \' \ MMe
a
=20 /
TR Ottt
e %MO"O: 0/.%’;}*.“(!:" w Ma

S{THF) (solid state structure)

Schenie 13,

Two mononuclear sitver complexes obtained from calixspherands 40 and 41 have
been described by Bakker et al. [89]. On complexation, the calixarene methoxy
groups undergo a high-field shift of approximately 3 ppm. Owing to the very weak
silver-oxygen interactions, the thus formed complexes rapidly decompose
{de-complexation half-lives: 51 and 131 h respectively) {89].

3.2. Comploxes with O-bownd metals dorived from p-R-calix{ 6 Jarenes

The first known transition metal complex derived from p-tert-butylcalix[6 Jarene,
42, was prepared by treating p-tert-butylhexamethoxycalix{6)arene with TiCl, [90].
In this reaction, attack by TiCl, forces cleavage of an O-Me bond. An X-ray
structural determination established that, in the solid state. this molecule is centro-
symmetric, with the calixarene adopting an elliptical cone conformation. The mole-



C. Wieser et al. ; Coordination Chomiistry Roviews §63 { [997) 93-. 161 Pl

B Bued Bu'

0R=E
41R=P¢

cule contains two hexacoordinated Ti atoms (each surrounded by two chlorine
atoms), two methoxy oxygen atoms (Ti-O: 2.15(2) and 2.23(2) A), one phenoxy
oxygen (with a Ti-O distance close to that of a double bond: 1.77(1) A) and an
OTiCl, frapment. The oxygen atom of the latter moiety probably originates from
the clathrated water already present in the free calixarene. The Ti-O bond length
(1.66(2) A) and the three Ti-Cl bond lengths (2.17(1), 2.19(1) and 2.22(1} A) of
the tetracoordinated titanium atoms are unusually short, presumably because these
Ti"¥ atoms are coordinatively unsaturated.

p-tertbutylcalix{6]-(OMe}-(0); [FICL(1-O)TICly), 42

A separate example of a titanium complex, 43, obtained from p-tert-butyl-
calix[6]arene and Ti(OPr'), in boiling toluene, was reported by Andreetti et al. [91].
This complex comprises four Ti'Y atoms located between two cone-shaped calix[6]-
arenes and two triply bridging O atoms (possibly water moleculesj. The X-ray
structural analysis (R=0.199) did not allow the OH atoms to be located.
Interestingly, the Ti'V atoms adopt a distorted trigonal bipyramidal and not the
usual octahedral geometry. By comparison with the elliptical cone-shaned structure
of p-tert-butylcalix[6]arene, the conformation of the calixarene ligands ol 32 appears
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43 (OH atoms not located)

to be more regular because of complexation. In the solid state, a toluene molecule
is guested in the apolar cavity of cach calixarene unit.

3.3. Complexes with O-hound metaly devived from p-R-calix{ 8 Jarenes

The coordination chemistry of p-R-calix|8)arencs towards transition metal centres
has been Jess well investigated than that of p-R-calix{4]arencs, although, owing to
their large size and flexibility, such macrocycles appear to be wore suitable for the
cheapsulation of mewat centies, Due to the presence of a large number of potential
binding sites, such ligands also offer interesting possibilities for (he preparation of
multisnuclear species.

The first transition metal complex based on a p-Recalix{R®Jarene ligand  was
obtuined by the treatment of petert-butylealix{RJarene (p-Bu'-culix|8]<OH ),) with
one equivalent of a base, followed by the addition of two equivilents of
TiY(OPrY), (Scheme 14) [92]. This resulted in the formation of anions having the
general formula {{ p-Bu'-calix{8]-(O)(OH ), TI(OPr)},] (44), as established by
fast atom bombardment mass spectrometry (FAB-MS). An X-ray structural determi-
nution was carried out for 4da. in this complex, the lower rim annulus adopis a sort
ot pinched geometry with the two titaniut atoms in pscudo-octahedral environ-
ments. All ¢ight oxygen atoms of the calixarene matrix are involved in metal
coordination, two behaving as bridging ligands. The remaining coordination site on
each titanium is filled by an isopropoxide ligand tying inside an open cavity defined
by three aryl rings. The hydroxy H atoms could not be Tocated, but in view of their
upficld shifted signal in the NMR spectrum (between 15 and 17 ppm lor complexes
4a-440), it is probable that they are bonded to at feast one other oxygen atom.
The overall molecule is chiral, Thus when (R)-( +)-o-muthylbenzyliumine was used
as the base in the reaction shown in Scheme 14, a |2 1 mixture of diastercomers was
formed. (R)-(-+ )+ I-(1-Naphthyl }-cthylamine changes the diastercomeric ratioto 3 @ L.
On changing the a-methyl group in this latter amine o an isopropyl group. a 10 1
mixture of the diastercomers was {formed. This chiral recognition probably arises



C. Wieser ot al. / Coordination Chemistry Roviews 163 § 19973 9316} 113

from: (1) hydrogen bonding between an ammonium ion and a calixarene oxygen
atom; (2) possible stacking between the aryl rings of the ligand and of the amine:
(3) steri. repulsion between the a-alkyl group of the amine and the metallocalixarene.
When the reaction of Scheme 14 was performed with Ti(OBu'), instead of
Ti({OPr'),, an unidentified complex containing Ti was formed. From NMR measure-
ments, it can be concluded that its structure is different from that of 44a. However,
the reaction of this unidentified material with two equivalents of isopropyl alcohol
yields the same isopropoxide complex as described above.

Bu' 1. Bu'OM or RNH,
2. 2 equiv. Ti(OPr),
—_———

]
CH THE, 1h B¢
OH )

p-Bu'-calik8]-OH)

{p-Bu'-calix{8](0)s(OH){ THOP)})M or BNH;)
44 (hydioxy H not located)

44 a M= Na
AMbM:K
44 ¢ RNH; » PhCH,NH,
a4d ae 44t
Moo . NH,

ANH, = M0 ANH, =

o0 L

Scheme 14,

Applying the methodology outlined in Scheme 14 to Zr(QPrh)(PriOH) and
VIO)OPH); leads to zirconium(isopropoxy)calix{8]arene and vanadium{oxo)-
calix[8]arene complexes respectively, but no structural data were provided for these
complexcs [92].

The only known transition metal complex derived from calix{8]aren. was
obtained by reacting this ligand with two cquivalents of the imido complex
[Mo(NAr),{OBu');] (Ar=2.6-diisopropylphenyl) [80]. Recrystallization from
CH,CN afforded the bis(acetonitrile)-dimetallocalixarene complex 45. As revealed
by an X-ray structural determination, the catixarene ligand is twisted to accommo-
date the two bulky metal imido units. The pseudo-octahedral geometry about the
Mo atoms is reminiscent of that found in 29(CH,CN), cach molybdenum atom
being displaced by an average distance of {.254 A out of the corresponding O, planc
towards the imido nitrcgen atom.
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Ar =

45 $§ =MeCN

3.4. Metallation of calix{ 4 [ resorcinarenes

Treatment of the monoanionic calix[4]resorcinarene 46 with “MCl," units
(M=Cu, Zn, Co, Ni) in the presence of bidentate dinitrogen ligands (NAN) gave
a series of double calix[4]resorcinarene complexes (47-51) in which an “M(NAN)”
moicty behaves as a linker between the two cavitands {93]. It is expected that the
two macrocyclic units of these molecules will be able to act cooperatively to recognize
and bind potential guests. Complex 47 -methanol+ 7 butyronitrile has been charac-
terized by X-ray crystallography. The geometry about the Cu" centre is square
planar and the two bowls adopt divergent orientations. Although in each cavitand
the distance between the O(H) and the O(Cu) oxygen atoms (approximately 2.6 A)
i3 within the range for a hydrogen bond between phenolic oxygen atoms, this short
O -+ O separation may simply result from the rigid structure of the cavitand
framework. It should he noted that none of the solvents lie within a cavity.

Metallation of all the hydroxy groups of calix{4]resorcinarene §2 was achieved
using [Zr(n*-CyHs),Me,] and [Fe(phen)(mes),] (see complexes 83 and §4,
Scheme 15) [94]. The result of X-ray analysis of §3 reveals that the figand adopts
the expected cone conformation and that the symmetry of the bowl is close to C,,
Interestingly, the four zirconium ions of 83 define an almost square framework with
an average Zr- - - Zr distance of 7.763(3) A. Complex 54 is paramagnetic, but no
magnetic interaction within the tetrametaltic unit could be observed. The magnetic
moment per iron atom is essentially constant down to about 80 K. with a value of
S.1 g, typical of Fe' complexes (upiferro = +0.4 cm ™).
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Scheme 15,

4. The coordination chemistry of calixarenes possessing pendant binding sites
4.1. Complexes with calixarene ligands containing nitrogen donors

Functional groups containing N donor atoms have been introduced on both lower
and upper rims of calixarencs. Scheme 16 gives an overview of those p-R-calix[4]ar-
enes containing amine or pyridine pendant groups (compounds 55--71) used for the
complexation of transition metals. The first complexation study with such an amino-
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calixarene ligand was performed using the cone calixarene 85, with the purpose of
preparing octahedral complexes having the amino groups occupying the four equato-
rial sites around the metal centre {72]. In such a hypothetical system, one of the
two apical sites would lie inside the calixarene cavity and would be accessible only
to those molecules small enough, e.g. O,, to pass through the annulus of the lower
rim. Although it was shown that 58 is suitable for the complexation of ions such
as Ni?*, Cu?*, Pd**, Co** and Fe?* (however, no complex was fully charac-
terized), this goal was not realized, presumably because the four mobile ethylamine
arms do not allow the formation of a rigid, closed cavity.

In a recent report, Beer et al. [95] described the synthesis of the ditopic
bis-(triazanonane)calix{4]arene 56 (Scheme 16). Reacting this ligand with
Ni(ClO,), 6H,0 and NaN, gave the binuclear complex 72 containing three 1,1
end-on-bonded azide bridges. As shown by an X-ray diffraction study, the two Ni
atoms (Ni- - - Ni, 2.852(2) A) are six-coordinate with a distorted octahedral environ-
ment. Complex 72 displays ferroelectromagnetic behaviour, thus contrasting with
the structurally refated 1,1-bridged system [Ni(N,).(tmeda)], which produces antifer-
romagnetic coupling [96]. The origin of this difference is unknown, but could arise
gither from the polymeric natv.e of the latter complex or {rom the particular values
of the N-Ni-N angles which seem to be a crucial feature for magnetic coupling
(average Ni-N,,.q-Ni in 72, £6,2°),

Bipyridine units have also been attached to calixarenes in order to prepare novel
types of sensor, For instance, lumin sscent pH sensor activity was found for complexes
73 and 74 which combine a luminophore (a trishipyridylruthenium i) moiety) and
lree phenolic units of a p-tert-butylealix{4]arene frigment capable of actiag as the
acid base sites [97], The pH sensor property s based on an intramolecular photo-
electron transfer (PET) process between the phenoxide ion and the RuMrishipy
anit. For complex 73, the distal O is more acidic (ph, =4.5), but the phenoxide
ion resulting from ity deprotonation does not quench the luminescence from the
metal complex. Quenching is apparent only on deprotonation of the proximal
phenolic group (at pH 8.1 in 50% v/v aqueous methanol). It was proposed that,
becuuse of the better stabilization of the distal phenoxide vs. the proximat phenoxide,
the oxidation potential of the distal phenoxide is 1oo high to allow cleervon transter.

As shown by an NMR study, the presence of NH{amide) functional groups in
calixarenes 75 and 76 allows the binding of anions, such us halide, dihydrogenphos-
phate and bisulphate [98]. Titration curves for these two complexes indicate the
formation of | ligand : 2X * and [ ligand : 1X ° complexes respectively, An electro-
chemical study revealed that, or anion complexation, i is the reduction near - 1.4
V (vs. Ag/Ag” clectrode), corresponding to the amide-substituted bipyridyl unit.
which undergoes the most significant cathodic perturbation (for the bipy-centred
reductions and the wetal-centred oxidations, the potentinl variations are weak),
confirming that amon recognition takes place close to the amide-bipyridine moiety.
The monotopic anion receplor 76 exhibits selective recognition of HLPO; | even in
the presence of a ten-fold excess of HSO; and C1 . Stability constant determinations
showed that the non-cyclic diamide 77 is a less efficient receptor than 76. These
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results open the way to new amperometric cliemical sensors based on appropriately
chosen calix-crown cavities.

A recent report mentions that the upper rim functionalized calix]4]arencs 78 and
79 bearing two and four ruthenium bipyridyl amide groups respectively also selec-
tively sense via fluorescence emission the H.PO, anion [99].

The coordinative properties of the bipyridyl-substituted ligands 66 -69 were investi-
pated towards copper(1) tons [100]. Ligand 69 leads to the expected double calixar-
ene 80, With 66 and 67, the formation of mononuclear bis-bipyridyl copper(})
complexes, in which the two bipy arms act as a chelator, was proposed on the basis
of spectroscopie data. The monomeric nature of the complexes formed, although
probable, coukd not be confirmed by mass spectroscopy. The reaction of the mixed
bis{pyridine} - bis bipyridine) ligand 70 with [Cu'{CHCN),JPF, resulted in the for-
mation of the mononuclear chiral complex 81 (90% yield) [54]. The reaction of 70
with [Cu™(CF,80,),] allorded the same cation, isolated as its CF,80; salt, in
approximately 70% yield. The molecular structure of 81 was determined crystallo-
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graphically. Coordination about the copper atom dcviates from the ideal tetrahedral
geometry, probably because the bipyridyl pendant arms are too short to allow the
bipy units to wrap around the copper ion without strain. As shown by a careful
NMR investigation, complex 81 displays dynamic behaviour in solution. This was
interpreted in terms of fast exchange between the two enantiomeric forms of 81

{Scheme 17).
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Scheme 17,

The octapodal, resorcarene-based bipyridyl ligand 82 was recently shown to allow
the formation of the octanuctear cobalt complex 83 1101].

4.2, Use of calixarene ligands containing phosphorus donors

Although a large variety of phosphorus-containing calixarenes have alvcady Leen
synthesized, the potential of these compounds as complexing agents for transition
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metals bas veceived refatively little attention. This is rather surprising considering
the versatility of P figands in transition metal chemistry and in homogencous
satalysis, Calixarenes hearing trivalent phosphorus centres can be divided into two
classes: those in which the P atom is covalently bound 1o a phenolic oxygen atom
of a calixarene or a resorcarene and those in which the P atom belongs to 4 pendant
group attached to the calixarene matrix.

4.2.1. Calixarvenes with g phosphorus donor atom bawnd directly to a phenolic oxygen
atom

Attachment of a P™ atom to a phenolic atom of a calixarene or a resorcarene
may readily be achicved by tecatment of the calixarene with base, followed by
subsequent reaction with a halogenated P¥ compound (Scheme 18). The number of
phosphino groups which may be introduced mainly depends on the basicity of the
deprotonating agent. For exampie, the reaction of 84 with two cquivalents of
Ph,PCl in the presence of excess NEt; atfords monophosphinite 85, whereas using
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LiNPri, as base gives the disubstituted compound 86 (Scheme 18, (a) and (b)) [102].
An clegant alternative to this methodology concerns the reaction of a silyl derivative
of the calixarene with a halophosphine. Thus the reaction of the bis-silyl compound
87 with one equivalent of PF,Cl results in the sequential elimination of first trimethyl-
silylchtoride and then trimethylsitylfluoride to yield the 1,3-bridged fluorophosphinite

88 (Scheme 18, (c)) [103].
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Scheme 18,

Instead of using the chlorophosphine-base route, it is sometimes advantageous
to perform the phosphination with a dialkylaminophesphine. In this case, the amino
group plays the role of deprotonating agent. Such a strategy employing
{Me;N)PCH,P(NMu,), has been successfully applied for the synthesis of 89
(Scheme 18, (d)) [104].

The chlorophosphine-base strategy has also been applied to the formation of
resorcarene-derived phosphites or phosphonites, such as 99 and 91 {105]. Compound
90 rcpresents the calixarcne with the highest number of phosphinito units reported
to date, Its P NMR spectrum shows two singlets of equal intensity (108 and
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90 R = CH,CH,Ph 91 R = CH,CH,Ph

104.4 ppin in C¢D). Based on molecular mechanics calculations, showing that the
PPh, groups force the bowl 1o become flattened. it has been suggested that the
structure consists of alternating PPh, groups directed inwards and outwards with
respect 1o the centre of the flattened bowl. Treating this ligand with [AuCI{SMe,)]
gives the gilded octopus molecule 92. interestingly. only one *'P resonance was
observed for the latter complex, indicating a molecule more symmetrical than the
free ligand, with probably all eight AuCl groups directed towards the centre of
the bowl.

ClAu—PPh,  Ph,P—AuC!

] ] 28 CH-‘\_CH)ph
Cl.‘\u*i’l"h;; Ph;:P_‘AUC1

Reaction of 90 with [P1CI,(SMe,),) gives a tetranuclear complex in which cach
platinum atom is bound to two P sites arranged in a cis fashion (J{P-Pt)=4431 Hz)
[105]. Molecular mechanics calculations suggest that the resulting complex adopts
structure 93a rather than structure 93b.

The coordinative properties of cone-shaped p-tert-butylcatix[4]arcnes substituted
at the tower rim with four identical phosphino groups have been investigated by
several rescarch groups. Four coordination modes (a8, Scheme 19) were found for
this type of ligand. Coordination o was found in the gold compi-v 94 [106). The
reaction at low temperature of p-tert-butylealix{4)arene-(0-PPh;), with two equiva-
lents of [Fe(COY(1%~CyH,4).] in the presence of an excess of cyclooctene led 1o the
formation of the dinuclear complex 95, in which the calixarene ligand behaves as @
double chelator (coordination mode ), cach chelation involving two proximual
phosphorus atoms [107]. As revealed by an X-ray diftraction study, steric crowding
at the phosphorus centres prevents close interaction between the iron atoms
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(Fe(1): -+ Fu(2), 7.060(2) A). The ability of the tetraoxaphospholidone ligand 96
to act simultancously as a chelating ligand via two distal phosphorus atoms and as
a bridging ligand via the other two P atoms (coordination mode y) was found in
the copper complex 97, obtained by reacting 96 with cight equivalents of
*Cw(COXCI” (Scheme 20) [108]. The two terminal copper atoms adopt a lincar
coordination geometry: all others are teigonal,

The mononuclear 1.3-chelate complex 99, in which coordination mode & was
found, was obtained by reacting phosphinite 98 with [PtCl,(COD)} (COD.
LS-cyclooctadiene) (Scheme 21) [103]. The trans chelating behaviour of the figand
in this complex was inferred trom the J(P Pt) coupling constant of 2728 Hz. The
twa other phasphorus atoms remain uncoordinated.

Calixarene ligands containing Jess than four phosphino groups have alse been
investigated. The only known example of a tris(phosphinito)-calixarene complex is
100 [106]. The 'H NMR spectrum of this compound is characterized by two distinct
AB systems for the bridging methylene units and three Bu' groups.

The reaction of monophosphinite 85 (L®) with {MCl(PRCN )] (M=Pd, Pt)
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resulted in a high yield of formation of the corresponding rrans-{MCl, - L "] comn-
plexes (101, M =Pd; 102, M =Pty (Schome 2
the trans complexes is probably favoured by steric crowding of the phosphinite
ligand. As revealed by an X-ray diffraction study (Fig. 1), the palladium complex
101 is centrosymmetric in the solid state (109]. The palladium atom lies outside the

oPR, 123
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2) [102]. The exclusive formation ol
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Fig. 1. Molecular structure of trans-{PdCI,LE%) (101).

calixarene cavities. Owing to steric interactions between each PPh, group and the
aryl ring of the trans positioned macrocycle, the cone conformation of these calixar-
cnes is somewhat distorted. Indeed, the X-ray study shows that, for each calixarene,
the Bu' group of the phosphinite unit protrudes into the cavity (see Fig. 1). This is
also likely to occur in solution, since one of the Bu' signals appears to be significantly
shivlded relative 1o the Bu' groups of the free phosphinite.

The tendency of “MCL,™ moieties 1o coordinate bulky phosphinito-calixarenes in
a trans PP fashion could be exploited, in the case of 1.3-diphosphinito-calixarenes,
for the build-up of oligomers [102]. Thus diphosphinites L =86, 103 and 104 reac:
with [PtCL(PhCN),} to give soluble oligomeric species for which microanalytical
data are in keeping with a formula of the type {PLCl; - L),. The trans stereochemistry
around each platinum atom was deduced from **P NMR and far-IR spectroscopy.
Although no X-ray data are available for these complexes, a cyclic tetrameric
structure, as shown in Scheme 23, appears to be probable in view of the osmometric
weight determinations and the *'P NMR spectrum showing a single peak (with
platinum satellites). Interestingly, when 1,3-diphosphinito-calixarenes having distinct
substituents attached at the other two facing phenolic oxygen atoms, e.g. 108 or
109, were reacted with [MCL(PhCN),] (M=Pt, Pd) (Scheme 24), dimers instead
of tetramers were formed (110 and 111 respectively). This finding shows that subtle
changes in the calixarene shape may induce major modifications in the structure of
the oligomer formed. Despite the obvious tendency of 1,3-diphosphinito-calixarenes
to behave as bridging ligands, chelating behaviour was found in at least one instance,
namely 112 [102]. This observation may result, in part, from the fact that the
stereochemistry about the (COD)rhodium centre requires a non-linear P-M-P
arrangement. For complex 113, reported by Cameron et al. [110], the drawn chelate
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structure has been proposed, but this was not corroborated by a molecular weight
determination, so that a polymeric structure cannot be excluded.
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Interesting results were obtained for the resorcinarene phosphonite 91, In principle,
this ligand can adopt several conformations depending on the spatial orientation of
the P-phenyl groups and the phosphorus lone pairs {108]. Molecular mechanics
calculations indicate that the most preferred isomer is that having cach phenyl group
directed outwards fiom the centre of the bowl with the lone pairs pointing inside
the cavity. This is consistent with the observation of a single resonance at 166.3 ppm
in the P NMR spectrum. Ligand 9t reacts with [AuCl(SMe,)] and
[PCLtSMey),) atfording coraplexes 114 and 118 respectively (Scheme 25) [105). An
X-ray diffraction study was undertaken for the gold complex 114, As anticipated,
all eight phenyl groups are directed away from the bowl. Three AuCl units are
roughly parallel o the calixarene axis, whereas the fourth points into the cavity. A
variable temperature NMR study showed that all four P-AuCl] units are equivalent,
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cven at - 80°C (300 MHz spectrometer), from which it was inferred that fast motion
of the four AuCl units must occur in solution, these being alternatively folded inside
the buwl or located at its peripher,  The possibility of the AuCl units migrating
between P atoms was not consiciered.

Attempts to form endo-calix complexes with 114 were made using potential guests,
such as PhCN, MeCN, PhCCH and HCCH. but no interaction could be demon-
strated spectroscopically for these substrates [105]. However, complexation with
primary amines, expected to give rise to strong Au-N interactions, was shown by
NMR spectroscopy 1o occur in solution. The amines can lead to either inclusion
complexes (¢.g. with the linear amines Pr*NH; and Bu"NH,) or, if’ a bulky amine
is used (¢.g. PriNH,), to external complexation.

Treatment of 91 with {(CuC=CPh)},] in the presence of pyridinium chloride yielded
the unique complex 116, in which a Cu,(uCl), moiety bridges the bowl {111]. The
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114 M = Au
115 M = PICI(SMey)

R = CH,CH,Ph

Scheme 25

main structural feature of this complex is the presence of a fifth, triply bridged
Cl  anion, encapsulated within the cavity.

118 R = CHCHLPH (Ph groups not drawin)

4.2.2. Calixarene-phosphines

The only attempts to synthesize phosphines on the upper rim of calix[4]arencs
were made by Hamada et al, [112]. On the basis of microanalytical and ‘H NMR
data, these workers claim that the reaction shown in Scheme 26 leads 1o tetraphos-
phine 117, obtained as a mixture of several conformers (not resolved). As expected
for tertiary phosphines, this isomeric mixture was shown to display strong binding
aflinitics for copper and nickel ions. its interaction with Cu? * results in the formation
of a T ligand : 2 Cu" complex, which was not isolated. Surprisingly, the expected
reduction of' Cu" 1o Cu' by phosphine complexation was not observed in this case,

A lower rim functionalized catix{4)arene with four pendant CH,PPh, groups was
prepared in 68% overall yield by performing the reaction sequence shown in
Scheme 27 [S1]. Tn a first step, p-tert-butylealix[4Jarenc was treated for 3 days with
Nattand PhyP(O)YCH,OTS (Ts == p-0,8C, H,Me) in toluene. This procedure resulied
in the selective formation of the cone-shaped tetraphosphine oxide 118. Reduction
of the latter compound in PhSiH, at 100°C gave the corresponding tetraphosphine
119 in high yield. Reaction of 119 with the cyclopaltadated dimer
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[Pd(0-C,H,CH,NMe,)Cl], afforded the tetranuclear compiex 120. The 'H and ¥'P
NMR spectra for 120 indicate a C, symmetrical structure. However, the 'H and
3P NMR signals broaden on lowering the temperature, suggesting & dynamic
behaviour of the complex. It is probable that the four bulky “Ph.PPdCI” units
cannot occupy simultaneously equivalent positions, but oscillate in and out of the
cavity. This interpretation is reminiscent of the alternation proposed for the tetra-
nuclear gold complex 114 (see above). 1t also takes into account the observation
that, in the solid state structure of the phosphine oxide 118, one of the four P=0Q
bonds points inside the cavity. the three others being oriented tangentially to the
calixarene barrel [51]. As shown by the presence of a 4J(P-NCH,) coupling constant,
the dynantics ol 120 do not involve dissociation of the palladium-phosphorus bonds.
Lower rim functionalized phosphines, such as 125-128, were obtained in a similar
ashion [50.113} (Scheme 28). Precursors 121-124 were prepared using the
Ph,P(O)CHLOTs -Bu'ONa couple. The selective formation of cone conformers is
obviously template controlled (the cone selectivities S, @re in MOSt ¢ases greater
thitn 90%). Thus, when alkylation was performed with Bu'OK as base, partial cone
conformers {in which the phosphoryl-containing aryl rings have opposite orienti-
tions) were obtained selectively, ep 129 and 130, Reduction of 121 124
PhSiH,. used as salvent, gave the corresponding diphosphines in 100% yicld.
Chelating behaviour of 1,3-di¢ phosphinomethyl Jealixarenes towards group 1X
metals was found in complexes 131- 133 {50, 113, 114]. The chiral rhodium(1) com-
plex 133 operates as a hydroformylation catadyst for styrene (CO/Hy =11 1, 40°C,

[113]. The branched to lincar aldehyde ratio was 95 : 5, a value which is not unusual
for Rh/phosphine catalysts. The reaction rate was rather slow for this process
(approximately 7.5 turnovers per Rh per hour), possibly because of the partial
encapsulation of the metal centre, a situation which would prevent close approach
of the substrate. Under the above-mentioned conditions, no chiral induction was
observed.

The use of 133 for the catalytic hydrogenation of cyclohexene (P(Hy) =2 atm,
40°C, C,H,o/Rh =219, solvent McOH ) gave turnovers of approximately 10 Rh !
h t {115]. The hydrogenation rate of dimethyl itaconate was cven stower. No chiral
induction was observed for the hydrogenation of the latter substrate, suggesting that
the two chiral centres are too far from the metal centre.

Other metallo-strapped calixarencs were obtained with the phosphine--amide
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hybrid 127, Reuction of this igand with |PACLISEL),] resulied in the gquantitative
formation of complex 134, in which the phosphorus atoms wre beld in a cis arrange-
ment {110]. With [PiC1L,(COD)), complex 138 was Formed [113), The cheliting
behaviour of the diphosphine in 135 was confinmed by a single X-ray diffraction
study. In the solid state, the metal plane is slightly inclined with respect to the
calixarene axis in order to allow minimization of the strain about the phosphorus
atoms. This leads to a folding back of one of the two amides. Since all NMR data
indicate a ¢, symmetrical structure, it is likely that, in solution, a tfan-like motion
of the metal plane occurs (Scheme 29).

The first calixarene complex enguliing a Pt H bond, 136, was synthesized by
reaction of rrans-{PIHCI(PPh,),] with 127 (Scheme 30) [117). The trans chelating
behaviour of the ligund was inferred from the J( P PU) value (3122 H2) and confirmed
by an Xeray diflraction study (Fig. ). This investigation also established that, at
least in the solid state, the hydride Yeand of 136 is trupped within the cavity defined
by the four calixarene substituents, with the Pt H bond pointing towards the centre
of the cavity. The shortest Hihydride) O contacts (2.4 and 2.73 A) were found for
the OCH,P oxygen atoms. In view of the 'H and '"P NMR spectra (300 MH2z
spectrometer), which display well-reselved signalds which do not broaden on going
from 30 10 --80"C, gyroscopic rotation of the Cl-Pt-H unit around the P-Pt-P
axis uppears to be unlikely. Directional change of the Pt—-H vector was forced by
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reacting 136 with AgBl,. This resulted in the Tformation of the cationic complex
137, in which the cafixarene behaves as a hemispherical PLOWP tridentute. Molecular
models clearly show that the Pt H bond lies approximately paraliel 1o the calixarene
refoerence plane and points towards the exterior of the cone.

The coordination chemistry of calixarence 138, containing two disial diphenylphos-
phinoethyl groups, was investigated recently {110]. Reaction of this diphosphine
with [PtCl,{MeCN ),) gave a complex in 41% yield in which the platinum atom is
coordinated to phosphorus atoms occupying the cis positions (J{P-Pt) = 3460 Hz).
The monomeric nature of this complex, feading 1o the formula drawn for 139, was
inferred from the presence of a peak in FAB-MS corresponding to (M +H)* (mje=
1423.5). Reaction of 138 (L' with [Cu(CH;CN)JPF, gave the complex
[Cu- L™ (CH,CN)]PF,. but its monomeric nature was not established.

An interesting calix[6]arene~derived diphosphinite, 140, has been obtained by
reacting p-tert-butylealix[6 Jarene with PCI, {Scheme 3t ) [118)]. The ligand exists in
both syn and anti conformations { 1 19], but only the syn conformer could be obtained
in pure form. This fatter isomer afforded complexes 141-148 in which the ligand
behaves as a cis chelator. As shown by an X-ray study, the calixarene backbone of
cach phusphite moicty of 141 adopts a purtiul-cone conformation. The ligand bite
angle is 94°, This study also established that the ligand has only non-crystallographic
Cy symmetry (there is no mirror plane). However, since the 'H MR spectrum
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Fig. 2. Molecutur structure of frans-fPtHCIL'¥"} (136).

shows only two Bu' signals in a 1: 2 ratio and two AB systems (1 2 ratio) for the
methylene bridges, it is probable that the ligand undergoes fluxional behaviour in
solution, resulting in a fast partial-cone- partial-cone interconversion.

£.3. Culixarene ligands with O or S donor atomy

Calixarene-derived ligands containing oxygen donor atomy witve found most use
as complexing agents towards the oxophilic alkati metal, alkaline earth and lanthan-
ide cations. In a recent article, Beer ct al. [120] highlighted the versatile cation
receptor properties of a particular ligand of this family, namely the tetraamide 146
(L%, This ligand, for which the complexing properties of Li, Na and K are already
known {45,46,56], was found to form comparatively stable complexes with a number
of other metal ions, in particular Fe", Ni, Cu" and Zn" Single crystal struc-
tural determinations were carried out for complexes with the formula
[M:L"[CIO,),  sMeCN (147, M=Fc'; 148, M=Cu";, 149, M=Zn", 150,
M = Ni""). These investigations established that, in all these complexes, the metal lies
inside the cavity defined by the four OCH,C(OQ)NEt; groups and that an acetonitrile
molecule is located within the cone. The metal ions are not similarly bound to the
eight oxygen atoms of the substituent cavity. For instance, in the Fe?** and Zn**
complexes, M--O bonding occurs with all cight oxygen atoms, but the M--O(amide)
interaction is stronger than that with the ether oxygen atoms (average M-Of(ether),
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2452 A (Fe) and 2579 A (Zn): average M-Otamide). 2.170 A (Fe). 2.080 A (Zn)).
Iy the copper complex, the Cu wtom lies almost inside the O (amide) plane (average
Cu-O distance, 1.910 A) and imteraction with the ether oxygen atoms is negligible
average Cu Ofether), 2.861 A). In the nickel complex 150, the ligand undergoes
significant rearrangement (o accommadate the metal cation in a distorted octahedral
environment, The characteristic features of this structure are that the nickel atom is
placed significantly closer to three of the four ether oxygen atoms, and one carbon yl
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syn conformation

anti conformation

140 (syn & anti)

Scheme 3.

141 ML, = PAC!,

142 ML, = PICl,

143 ML, = PdMeCl
144 ML, = PtMeCl
145 ML, = Re(CO),Cl

unit is twisted away from the coordination sphere. Ligand 146 is a rarc example of
a complexing agent capable of encapsulating metal ions of very different size and
nature.
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By reacting the ditopic ligand 181 with [Cu(NH,),)* . the double calixarenc 152
was formed in approximately S0% yield {121]. This dinuclear complex, containing
two facinng copper planes, is suitable for the formation of 1:1 complexes with
ethylene dinmine and 1 4-diazabicyclo]2.2.2]octane (DABCO). Electron spin reso-
nance { ESR) studics suggest that, with DABCO. a 1 : 1 endo complex is formed in
which the amine interucts with the two copper atoms.
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The interaction of a p-sulphonatocalixarene with transition metals has been
described  recently by Johnson ot al. {122). Thus reaction of the
{ p-suiphonatocalix{5}arene)® = anion 153 with {Co(NO,),]- 6H,0 in the presence of
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N,N-dimethylacetamide (DMA) afforded the double calix[5]arene 154 (Scheme 32).
In this complex, the two calixarenes are linked by a “Co(H,0),” moiety via sulpho-
nato groups and not via phenolic oxygen atoms. An X-ray structural determination
revealed a face-to-face orientation of the calixarene subunits, resulting in the forma-
tion of a “supercavity”. Each calixarene incorporates a DMA guest molecule (G)
deeply included inside the host. Many H,O molecules and Na* ions are located
between the two cavities. 'H NMR studies suggest that, in solution (D,0), the
DMA molecules are not strongly associated with either the calixarene or the metal
centre. Furthermore, it is probable that de-complexation of the metal centre occurs
in solution. Reaction of 153 with [Ni{NO,),]:6H,0 in the presence of pyri-
dine gave the inclusion complex Nayg[Ni(H,O0)4( p-sulphonatocalix[5]arene),}-
2(NCsHs) - 38H,0 (155) (not drawn). A preliminary X-ray study suggests the pres-
ence of an octahedral Ni" ion bridging between two calixarene ligands via sulphonato
groups. with an uncoordinated pyridine molecule lying inside cach cavity. The precise
orientation of the cavities has not yet been determined. NMR studies indicate that
the pyridine guests are better held within the calixarenes than DMA in 154,

Hgo‘-' Co- 'OHa
A

SO,Na H,0
[CO(NO;;):‘BHaO]* 0.'.-:\3920 soaso S0,
cH HQ/MeC({O)NMe, ) ? 6! ?
LN 9y ¢
OH OH
OH OH
153

154 (G = MeC({O)NMa,)

Scheme 32.
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Despite the relative softness of sulphur, calixarenes containing mercapto groups
have only found limited use in transition metal chemistry. The 1,3-alternate mercap-
tocalix[4]jarene 158 was obtained in three steps (overall yield, 12%) by Gibbs and
Gutsche [123] according to Scheme 33. In this synthesis, synthon 156 (1,2-alternate
conformer) was first prepared by the treatment of p-tert-butylcalix[4]arene with
NaH and N,N-dimethylthiocarbamoy! chloride in diglyme. Intermediate 157
(1,2-alternate conformer) was then prepared in 42% yield via a Newman-Kwart
[124,125] rearrangement in refluxing p-tolyl ether. As found recently by other
workers, the yield of the latter step can be increased significantly by heating 156 at
310-320°C under argon {126]. In a final step, the reduction of 157 with LiAlH,
gave 158 as a 1,3-conformer. Mixing 158 with two equivalents of mercuric acetate
yielded the binuclear complex 159, in which the 1,3-alternate conformation of the
ligand is maintained [126]. An X-ray diffraction study showed linear coordination
around the mercury atoms. In view of the rather short Hg-centrotd(aryl) distances
(3.1 A), = interactions with the phenyl rings need to be considered. When the
reaction leading to 159 was repeated using a 1 : 1 metal to ligand ratio, an intermedi-
ate 1:1 complex was identified, prior to its disproportionation to 159 and free
ligand [126]. Under similar conditions, but using the dithiol-dihydroxy calixarene
160, the mononuclear complex 161 could be isolated as a stable Hg complex [127].
In this complex, coordination about the Hg atom is comparable with that found
for the mercury atoms of 159 (centroid-Hg distances, 3.11 and 3.07 A).

The calix{4]resorcinarenes 162165, bearing long-chain thio-alkyl groups, have
been designed for anchoring to a gold surface so as to produce self-assembled
monolayers [128,129]. Potential applications of such systems include receptors and
sensors, Thus, for exumple, the layer obtained from 162 displays strong selectivity
for some adsorbaltes, ¢.g. vitamin C, from dilute solutions. With the tctrasulphides
162-168, monolayers obtained at room temperature are kinetically disordered, but
on heating at 60°C, a highly ordered structure with few defects can be obtained
(Scheme 34). Tt is probable that the monolayer reorganizes after reversible Au 8
bond breaking to an energetically more favourable structure having all alkyl chains
held paratlel. This leads 10 compacted monolayers of high stability which are
currently being investigated for possible use as sensors.

S, Metallocalixarenes containing a metal centre bonded to an aryl ring

Two types of complex in which a metal is bonded to the aryl ring of a calixarene
matrix have been synthesized: (1) complexes containing a o M-aryl bond; (2)
complexes with & bonding interaction. To date. the former type is limited to mercury
complexes. For m complexes, we can distinguish between those having the metal
lying outside the cavity and those where it is encapsulated into the void.

3.1 Complexes with o M-urvl bonding

Quantitative mereuration of a series of lower rim alkylated calixarenes was
achieved with mercury triffuoroacetate {Scheme 35) [130,131]. This clectrophilic
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substitution proceeds sclectively at the para position. It was not clearly established
whether this transformation was accompanicd by conformational isomerization. By
introducing mercury at the para position, surfactant character was expected to be
conferred to the molecules without providing appreciable water solubility. It was
cstablished that the compounds drawn in Scheme 35 do indeed form stable mono-
layers at the air-walter interface, Surface pressurc-area isotherms gave limiting areas
in agreement with those predicted from Corey Pauling Koltran (CPK )} models, if it
was assumed that each calixarene lies at the air-water interface in a hexagonally
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163 R-R = CH
162 164 R = GCHy
165 A = G(O)CH,

e

Al Au Au Au A Au Au Au Au Au

Scheme 34

packed array and that all Hg ions are in contact with the aqueous phase. By adding
malonic acid to the latter phase, malonato bridges are formed between neighbouring
calixarenes. A substantial increase in the cohesiveness of the films obtained from
the calix[4-6]arenc-derived surfactants is observed. These studies are relevant to
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the fabrication of packed monolayer assemblies with a precisely defined pore size,
and hence for applications in specific “‘molecular filtration™.

HgO,CCF,

[Hg{O,CCFa},)
_—-—-.....—h
CH
CHCI
OR N 3 CH.
OR n
n=47,R
n= =

= CHg, #-CyeHas
aHz, PCyHyy
watar

\

Scheme 35,

5.2. n Arene complexes

The formation of tricarbonylchromium complexes of calix[4]arenes is of strong
synthetic interest. Such complexes were obtained for the first time by reacting all
four possible isomers of the tetrakis(n-propoxy) derivative 166 (L'%%) with
Cr(CO), [132-134]. For all conformers, 1:1 complexes were isolated. For the
parital-cone isomer, it was found that the chromium atom coordinates to each of
the three types of arene ring. A characteristic feature of these complexes is that
the protons of the aryl ring interacting with Cr(CO); appear at higher magnetic
field than the uncomplexed protons [132]. The largest upfield shift was observed
for the meta protons of cone isomer 167, X-Ray stnuciures were deter-
mined for cone-(L'%%)-Cr(CO), (167), cone<(L'%)-2Cr(CO); (168) and
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1,3-alternate~{ L'*®)- Cr(CO), (169) (for 168 two slightly different molecules are
present in the unit cell) {134]. The structure of the macrocyclic matrices of 167 and
168 diverges considerably from that usually found for so-called cone conformers.
The main structural feature of these two conformers concerns the chromium-bearing
aryl unit (A) and the opposite aryl ring (C) which are both turned towards the exo-
annulus direction. In contrast, the other two rings (B and D) are extremely flattened
towards the endo-annulus direction. A careful examination of the X-ray structural
data showed that this unusuai geometry, termed “bis-roof” structure, probably
takes place so as to relax the steric crowding around the propyl groups which
interact with the neighbouring Cr(CO); unit. In these structures, the para carbons
of rings A and C approach each other (3.88(1) A in 167 and 3.81(1) and 3.72(1) A
in 168). The IR data clearly support the notion that these rings interact trans
annularly.

6.33 4.01 ppm 4.68
(A-0.23) (A-2.60) {A-1.88)
6.17

(A-0.44)

168 169

In the 1,3-alternate complex 169, the structural change induced by Cr(CO),
complexation is relatively small. Only a shight fattening of the phenyl rings is
observed in the solid state structure, This feature serves to minimize the sterie
crowding caused by the presence of the Cr(CQ), groups.

Attlempts to obtain arene chromium complexes with p-tert-butylealix[4]arenes
failed.

x Complexation of the aromutic rings of calix{#}arenes could also be achieved
with rhodium and iridium. Reaction in neat CF,COH of {Rh()*CMes)
(uectone)y|[BFJ, with calixf4jarene gave the 1, 3-dimetallated complex 170
m 95% yicld (Scheme 36) [133], The 'H NMR spectrum of 170 caiitins @ broad
OH signal at 3.3 ppm. An excess of rhodium did not lead 0 further complex-
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ation. This double arene complexation facilitates deprotonation of two out of four
phenolic protons. Thus the treatment of 170 with excess Na.CO, resulted in the
formation of dication 171, characterized by a sharp OH signal at 10.28 ppm, a value
close to that found in free calix|4]arene [ 7] (it should be noted that the deprotonation
of the first two OH groups of calix[4]arenes requires stronger bases). It is suggested
that, in 171, each rhodium is bound to an oxocyclohexadienyl ligand. When the
reaction leading to 170 was repeated in the presence of only a few drops of
CF,CO,H, the tricationic complex 172 was formed (for which the NMR data
indicate an unsymmetrical structure). The addition of HBF to this complex resuited
in its complete conversion to 170. The dinuclear complex 173, derived from the
more sterically hindered p-tert-butylcalix{4jarene, was obtained under conditions
similar to those employed for the formation of 170.

Me
' - R~ _
CF,COLH, raflux L\ T Y
HO OHOn CGH
Me Mo Me

170

Mo
[RhCp*(acetone)sl Me, /\d Me :{4"
. e
i ~Rh3

R Me

oy
VYY S
HC oHod OH
CoyHz,0,4
2 HBF,; NazCO,, excess
fRhCp*(acetono)s) +

ncgtone, roflux
CF,4CO.H (fow drops)

((CaMeRUN"H"-CophoyOIRNC MO 1CMOLIREOCN®-CopHr20)RIHC Moy
172 7

Scheme 3.

Me
HO OHIH OH 48F,
Mo Mo Ma
173 M = Rh Mo
174 M=1¥r

A surprising result was found by comparing the coordinative properties of p-tert-
butylcalix{4]arenc and calix{4]arene towards Ir [135]. Whereas the reaction of
the former ligand with [lr(n*-CsMeg)tacetone);** in neat CF;CO,H afforded
the dinuclear iridium complex 174, the sterically less crowded calix[4]arenc
gave o tetrametallated complex of formula [ Ir{(n>-CsMes)} (m®n%n’m-
C4H5:00][BF 4o (175, not drawn). The dinuclear Ir analoguc of 170 could be
obtained by performing the reaction in acetone-CF,CO;H instead of neat
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CF,;CO,H. The spectroscopic data indicate a cone-type structure for 175 with
four equivalent IrCp* units (Cp*, n°>-CsMes). Slow crystallization of the dinuclear
complexes 173 and 174 from CH,NO,-Et,O solutions resuited in spontaneous
mono-deprotonation, leading to the triply charged cationic complexes
[(n*-CsMedM (N %-CyHssOIM(n>-CsMes)i[ BF,]; (M=Rh, 176; M=Ir, 177).
As shown by an X-ray diffraction study [135], the tricationic iridium complex 177
crystallizes with an Et,O molecule lying inside the hydrophobic cavity and with a
nitromethane molecule having no contact with .“e calixarene. The terminal Me
group of the embedded part of the diethylether molecule is closer to the unmetallated
aromatic rings (CH " - - Ar(centroid), 3.53 and 3.69 A) than to the metallated rings
(3.62 and 3.83 A), indicating some CH - - - & hydrogen bonding with the relatively
clectron-rich unmetallated rings. Examination of the O- - - O bond distances within
the lower rim leads 1o the conclusion that the deprotonated phenol group must be
one of the two metallated rings. However, because of disorder, the corresponding
two oxygen atoms could not be distinguished crystallographicatly. The C(aryl}-O
distances of the metallated phenol rings are significantly shorter than the other two
(1.30 vs. 1.37 A), which is consistent with the oxocyclohexadicnyl deseription pro-
posed for such a binding site (scc above).

176(E1,0) (M = 1
177 &Eo’ }M-:—.!r)“

Sitver complex 178 is the first example of a cone-calix[4]arene ® complex with u
metal located inside the calix cavity [136]. An X-ray study shows that, in the solid
state, this moleeule has C,, symmetry and that the stlver jon is located between two
{(almost parallel) dista! aryl rings on the line joining two para carbon atoms {136}
The other two rings are flattened and show no bonding interaction with the silver
ion. The separations of Ag {rom the two closest p-C atoms of the bound ary! rings
are 2.39 and 2.40 A, These findings clearly establish that the silver cation is included
in the cone-calixarene only through cation-n interactions. A similur inclusion com-
plex wus obtained from the related p-tert-buyl analogue 179 (not drawa). In this
case, the Bu® groups vbstruet the binding to the para positions and, consistont with
the *H NMR data, the Ag* wtom is probably included decper in the interior of
the cavity.

Partinl-cone 166 is also capable of binding Ag*. A single erystal X-ray ditfraction
study of the resulting complex. 180, showed that. in the solid state, the Ag* ion is
trapped between two parallel distal ary! rings and interacts with €= C double bonds
around the p-carbon atoms (Ag-p-C, 2.40 and 2.41 A) [137). In view of the rather



C. Wieser ei al. | Covrdination Chemistry Reviows 165 ¢ 1997) 93 -16) 147

- .

long distance between Ag™ and the p-C atom of the third similarly oriented aryl
ring (5.63 A), n bonding cannot be invoked for this ring. Electrostatic interaction
between Ag® and the oxygen atom of the inverted phenol ring probably occurs
(Ag-0=2.94 A; sum of the ionic radii of Ag and O, 2.78 A). Another partial-cone
calix[4]arene silver complex, 181, has recently been reported by Xu et al. [138]. As
shown by X-ray structural analysis, the silver ion is n bonded through a C=C,,,,
edge of each of the two facing aryl groups. In contrast with 180, the silver atom in
181 is clearly additionally stabilized by an oxygen atom, namely that of the MeO
group {Ag-0, 2.517(3) A). In this complex, the silver atom remains only weakly
bonded, being casily displaced by donors such as phenylacetylenes, cyclohexene ot
acetonitrile,

A variable temperature NMR study made with the cone complex 178 indicated
a Gy, Cy, imerconversion in solution as shown in Scheme 37 {136]. This exchange
implies alternate n bond formation and scission. A comparative study performed
on precursor cone 166 established that a Gy, C5, cquilibrium also exists for the free
hgand; comparison of the coalescence temperatures indicates that, in the silver
complex, the exchange rate is considerably slower.

Complexation of Ag™ with the conformationally mobile tetramethoxy-calix{4]ar-
ene 182 (L'%2), for which a purtial-cone to cone equilibrium exists in solution,
induced a shift in the equilibrium to the partial-cone L'*2- Ag* (183) [136]. This
obscrvation corroborates the results of an X-ray study [136] of the refated complex
180 which shows that, in a partial-cone isomer, the two distal aryl rings involved in
complexation are perfectly pre-organized for Ag™ binding.

Complexation of Ag* by 1.3-alternate conformer 1'% resulted in the formation
of the mononuclear silver complex 184 having the metal atom bound to a cavity
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162 183

consisting of' two phenolic oxygen atoms and two n basic aryl rings (this conclusion
wits drawn from 2n NMR investigation) [137]. Dynamic 'H NMR studies showed
that the silver ion hops from one n basic binding site to the other according to
¢ither an intermolecular or intramoleculiar mechanism (Scheme IR), This latter jon
tansfer is the first example of Ag' iony tmnelling across an aromatic cavity. It
provides important data for the understmding of metal tisport along fon channels
and metal inclusion in & basic cavities. Such results are particularly refevant 1o
turthering our understanding of ton transport in biological systems,

6. Calixarenes substituted with redox-active merallocenes

The incorporation of redox-active contres, such as ferrocene, into ligands of the
alixarene type is aimed at the development of molecular sensory devices which
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Scheme 38,

. =Ag*

altow electrochemical recognition of trapped guests. It is also expected that these
units may catalyse redox reactions on a complexed organic host. Mctallocenes have
been attached to the lower and upper rims of calix[4]areacs; examples of metallo-
cone-substituted resorcinarencs have also been reported.

A straightforward method for connecting a -C(ONCsH )M(CsHs) unit (M =Fe,
Ru) at the phenolic oxygen atoms of a p-R-calix[4]arene or o resorcinarene has
been developed by Beer et al. [139,140]. In this methodology, a chlorocarbonyl
ferrocene or ruthenocene is reacted with the phenolic substrate in the presence of
exeess NEt With metllocenes substituted by one chlorecarbonyl group, muiti-
redox-active molecules, such as 188 188, were isolated. The presence in 188 | (41]
of Lewis acid binding sites of the crownsether type should be noted. Their presence
nxy be helpful for combining Lewis acid cutalytic activation with ferrocenyl-medi-
ated redox reactions on small guest substrates (e.g. CO,, CO, cte).

Using metallocenes substituted on both Cs rings by a - C(O)CI functional group

186 R=H 187
186 R = Bu'
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188 R = -C{O)(n*-CsH IFe(n’-CoHs)

leads to oligomeric structures, such as 189-191, in which the metallocenyl unit acts
as a bridge between two calixarenes {140]. Although some of these complexes were
initially formulated as monomers {142}, it is now clearly cstablished that the cyclo-
pentadienyl--cyclopentadienyl separation (3.25 A [143]) is not compatible with trans-
annularly bridged structures (distance between the transannular 1,3-hydroxyl groups
of calix[4]arencs, approximately 2 A). The dinuclear complex 189 was shown to be
conformationally mobite [140]. The origin of this dypamic behaviour may be
assigned cither to a cone-partial-cone equilibrium or o intramolecular rotations of
the metallocene carbony! groups. The NMR data do not allow a distinetion between
these two possibilities. An electrochemical study showed that, in acetonitrile, 189
undergoes a single, reversible two=clectron oxidution at 1,24 V (vs, saturided catomel
electrode (SCLEY. indicating that the two ferrocene units behave as nonsinteracting,
independent maoicties,

(3 TTAN 5 T T oy

B omd gy Ry

1MMM=Fe
190 M = Ry "
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interesting redox-active properties were found for the 13.4-trisferrocenyl-p-tert-
butylcalix{SJarene ester molecule 187 [144]. This complex undergoes two quasi-
reversible oxidations at E,= +0.350 V and E,;= +0.450 V (vs. Ag/Ag™). It was
shown that the former process corresponds to the oxidation of a single unit, probably
the (C;H)Fe*(CsHs) umt, whereas the potential at +0.450 V corresponds to the
two other ferrocenyl centres. The addition of small neutral substrates, such as N,N-
dimethviformamide (DMF), dimethyl sulphoxide (DMSO) and EtOH, causes the
two redox couples to merge. It is probable that the interposition of these guest
molecules between the redox-active groups shields the mutual electrostatic influences
between the iron centres.

The only reported example of a p-R-calix[4]arene having a 1,3-bridging ferrocenyl
subunit is complex 192 [145]. This complex, preparcd by reacting diamine 193 with
[Fe{n3-CsH,-COC),] in the presence of NEt-4-dimethylaminopyridine, is capable
of electrochemically detecting the H,PO; anion in the presence of a ten-fold excess
of hydrogensulphate and chloride anions.

By Bu' au'
OHOH 0)
4 (o] NH HuN
~Fo
)74 1593

The idea 1o anchor positively charged redog-responsive wnits to a calixjdJarene
for performing anion recognition was exploited with the ditopic bis(cobaltocenium)
receptor 194 [146]. 'H NMR titration curves show that this compound forms very
stable 1 : 1 complexes with C17, Br™ and H,PO; in DMSO solution and also with
the adipate dianion in acetone [147]. NMR data were invoked to draw the conclusion
that the anionic units probably bind in close proximity 1o the cobaltocenium centres.
Electrochemical studies have shown that, in acetone, 194 cxhibits @ reversible two-
electron redox reduction wave at —0.85 V (vs. Ag/Ag"). The addition of anionic
guest speeies causes substantial one-wave cathodie shifts, presumably due to stabiliza-
tion of the positively charged cobaltocenium units by the complexed anions. For
exampie, the addition of tetra-N-butyl adipate induced a cathodice shift of 50 mV
(in acetone). Modifying the lower rim substituents of the calix[4]arenc has a dramatic
effect on the anion coordination propertics of this type of receptor. Thus derivative
195, containing two tosyl groups para to the amide groups, becomes much more
selective for H,PO; than for Cl- complexation, the reverse of 194 [99]. Presumably,
the bulky tosyl groups alter the receptor shape in favour of phosphate complexation.
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A similar selectivity preference for H,PO, over Cl~ was also found for the tetrakis-
{cobaltocenium) complex 196 [99]. These studies open up new perspectives for the
recognition of anions by stable macrocyclic host molecules containing redox-active
centres.

2 PF;

H

N ©

185 (Ts = p-O0,SCH,Me)

CpCo ~Catp 4 PFe
c DC 4] (\ ol »
NH

HOHN

196 (Cp = CH,)

Resoremarenc-derived molecules hearing multi-redox<active sites have also been
deseribed recently. The multi-forrocenyl resorcinarene complexes 197 199 were
obtained in high yield according to the route outiined in Scheme 39 141, 148). Ina
first step, ferrocenccarbaldchyde is condensed with [ 3-dihydroxybenzene in the
presence of HOC and EtOH. This reaction was performed over a heating period off
4 h 1o ensure the selective formation of the cis cis ¢is isomer 197, Treatment of the
insoluble material thus obtained with excess benzoyl chloride in the presence of
NEL, -4-dimcthylaminopyridine gave 198, The dodecanucdear iron comples 199
wits ublained from (he same ntermediate with chlorocarbonylierrocene  and
Nty 4-dimethylaminopyridine. The molecutar structure of complex 198 has been
determined erystatlographically and the expected cis-cis - ois structure was confirmed
|l4l| As shown by vuriable temperature 'H and C NMR studies, these cis--cis- cis
isomers display dynamic bebaviour in solution, Consistent with previous studies on
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resorcinarenes by Hogberg [149,150]. this motion may be rationalized in terms of
an interconversion of horizontal and vertical 1.3-diacylaryl units as shown in
Scheme 40. Interestingly, it was found that the interconversion occurs faster for 199
than for 198 or 188.

198

NE
N

HO.

b o sar .

197 {FFo) = -(n"-C H)Fom™C Hy)

@.... cl

; 0
‘r;'%ti! \
‘w -dimathylniopyridinn
{uxcuus)

{FolCO; 0,CiFe}

199

Scheme 39,

The clecirochemical propertics of 188 and 198 were examined carefully by cy'chc
voltammetry and differential pulse¢ voltammetry. For complex 188, contaiming eight
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fervocenyl units, a single, reversible, one-clectron oxidation wave was observed,
indicating independent one-electron transfers occurring at the same potential. For
complex 198, two reversible oxidation waves were observed at +0.58 V and +0.67
V (vs. SCE) in CH,Cl,, representing two reversible twoselectron transfers. These
two waves are in keeping with the 'H and C NMR spectra and the Xeray crystal
structure showing two dilferent ferrocenyl environments. As shown by 'H NMR
studies, in particular using nuclear Overhiauser effect (NOE) difference spectroscopy,
complex 188 forms solution complexes with dignat (200). involving mainly
C-H: - O hydrogen bonding between the NCH, protons and the oxygen atoms of
the respective benzocrown cther moiety, as stigpested in Scheme 41, Similar complex-
ation in the lower box-like cavity of 188 was found for paraquat (201). In view of
the rather long distance separating the ferrocenium contres and the bipyridinium
recognition sites, it is not surprising that the diguat complexation could not be
detected electrochemically, Nevertheless introduction of metallocenes into ciavity-
shaped molecules remains a potentially powerful method for the detection of host--
guest complexes. Tlis area of eesearch certainly deserves further investigation.
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Scheme 41,
7. Conclusions and perspectives

Since the fivst use, a deeile ago, of calixarene-derived ligands tor the complexation
of ransition metal tons, a consideriable number of fundamentad studies have been
undertaken, demonstrating the suitability of these ligands for the construction of «
frge variety of mononuclear and polynuclear metal complexes. It has been shown
that the presence ol transition melal centres bound Lo calixarene matrices may
seriously perturb the shape and structural propertics of such macrocyeles. The
coordination chemists huve also learned to combine (he intrinsic properties of
cilixarenes with those of transition metal centres. This has facilitated the fabrication
of promising multi-metal species, sophisticated sensors, novel anionic receptors,
supercavitics and highly ordered molecular materials. Many aspects of the coordina-
tion chemistry of calixarenes still remain to be explored, Calixarenes are powerful
matrices for the creation of sophisticated coordination spheres: the presence of a
large number of functional groups in such ligands may synergisticaily assist a
transition metal centred reaction. PDue to the suitability of calixarenes for forming
inclusion complexes with organic substrates, it may be anticipated that, in the future,
the potential of molecules combining a catalytic centre with a calixarene or resor-
cinarene cavity will be exploited for novel shape-selective catalysis and asymmetric
atalysis. A turther perspective offered by functional ligands derived from calixar-
enes, and pasticutarly from the large calix[8]arenes, is their use for the stabilization
of small cluster particles (it should be noted that Cg, has been shown to form
complexes with calix[8]arene) and their possible transformation into new metallic
materials. Finally, the systematic investigation of the coordinative properiics of
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calixarene towards transition metals will also probably lead to the discovery of
interesting larger molecular systems.
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